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EXECUTIVE SUMMARY

The 2013 Front Range Floods were highly detrimental to Colorado, impacting human life,

infrastructure, and water quality. Furthermore, the flood caused historic levels of damage to stream

channels, floodplains, and riparian areas. To assist the multiple communities and watersheds

impacted by the 2013 disaster, the Colorado Department of Natural Resources, Colorado Water

Conservation Board provided funding through Rocky Mountain Flycasters (a chapter of Colorado

Trout Unlimited) for the creation of this bioengineering manual. Bioengineering practices provide

resiliency for streambanks, enhance wildlife habitat, enhance organic matter inputs to streams,

improve water quality, increase floodplain roughness, and heighten landscape aesthetics so

important to countless residents, visitors, and businesses. Accordingly, the authors have created the

following manuscript to:

§

Provide guidelines for a comprehensive bioengineering strategy;
Incorporate design elements that impart site stability and resilience;
Include project recommendations that minimize risk during periods of vulnerability;

Increase understanding of how to properly apply bioengineering and revegetation
techniques;

Provide background resources on the combined forces of water and gravity as they

pertain to bioengineered structures; and

Create a searchable Revegetation Matrix for the primary native restoration species

useful for flood recovery and other riparian areas throughout Colorado.

As the development of this manual is an iterative process, the authors thank you for taking the time to

review our recommendations and welcome your feedback on how collectively we can better increase

our knowledge and understanding of these practices as a restoration and engineering community.
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N\ 1.0 INTRODUCTION

The purpose of this manual is to provide restoration practitioners and regulators who work in
Colorado with guidelines for planning, design, and construction of streambank protection. In
particular, it prioritizes the application of streambank bioengineering treatments tailored for the
climatic, bi ol ogical, hydr ol ogi c, and mor phol ogi ca
watersheds. The streambank bioengineering treatments presented in this manual were developed by
their original authors to withstand specific hydraulic conditions of a site while utilizing site-adapted
vegetation. The treatments presented provide restoration practitioners with alternatives to traditional,
structural-focused treatments, and place an emphasis on treatments that incorporate plant-based
treatments with structural-based treatments to form a variety of integrated treatments. While there is a
gamut of bioengineering treatments available for floodplain restoration and slope stabilization, this
manual focuses on those treatments intended to decrease the rate of streambank erosion and

enhance the living component of streambanks.

Multiple published methods are available for bioengineering and traditional bank stabilization

treatments to address design needs throughout North America. While this manual strongly considers

those contributions, and directs the readertothos e r esources where appropriate
hydraulic and ecological conditions require a localized approach to streambank bioengineering to

enhance successful implementation of treatments. Success of streambank bioengineering treatments

is further guided throughout this manual via design and construction strategies specific to Colorado.

1.1 RIVER COMPLEXITY AND STREAMBANK
BIOENGINEERING

Rivers are inherently dynamic, interconnected systems. Some characteristics of river systems exhibit
nearly static patterns over short periods, yet are highly variable over long time scales. As such, the
dynamic nature of rivers is temporal. On both short and long time scales, abiotic (i.e., geology,
hydrology, precipitation patterns, and other non-living elements) and biotic (plants, soil microbes,
grazers, aquatic organisms, etc.) components of river systems influence one another in a dynamic
manner. As such, rivers are open systems in that these components produce feedback loops

important to enhancing the resiliency of the system over time. Simply put, rivers are complex.

This dynamic, interconnected riverine system is not readily apparent to the casual observer. Those
who have attempted to force a river to assume a particular pattern and profile over a particular
timeline have often failed. Traditional structural-based engineering has for many years succeeded in
constraining fluvial systems in order to provide protection of public safety, property, and critical
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infrastructure, though never to a level that eliminates risk of failure to achieve design goals. However,
traditional approaches may accept or ignore associated disruptions to biological systems, water
quality, or the natural character of rivers that encourages the development of communities to their
sides. In addition, the cost of traditional structural-based river engineering is substantial, in terms of
design cost and with respect to the labor, machinery, and materials required for their construction and

maintenance.

Colorado6s hi st ory of udthap while we gan desigmirived systems to perform under
specific conditions, these designs are either expected to fail under predicted scenarios, or they are at
risk of failure due to unpredicted circumstances. One wide-spread example of failure noted after the
2013 Front Range floods is riprap revetment. In many reaches, well-designed riprap revetments
withstood the forces of this major event, while in other reaches similar riprap revetment failed to the
detriment of the infrastructure it aimed to protect. By virtue of their construction, however, riprap
revetments typically remove riparian plant communities and the beneficial functions they provide,

resulting in a coarse, unapproachable riverside where there once was a natural bank.

Important philosophical questions asked by this manual are: fif traditional engineering treatments
such as riprap knowingly disrupt or destroy the biotic components of a river system, resulting in
barren, aesthetically displeasing banks, is it not the responsibility of the planner and designer to
consider bioengineering alternatives that can perform as well or better? Additionally, if such

bioengineering treatments accomplish multiple objectives (i.e., habitat improvement, sediment

reduction, stream shading, etc.) deemed valuable by vested const i t uent s, aané n 6t ou

clients better served by such treatments?0 In response, engineers and floodplain managers have
successfully applied streambank bioengineering treatments throughout Colorado. In doing so, they

balance infrastructural needs with the myriad positive values a healthy river corridor provides.

Ecological and Social Benefits of Bioengineering

In addition to the bank protection afforded by streambank bioengineering treatments, such treatments
can be designed to improve stream and terrestrial wildlife habitat, enhance stream corridor
aesthetics, improve water quality, enhance the experience of recreationists, tourists, and vacation
communities, and support other social and ecological values otherwise unattainable by an engineered
approach alone. Riparian areas comprise less than one percent of the land area of most western
states (Cooperrider, Boyd, and Stuart, 1986), yet up to 80 percent of all wildlife species in the west
are dependent upon riparian areas for at least part of their life cycles (Wayland, 1997). Healthy
riparian areas provide irreplaceable wildlife habitat for breeding, wintering, and migration of wildlife,
including rare species s uc lusa(Zapui huedorius $ps. prebkeip hl w
eagles (Haliaeetus leucocephalus), and others. Given the low occurrence of riparian ecosystems on
the landscape, the high value they provide for wildlife, and given the fact riparian systems in the
Western U.S. are the most productive habitats in North America (Johnson, Haight, and Simpson,

1977), the rationale for their protection and restoration becomes clear.

jumpi
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In order to facilitate the incorporation of ecological and social values into the planning and design of
stream and floodplain projects, this manual highlights specific design considerations and details to
help improve the success of such treatments, thus reducing risk that exists during vulnerable post-

construction periods.

Basic terminology used in this manual

Throughout this manual, key terms that are essential to the comprehension of presented content are
italicized when first used, and subsequently defined. In this manual, we use the term bioengineering
i nst e aido sotf a biii bWhile laoth iteonis are similarly descriptive, the former has been chosen
due to its integration of both biological and engineering roots. Furthermore, ref er ri ng
bioengineering deemphasizes the role vegetation plays in bioengineering treatments, such as stream
shading, organic inputs, reductionsins hear stress,-s@inlddo ot bmpomM@emnhs

For this reason, this manual avoidst he use ofot he bt e e nngslion,¢he benefitygal .

bioengineering go far beyond protecting soil.

The term treatment is used with respect to the design, construction, and as-built result of an individual
bioengineering unit. Similar terms that have been used in the literature to describe treatments include
itreat ment s, 0 A clemens®dkRoe consistendy, thisnnthnudl avoids using these similar
terms. Finer-scale constituents that form a treatment are referred to as materials (i.e., plants, rocks,
erosion matting). Similar terms found in other publications to describe materials include
ficomponent s, 0 .&arconsiltentyewe eavoid the use of these similar terms throughout

this manual.

Collectively, a combination of treatments constitutes a streambank bioengineering project. The goals
that drive a particular streambank bioengineering project determine the analytical and design

approach that a bioengineering practitioner may follow to address these goals.

As a final note, this document uses plant taxonomy as currently presented in the U. S. Department of
Agriculture (USDA), Natural Resources Conservation Service (NRCS)6 #LANTS database (NRCS,
2016).

Form-v. Process-Based Approaches to Bioengineering

Analytical and design approaches to stream restoration and bank stabilization projects have been
distinguished between those that are process-based and those that are form-based (Wohl, Lane and
Wilcox, 2015). A process-based approach develops initial conditions that will allow the stream
channel(s) and floodplains to evolve through fluvial processes and riparian succession toward more
complex and dynamic habitats over time. In contrast, a form-based approach defines channel pattern,
profile, and dimension, and uses structural features (such as rock vanes, toe wood, and riprap) to

minimize channel adjustment.

h e
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In contrast, the use of a process-based approach has the advantage of allowing the stream and
valley to adjust to fluxes in sediment and water inputs that occur due to changes in land use, wildfire,
drought and flood, and climate change. This approach is beneficial on lands where little infrastructure
exists in the floodplain, such that natural adjustments (i.e., sediment loads, channel meandering, and
hydrology) over time can help satisfy ecological management priorities. A process-based approach
may not be appropriate where infrastructure, residences, or agricultural lands may be impacted by
natural channel and floodplain adjustments. In this scenario, a form-based approach may be most
appropriate. A combined approach, where crucial characteristics of a desired channel are designed
using a form-based approach, while other aspects of the stream and its floodplain are allowed to
adjust and evolve over time, is also valid. Such an approach allows planners to better satisfy diverse

project objectives.

Plant-based v. Structural-based Approaches to
Bioengineering: a convenient division
Fripp, Hoag, and Moody ( 200 8) not e t he i mprecision of

bi oengi rnoedescriben al dareatments applied through the use of biological materials. Instead,
they argue the practice of streambank bioengineering be divided into two general approaches based
on their intended function, their ability to dynamically change over time, and the type of materials
used: plant-based bioengineering and structural-based bioengineering. This manual uses these two
classes of treatments, and uses the broader term streambank bioengineering when referring to the

overall practice of applying plant- and structural-based treatments to address bank stabilization goals.

Fripp et al. (2008) argue that while the primary distinction between plant and structural treatments can
be made based on function and materials, distinctions based on the anticipated behavior of the
treatments during their design life are perhaps more significant. A plant-based treatment is flexible
and dynamic, as it can recover fully following partial failure, allowing for continued streambank
protection within the context of an ever-changing streambank. Additionally, plant-based treatments
may be adaptively managed, as their ductile failure mode allows for continued stability as they re-
establish themselves. In contrast, a structural-based treatment is designed to remain stable under
greater erosive forces, and maintain a static bank. Once the design threshold is exceeded, however,
the treatment typically fails catastrophically, requiring repair or replacement if continued erosion

protection is required.

1.2 GOALS AND OBJECTIVES

An essential step in any stream project is the determination of project goals and objectives. Goals are
general and are highly dependent upon context, while objectives are measurable and in support of
the stated goals. Once goals are established, they are supported by one or more objectives
describing how the goals will be attained. The stakeholders and technical specialists of a project base

the perceived success or failure of a site upon thoughtful and consensus-based development of goals

us

ng
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and objectives. Further, because successful implementation of projects is dependent upon
acceptance by those who live within and near the floodplain, the social context of the restoration
project should be incorporated throughout the planning and design phases (Wohl, Lane and Wilcox,
2015).

The goals and objectives of a project should be defined during the scoping phase of the project. The
perceived success or failure of many stream restoration projects can be as much a function of the
appropri at e s c ogoals, asfthe design ardjperfortnanee of the features. Thus, the

importance of establishing achievable and well-defined project objectives is critical (NRCS, 2007).

Inclusion of ambiguous objectives, such as f i xi ng t hiies tsatbrid a mgomrg figpubamhg 1t
creek back where it waso can | gmpbcessaswell agmakdlong-ant pr o
term monitoring and evaluation of project results difficult. Narrowing and refining project objectives

reduces confusion for participants, and gives stakeholders clear and realistic expectations for the

project.

SMART goal-setting

A popular and effective approach for goal-setting is the ISMARTG framework (Doran, 1981). This
approach underscores that project goals should be evaluated by stakeholders for compatibility with

their individual interests, but also for the goals ability to be:
§ Specific - Where, what, how, and when a result or activity is expected,;

§ Measurable - Establish metrics that indicate if, when, and where the objective is

being met as related to form, function, or both;

§ Achievable - Goals are achievable using known technologies or methods, or the team
agrees to testing a new technology via a pilot project with realistic expectations for

SUCCesSSs;

§ Realistc-The goal does not include criterlsa |ike 0
are not competing or mutually exclusive; and the goal includes clear expectations
and limits; and

§ Time-bound - Specify the life span of the project, and performance criteria for the

installation, establishment, mature, and aging phases of the work.

Table 1 provides examples of bank stabilization goals according to the SMART framework, adapted
from multiple sources (NRCS, 2007; Kondolf, 2011). Column one lists the SMART criteria while
column two provides a general goal associated with a fabricated bioengineering project. Subsequent

rows include language that address the above goal- and objective-setting principles, reduce
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ambiguity for the designer, create realistic expectations, and allow for effective monitoring and long-

term evaluation.

General Goal | Sample Language

i R e d lateral migration on river left between stations 25+30 and 27+85 for the
purpose of maintaining farmlands on the adjacentpr oper t y o

Specific OR

L i redurting bank failures between stations 5+30 and 6+70, for the protection of

=1}

the homes within the reachbo

i Reduce t &gecultural lrsd duwe to lateral migration from 1% per year to
0.25% per year, given average flow conditions.

OR

iReduce | ater al bank mov e twefedtpefyeap,on 10

Measurable

average, over a 10 year performance period, excluding flood events over the 0.05
AEPO

AiThrough a combination of structur al 1
) rootwads as well as willow stakes and container plants this project will reduce
Achievable ] ) o
shear stresses on the vulnerable bank and increase bank cohesion via increased

plant root bulb dimensiono

AiThis project is not expected to prot ¢
Realist 20-year peak flow or for flows over 300 cfs lasting more than seven days, but will

ealistic
stabilize for low to moderate peak flows and short duration moderate to high flow

events. o0

iThe projectbs performance period is
) expected to take three full growing seasons to achieve desired level of bank

Time-bound ) o .
cohesion. Structural features may need replacement or significant maintenance

after 10 years to account for changi ng

Table 1. SMART decision-making framework for bank stabilization projects

Other example goals for bank stabilization and river restoration projects include: (a) protect bridge
infrastructure; (b) reduce risk of flood inundation of specific values at risk; (c) restore fish and wildlife

habitat, and (d) improve water quality.
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Competing Goals

In certain cases, goals that initially appear to be competing will become compatible as stakeholders

work though goal and objective refinement. Some instances of mutually supportive goals are:

§ An interest to have channel stability at low to moderate flow events AND an interest
to enhance aquatic habitat on some streams can be achieved through the use of
large woody material

§ A desire to have a river with seasonal floodplain or wetland habitat AND a desire to
reduce erosive forces within the river channel can be achieved in some systems by

using overflow or bypass channels and floodplain reconnections.

In some cases, a compromise must be reached when goals are found to be mutually exclusive. Such
incompatibilities often occur when one goal is function-based and another is form-based. Some

instances of incompatibilities are:

§ An interest in having a river reach that can naturally evolve over time or rapidly
change in response to large flow events AND an interest in the long-term stability of

infrastructure that requires a fixed and static bank;

§ A desire to have woody material within the reach to provide aquatic habitat benefits
AND a desire to hayv edoasndtpdsecuaneaessaryhhazardsed
in-channel recreation.

Care must be taken during the goal and objective identification process to accurately determine if,
when, and where goals are compatible or competing. Compromise between goals may only be
necessary seasonally or at key points throughout the lifespan of the project, and/or in limited locations
in the project area.

In summary, goals and objectives should be developed during the stakeholder engagement process,
should be used to develop indicators of success, and are often invaluable during evaluation of firade-
offsothat arise during the design process.

Manual Organization

This introductory chapter places streambank bioengineering treatments within the context of river
restoration practice at large. Chapter 2 presents a method for consideration and mitigation of risk in
the design of streambank bioengineering projects. Concepts of stream mechanics and hydrology that
are essential considerations for streambank bioengineering projects are presented in chapter 3.
Concepts, design recommendations, and material considerations specific to plant-based
bioengineering are presented in chapter 4, while chapter 5 provides details of individual plant-based

bioengineering treatments. Design concepts and risk considerations specific to structural-based

t hat
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bioengineering are presented in chapter 6. Chapter 7, in turn, details individual structural-based
treatments. Chapter 8 addresses the integration of plant-based treatments into bank-stabilization

structures. Management, monitoring, and maintenance are covered in chapter 9.

Disclaimer

While a diversity of bank stabilization designs should be considered during the planning phase, this
manual addresses only those treatments pertaining to streambank bioengineering. Accordingly, the
authors recommend each bioengineering treatment be assessed for its ability to fulfill its function
within the context of the whole project, and that bioengineered treatments be applied only where they

have a high probability of successfully providing the desired function.

Each treatment must be examined within the context of the entire floodplain, as design of any single
treatment in isolation often results in undesired outcomes. As such, the authors recommend the
treatments presented in this manual be applied as components within a well-integrated restoration

plan.

It is important to understand that in most cases bioengineering treatments are not designed to
withstand the same high magnitude design conditions as many traditional engineering treatments.
Streambank bioengineering treatments are intended to provide a moderate level of bank stability,
while facilitating ecological function, enhancing wildlife habitat, improving water quality, allowing for
natural stream processes, and improving landscape aesthetics. The required level of confidence for a
given streambank bioengineering treatment should be considered on a case-by-case basis. If a
greater level of stability is required than can be provided by a bioengineered treatment, traditional
engineering treatments must be relied upon. This manual presents many examples of incorporating
bioengineering treatments into more traditional structural treatments in a way that reduces risk of
failure. All drawings in this manual are concept only, and should not be used for specific construction
projects. Finally, designers should seek research documents and engineering manuals for any

necessary formulas for a given design project, and not utilize formulas presented in this manual.
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o\ 2.0 DESIGN WITH RISK IN MIND

2.1 UNCERTAINTY IN RIVER RESTORATION AND
STREAMBANK STABILIZATION PROJECTS

Evaluating probability, consequences, and uncertainty helps designers and stakeholders make
informed design choices. This section outlines how to account for uncertainty in the project planning

and design process, and addresses the evaluation, understanding, and mitigation of risk.

Uncertainty vs Risk

Risk is a measure of likelihood that an event or hazard will occur and an evaluation of the
consequences of that potential event. Uncertainty identification is the acknowledgement that for
every assumption, calculation, and evaluation throughout the development, implementation, and
lifespan of a project, there are a suite of conditions that may exist or could develop that are different
from the chosen or assumed condition. Uncertainty identification is a part of risk analysis, but risk

analysis is significantly more than uncertainty identification.

The uncertainty identification process endeavorstod e f i ne t hrknoWinkoara worthe greatest

extent possible, the funknown unknowns. 6 Un c e r t aatiam tlgo instititesrcheck$ and

balances throughout the design process, such that the influence of unknowns on the success or

failure of a project is limited, quantified, or at minimum, acknowledged. The subsequent risk analysis
incorporates this process into a synopsisofapr oj ect 6 s |l i kel i hood to succeed

it does or does not.

Addressing Uncertainty in the River Restoration Process

Uncertainty is inherent to all river and bank protection projects. While uncertainty can be minimized
through predictive modeling and appropriate design, it cannot be eliminated. Given the physical and
ecological dynamics of river systems, the lack of long-term monitoring and performance data, and the
variability of climate, the assumptions and outcomes of river restoration projects are uncertain

(Wheaton, 2008). Historically, accounting for this uncertainty has often been ignored.

Adapted from Wheaton (2008), a four-step process is recommended to address uncertainty in river
restoration and bank stabilization projects:
1. Identify the uncertainties in:
A. baseline and input data;

B. calculation methods (including their assumptions and sensitivity);
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C. construction materials, sources, and quality;
D. installation procedures; and
E. physical, geomorphic, and biological response of the system;

2. Explore the potential significance of each identified uncertainty (both in terms of
negative impacts and positive outcomes);

3. Identify and implement measures to detect the effects of each uncertainty in the

design, construction, and monitoring phases of each project; and

4. Effectively communicate each uncertainty and its significance to stakeholders,

design, and construction teams.

This process, however, addresses only the uncertainties in variables and processes known to the
projectteam,or t he fiknown unknownso. Despite the
observation, scientific literature, monitoring data, and unfettered creativity, a host of unforeseen
uncertai ntnioavh am k filbaxikt ;1 @ach project. Accounting for and detecting these
uncertainties is much more difficult. Given these inherent uncertainties, we recommend an adaptive
management approach as it is well suited to allow practitioners and decision makers to adjust
practices as new challenges unfold (Clark, 2002; Wheaton, 2008).

2.2 FAILURE RISK MITIGATION

Streambank bioengineering treatments most commonly fail during the most vulnerable periods
following implementation. The four periods of maximum vulnerability of a streambank bioengineering
treatment are:

§ Immediately following construction, prior to full vegetation establishment;

§ At the time of lowest annual water supply, including precipitation and natural subsurface
irrigation (i.e., capillary fringe above water table);

§ During high magnitude discharge events when the ability of the bioengineering treatment

to stabilize the bank is overcome by the erosive force of the flowing water; and

§ Over the long term, when the established vegetation has been succeeded by plant

species that may not meet original design parameters (i.e., soil-binding characteristics).

Each of these failure mechanisms represent challenges and, at the same time, afford opportunities to
use our knowledge of Co | o r a&mbicodnsents to increase the likelihood that plant materials will
perform successfully. In the following section examples of each risk period is presented alongside the
treatments that can be used to decrease each risks.
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Note: The above maximum vulnerabilities do not represent the total vulnerability to a bioengineering
project. Practitioners have witnessed a wide range of unexpected challenges that have undermined
otherwise well-established sites. Examples that have set projects back or caused failure include an
unplanned clearing (e.g., brush cutting, moving, tree felling, etc.), natural factors (e.g., beavers, plant

disease), and others.

Post-Construction
Risk

The period immediately following construction is a critical time of risk because root systems of plants
have yet to become fully established. In general, the capability of a bank to resist shear stress and
unit stream power during the establishment period, and therefore withstand erosion, is substantially
greater after three to four seasons than immediately after construction (Schiechtl and Stern, 1997).
The majority of the added resistance to erosion stems from the complex root networks that require

sufficient time to develop. Chapters 3 and 4 outline the role of roots in bioengineering.

Opportunity
Several design considerations exist to decrease the window of vulnerable following construction of
plant-based treatments. These approaches include:
§ Proper species selection for the design conditions, and given the biotic and abiotic
conditions of the site;
§ Inclusion of a diverse site-adapted seed mix;
§ Short-term surface erosion protection (i.e., erosion matting or geotextile);

§ Tailoring soil amendments to the needs of the desired plant community and the

current soil nutrient status;
§  Accurate flow-frequency estimates; and
§ Optimal timing of installation.

§ Increasing soil moisture retention through improved soil organic matter content, and

through use of mulch or erosion matting; and
§ Providing supplemental irrigation.
In regards to developing a diverse seed mix, a suite of species should be selected that:
§ Includes a mix of early- and late-seral species;

§ Includes temporary cover such as sterile wheat hybrids (i.e., 6 Qui ckguar dé or

0 R e g 0 eomprising no more than 5% of the seed mix); and

§ Grow rapidly via subsequent seed spread or from rhizomatous root systems.
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Decreasing the length of post-construction risk can also be attained by including multiple planting
treatments such as seeding, container plants, and willow cuttings in the same site. The authors
recommend the plants used for any restoration project be ecotypic to the site (i.e., they are locally

sourced native species in regard to genetic origin).

Water is crucial to the success of all plant-based treatments. Water can be provided through
precipitation, installing root balls to the depth of the capillary fringe above the water table, or
supplemental irrigation. By tailoring seed mixes, plant palettes, and planting methods to account for
the likely water sources available on a given site, desired species have a greater chance of
performing their design function in a bank stabilization treatment. Chapter 4 provides additional

recommended measures for improving revegetation success.

Lowest water table of the year
Risk

Often, the period when groundwater is at its lowest elevation co-occurs with the driest surface

conditions of the year. Insemi-ar i d c¢l|l i mates such as Coloradods Front
multiple years. Confounding this challenge are upstream di ver si ons, which <€an cr ez:
flow hydrologic regimes during drawdown periods. Thus, the risk to many plant-based treatments
(i.e., dormant hardwood cuttings) arises during the lowest water table for a given year.
Opportunity
The most effective methods to enhance soil moisture for plant-based treatments following installation
include:
§ Ensure cuttings extend into the expected lowest water table for the site;
§ Sow seeds in fall, late winter, or early springd prior to the season of expected highest
precipitation;
§ Utilize soil amendments that increase water-holding capacity;
§  Apply mulches or erosion matting that help retain soil moisture;
§ Reduce water stress of vegetation (e.g., via transpiration of leaves) by adequately
trimming excess foliage such as excessive leaf-bearing branches prior to plant
installation; and
§ Provide supplemental irrigation.
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High Magnitude Discharge Events
Risk

A principle cause of streambank instability is insufficient vegetative cover, and a growing body of
literature exists (Neary, Constantinescu, Bennett, and Diplas, 2013; Brooks & Brierley, 2012; Crosato
& Saleh, 2010; Bertoldi, Gurnell, & Drake, 2011; and Li & Miller, 2010) highlighting the influence of
vegetation on bank, channel, and floodplain stability. Root systems can reinforce bank material up to
20,000 times more than when such bank material lack vegetation (Knighton, 1998), with vegetative
condition explaining much of the variability in bank erosion rates. Yet, as with traditional engineering
treatments, high magnitude discharge events (quantified by shear stress and unit stream power)
challenge the ability of a plant-based treatment to stabilize the bank. Failure mechanisms during high

magnitude events can take several forms. The most common failures include:

§ Bank scour;
§ Undermining and mass wasting failure due to gravity; and
§ Instability of a treatment relative to the forces applied to it.

Bioengineered treatments are normally designed to withstand floods of a relatively frequent
recurrence interval. Typically, design events are on the order of 1.5 to 10 years, with the 25-year
event becoming more common, and the 100-year storm occasionally being a consideration. However,
as discussed above, the erosion potential of a particular flood event varies substantially as stream
power changes. As was also noted, flood frequency poorly correlates with geomorphic instability. For
example, lower-gradient streams with wide floodplains have significantly less unit stream power for a
specific return interval flood than does a confined mountain channel at that same return interval.
These varying conditions along a river induce varying risks to a given treatment used in multiple

locations.

While it can be prudent to design for a larger discharge event, stability during such events is often
achieved by more traditional engineering treatments, as bioengineering treatments can become
unstable above certain threshold conditions. Accordingly, if the stability of a certain location (i.e., a
bridge pier footing) is of paramount importance, then it is unlikely that bioengineering will be able to
provide sufficient stability as compared to traditional engineering treatments. It should be noted that
bioengineering treatments can be incorporated into almost all traditional engineering projects,
imparting increased resistance and resilience to disturbance as well as improving ecological and
biological benefits. Thus, designers are enabled to balance ecological function and relative needs for

bank stability through bioengineering treatments appropriate for a given discharge event.

Opportunity

Bioengineering treatments capable of withstanding high magnitude events frequently share common

traits. In Figure 1, the Federal Ministry of Agriculture and Forestry of Austria (Bundesministerium fuer
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Land- und Forstwirtschaft, 1994) illustrates the influence of bank vegetation on flow. Due to the
increase in local flow resistance caused by vegetation, there is an associated decrease in flow

velocity in the region nearest the bank.

However, not all types of bank vegetation have similar effects. Unlike the stout vegetation depicted in
the figure, newly planted, dead, poorly rooted, or poorly suited vegetation often does not decelerate
flow and provide bank protection. Non-woody vegetation only minimally decelerates local flow, as it

more readily lays down during high flows, as discussed above.

L Sl

PR YRUS Y
T Sl ¢
LR

A ... banks with lawn (numbers on dashed lines indicate ratios of
B ... banks with trees and bushes actual flow velocities to average flow velocity)

Figure 1. The interaction of channel velocities and bank vegetation (Reprinted with permission from
Bundesministerium fuer Land- und Forstwirtschaft, 1994)

2.3 CONCLUDING REMARKS

Just as the risk of being hit by a car should not prevent someone from going to the grocery store,
post-construction risks such as high flows, drought, grazing, etc. should not prevent the design from
incorporating bioengineering treatments into bank stability and river restoration designs. Rather,
recognizing the importance of living streambanks to residents, tourists, wildlife, and water quality, and
with the knowledge that bioengineering treatments can provide stability under a wide range of
discharge events, planners and designers have at their disposal adequate tools to meet multiple

objectives defined and supported by stakeholders.
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3.0 STREAM MECHANICS

The complex and interrelated nature of water, sediment, geology, vegetation, aquatic life in stream
systems, as well as the social context influencing many of our streams, challenges practitioners to
create conditions that satisfy multiple and sometimes conflicting objectives. Given these inherent
complexities, comprehension of fundamental stream mechanics is necessary for identifying best
approaches and avoiding potential pitfalls to completing a successful bioengineering project. An
understanding of the basic mechanisms at work in river systems will inform the design process and
ensure that bioengineered treatments are more likely to succeed. This chapter provides a foundation
for selecting specific analysis and design approaches in the greater context of the site conditions, and

project goals and objectives.

3.1 FUNDAMENTAL MECHANISMS

Sediment Transport

Stream sediments are subject to being transported downslope or downstream as the pull of gravity
and the moving forces of water pull mountains down to the ocean. The size of the largest particles a
stream can move under a given set of hydraulic conditions is referred to as stream competence.
Typically, only very high flows are competent enough to move the largest sediments in a stream
channel.

Traditional approaches for characterizing erosion potential fall within one of two categories: maximum
permissible velocity and shear stress. The former approach is advantageous in that velocity is a
parameter that can be measured within the flow. Shear stress cannot be measured directly, but must
be computed from other flow parameters. However, since shear stress is a better measure of the fluid
force on the channel boundary than is velocity, conventional guidelines, including American Society
for Testing and Materials (ASTM) standards, rely on shear stress as a means of assessing the

stability of erosion control materials.

Shear Stress

Shear stress develops at the interface between flowing water and materials forming the channel
boundary (i.e., the streambank and bed). Shear stress (also called the tractive force) is the
downstream component of the force on the riverbed and banks. The tractive force acts in the direction
of the flow as it slides along the materials and creates lifting and drag coefficients that lead to erosion.
Critical shear stress is the shear stress required to move a particle of a given size. Typically, the

larger the particle the greater amount of shear stress needed to dislodge it and move it downstream.
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When shear stress equals the critical shear stress, the channel will tend to be in equilibrium. Where
shear stress is excessively greater than critical shear stress, particles will be moved by the flowing
water and erosion/degradation may result. Where shear stress is less than critical shear stress,
channel aggradation may result as particles deposit on the channel bottom and banks. Thus, the
ability to calculate or measure both shear and critical shear stress is crucial in predicting channel
adjustments and whether bioengineering treatments will be able to resist the force of water that will
act on them.

Design methods for determining channel and bioengineering treatment stability in relation to shear
stresses are numerous. Various equations and tables have been developed to predict the movement
of materials in response to shear stress. These equations may focus on individual particles, uniform
materials, non-uniform (mixed) materials, and/or cohesive materials (Kline, Alexander, Pytlik, Jaquith,
& Pomeroy, 2007).

Sediment Load

Once dislodged, sediments may be transported one of two ways:

§ Wash load i the smallest sediment particles that are held in suspension by

turbulence; and

§ Bedload i particles that roll, slide and skip along the streambed and are typically the
size of sediments found on the streambed. These particles may become temporarily
entrained into the wash load by turbulence during higher flows.

The total of wash load and bed load is the sediment load of a stream. Sediment transport rates can
be computed using various equations, models, and field-derived empirical data beyond the scope of
this manual.

Stream Power

Stream power quantifies the capacity of a stream to perform geomorphic work (i.e., transport of
particles downstream). It is generally defined as the rate of energy dissipation against the bed and
banks of a river, per unit downstream length. This energy dissipation is a result of the conversion of

potential energy into kinetic energy as gravitational force pulls water downstream.

Kinetic energy is dissipated by channel flow resistance. Channel flow resistance occurs by:
§ Bedload and suspended sediment transport;
§ Hydraulic jumps; and

§ The interaction of flowing water with the streambed and streambank materials,

vegetation, instream wood, and other obstructions.
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The main controls on stream power are slope, discharge and bed lithology.

Where excessive stream power exists, channel deformation and erosion occur (to the extent bed
materials allow) to balance the energy. Where insufficient stream power exi st s t o move t he
sediment load, sediment deposition occurs.

Stream power is commonly considered from two perspectives: total stream power for a given reach,
and unit stream power, which normalizes the stream power as a function of channel and floodplain
width.

Total Stream Power

Total stream power is computed as:
W= rgQSs

where Wis the stream power, } is the density (specific weight) of water (Ib/ft°), g is acceleration due

to gravity (32.174 ft/s®), Q is discharge (ft*/s), and S is the channel slope.

Stream power | aws de s cr transport sedimdnta thus &d pdtentiabtb indise,t y t o
widen, aggrade, or adjust its planform (i.e., plan-view shape). In general, high stream power values
correspond with steep, straight, scoured reaches, and bedrock gorges; low stream power values

occur in broad alluvial flats, floodplains, and basins. The spatial distribution of stream power along a

channel has been linked to river form, erosion hazard potential, and flood-response behavior

(Bagnold, 1966, 1980; Graf, 1983; Magilligan, 1992; Lecce, 1997; Knighton, 1999; Flores, Bledsoe,
Cuhaciyan, & Wall, 2006).

Since slope exerts strong control on stream power, and many factors can affect the local slope of a
channel, stream power can vary substantially from reach to reach (Fonstad, 2003; Reinfelds, Cohen,
Batten & Brierley, 2004; Jain, Preston, Fryirs, & Brierley, 2006; Hack, 1973). Changing the channel
slope (i.e., through reducing or increasing its sinuosity) and boundary resistance (i.e., through bank
revegetation or other roughness features) will have consequential effects on the stream& erosive
power. Consequently, modifying stream channel slope and bank roughness are important methods

for reducing the potential for streambed degradation and streambank erosion.

Unit Stream Power
Unit stream power is an important function in many models of landscape evolution and river incision.
Unit stream power (w; measured as Watt/m? or Ib/sqft), is stream power per unit channel width (b),

and is given by the equation:

w=rgQS
b
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Unit stream power is used in the study of river channel migration and can be applied to sediment
transport (Bagnold, 1966). Ongoing work shows the importance of w in single events and at geologic

time scales. Studies have shown that at-a-point magnitudes of w predict:

§ Locations of extreme geomorphic changes in floods (Magilligan, 1992; Buraas,
Renshaw, Magilligan, & Dade, 2014);

§ Stream bed grain size (Snyder, Nesheim, Wilkins, & Edmonds, 2013);
§ Abundance of landslides (Larsen & Montgomery 2012); and
§ Bedrock incision rates (Dietrich et al. 2003; Ouimet, Whipple, & Granger, 2009).

Stream power, like shear stress, can be computed manually using directly measured field data, or
through computational models. Field data collection methods and models for computation of these
and other flow parameters valuable in designing stream projects are presented in Yochum (2015). It
is important to note that manual computations and the results of 1-D models (such as HEC-RAS) are
reach-average values while, in actuality, certain portions of that cross section will experience higher

and lower shear stresses and unit stream power than these average values.

3.2 LANEG BALANCE

Predicting stream behavior is particularly useful in stream systems that have been significantly altered

by natural process or by design. The relationship between water in a stream and its ability to transport

sediment (shear stress and stream power) has been visually represente d by t h%calel(laanee 6 s

&Borland,1954) . The driving variables in Lanebs stability

§ Sediment size;

§ Sediment quantity (i.e. load);

§ Stream slope; and

§ Water quantity (i.e. discharge).

When any one or more of the variables of this scale change, the system will adjust out of equilibrium
and aggradation or degradation of the bed and banks may occur (Figure 2). Given enough flow and
unconfined space, a stream will adjust its slope and sediment transport capability back towards an
equilibrium (balanced) condition. This equilibrium will be reached relative to the sediment supply and

size, valley slope, and discharge (ie.,i t 6s fAimost probabl e f or2e06). as

descri
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Although simplistic, the fundamental principle behind the balance is sound. Implicit within the figure
are the following:

§ If the ability to transport sediment is equal to the rate and caliber of sediment
delivered to that location, then channel morphology should remain stable, although
the location of the channel and its habitat features (i.e., bedform) may remain

dynamic;

§ Excess sediments delivered to a reach may lead to instability, caused by aggradation

of soil, cobble, rock, and other materials;

§ Conversely, excessive reduction of sediments by way of streambank armoring,
sediment barriers such as undersized bridges and crossings, large-scale watershed

changes, and urbanization may lead to degradation;

§ Changes in stream discharge quantity (i.e., due to such mechanisms as stream
diversions, flow augmentation, excessive stormwater inputs, or wildfire) can tip the

balance, and sediment erosion or aggradation may occur.

This concept is a valuable reminder of the potential repercussions that can result from changes in

fundamental stream characteristics.
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3.3 CHANNEL AND FLOODPLAIN PROCESSES

Geomorphic processes are the primary mechanisms for forming channel and floodplain shapes (i.e.,
width, depth, meanders, terraces, bedform features, etc.) through erosion, transport and deposition of
sediments by streamflow. Understanding these processes and how they combine to form stable
stream channels, or how they might conspire to create instability, is necessary for assessing,

designing, and applying bioengineering treatments.

Channel Type

The interaction of flows and sediment loads with the channel boundary should be used in the
selection of the appropriate design approach. Channels can be divided into two general categories
based on their sediment load and the stability of the channel boundary during normal flow: threshold

channels and alluvial channels. The following descriptions of threshold and alluvial channels are

provided by NRCS&6s NEH P ar2007).8 shduld beCroted thae transiional NRC S

stages between these channel types do exist (e.g., there is not always a sharp demarcation between

the two categories.
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Threshold Channels

A threshold channel is a channel in which channel boundary material has no significant movement
during the design flow. The term threshold is used because the channel geometry is designed such

that applied forces from the flow are below the threshold for movement of the boundary material.

A threshold channel can be naturally occurring, as in cases where the bed is composed of very
coarse material or erosion-resistant bedrock. Streams where the boundary materials are remnants of
processes that are no longer active in the stream system, such as those formed by high runoff during
the recession of glaciers, may also be threshold streams. Streams that have become armored as a

result of reduced upstream sediment supply would also qualify as threshold.

Fine sediment may pass through threshold streams as throughput or wash load. Generally, wash load
should not be considered part of the bed-material or sediment load for stability design purposes even
if there are temporary deposits on the streambed at low flow. However, excessive fthroughputo or

wash load may impair water quality and cause other environmental degradation.

Unlike alluvial channels, threshold channels do not have the ability to quickly adjust their geometry.
This is because the material forming the channel boundary of threshold channels is not erodible
within the normal range of flows, and there is no significant exchange between the sediment being
transported and the sediment that forms the bed and banks. At flows larger than the design flow or
during extreme events, threshold channels may become destabilized for short periods. Since
threshold channels do not adjust their dimensions to the natural runoff hydrograph, the concept of

channel-forming discharge is generally not applicable.

Alluvial channels

Alluvial streams and channels have bed and banks formed of material transported by the stream
under present flow conditions. There is an exchange of material between the inflowing sediment load
and the bed and banks of the stream. The sediment transported in an alluvial channel tends to be
coarser and of a greater quantity than sediment transported in a threshold channel. Since natural
alluvial channels adjust their width, depth, slope, and planform in response to changes in water or

sediment discharge, an alluvial channel will not be as static in the landscape as a threshold channel.

Channel Stability

An analysis of channel stability should be conducted prior to installation of streambank bioengineering
measures. An alluvial stream is described as stable when it has the ability to pass the incoming
sediment load without significant degradation or aggradation, and when its width, depth, and slope
are relatively consistent over time. In light of this, bank erosion and bankline migration are natural
processes and may continue in a stable channel over time. When bankline migration is deemed

unacceptable (i.e., where bridge, road embankments and other infrastructure are at risk), then
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engineering, and where appropriate bioengineering solutions, must be employed that attempt to
prevent bank erosion at the chosen design flow(s).

Degrading channels commonly undermine cutoff walls, other flow-control structures, and bank
protection. Bank sloughing due to degradation often greatly increases the amount of debris carried by
the stream and increases the downstream potential for blocked waterway openings, reduced
conveyance, and increased scour at bridges. Aggradation within a stream channel increases the
frequency of flooding and overbank sedimentation which can, in turn, lead to failure of a

bioengineering project.

Long-term bed elevation changes may be the natural trend of the stream or may be the result of
modification to the stream or watershed. The streambed may be aggrading, degrading, or in relative
equilibrium in the vicinity of a planned bank protection project. Long-term aggradation and
degradation do not include the cutting and filling of the streambed at a site that might occur during a
runoff event. A stream may cut and fill at specific locations during a runoff event and also have a

long-term trend of an increase or decrease in bed elevation over a reach.

Another challenge to designing streambank protection measures is providing an accurate estimate of
the long-term bed elevation changes that will occur during the life of the planned treatment. Long-
term trends may change during the life of a project as result of natural or human-caused stream or

watershed modifications. Factors that affect long-term bed elevation changes include:

§ Dams and reservoirs (upstream or downstream of a study reach);

§ Changes in watershed land use (urbanization, deforestation, etc.);

§ Channelization;

§ Cutoffs of meander bends (natural or of human origin);

§ Changes in the downstream channel base level (control);

§ Gravel mining from the stream bed;

§ Diversion of water into or out of the stream;

§ Natural lowering of the fluvial system; and

§ Movement of a bend with respect to stream planform, resulting in a change in length
and therefore slope of a channel.
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Bed elevation of tributary streams will follow the trend of the larger stream unless there are grade
controls in place. Grade controls could be bedrock, dams, culverts, check dams, or other structures

that control the grade of a stream at a specific point.

Data from the United States Army Corps of Engineers (USACE), United States Geological Survey
(USGS), and other Federal and state agencies should be considered when evaluating long-term
streambed variations. If no data exist or if such data requires further evaluation, an assessment of
long-term streambed elevation changes for rivers should be made using the principles of river
mechanics. Such an assessment requires the consideration of all influences upon the study reach,
i.e., runoff from the watershed to a stream (hydrology), sediment delivery to the channel (watershed
erosion), sediment transport capacity of a stream (hydraulics), and response of a stream to these

factors (geomorphology and river mechanics).

Channel Evolution

Geomorphologists have historically concerned themselves with documenting and explaining the
changing morphology of the landscape over geologic time. The nature of landform evolution informs
the designer that change at the local level (i.e., hillslopes, channels, etc.) can be sufficiently rapid to
cause problems with the design and maintenance of stream bank protection measures. One of the
key factors recommended for the selection and design of a given treatment is to determine if the
channel is vertically stable. If the channel is unstable, it is important to determine the channel
evolution stage for the reach of interest. These determinations can be made during a field site visit of

an existing plant-based treatment, or during the reconnaissance phase of a project.

The channel evolution model (CEM) sequence shown in Figure 3 describes a systematic response of
a channel to streambed lowering (i.e., incision) and encompasses conditions that range from
disequilibrium to a new state of dynamic equilibrium. Variables used within this diagram include h,
which corresponds to bank height, and h,;, which corresponds to critical bank height. Critical bank
height is the height at which the bank is no longer geotechnically stable. Stages C and D in Figure 3
illustrate the widening (through bank failure and bank retreat) that typically follows incision. These
stages are only conceptual and variations may be encountered in the field. However, the sequence
assists with determining the trajectory of a stream channel based on empirical field data that
characterizes channel forms and active channel processes. The hydraulic, geotechnical, and
sediment transport characteristics of a reach can also be correlated based on knowledge of the
channel evolution stage (Garcia, 2008). Due to climatic differences, the evolutionary response to

channel change may take decades or even centuries to adjust.

Cluer and Thorne (2014) have updated the earlier models and proposed a Stream Evolution Model
that includes a precursor stage ( | abel ed a.sThes madgleecofrizés)that streams may
naturally be multi-threaded prior to disturbance, and represents stream evolution as an adaptive

phenomenon, rather than a linear phenomenon. Their Stream Evolution Model recognizes an
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evolutionary cycle exists, within which streams advance through the common sequence, skip some
stages entirely, recover to a previous stage, or even repeat parts of the evolutionary cycle (Cluer and
Thorne 2014). The Stream Evolution Model, with its interpretation of habitat and ecosystem benefits,
improves river management decision making for aquatic, riparian and floodplain conservation and

restoration.

Although applicable only to incised channels, the model put forward by Schumm, Harvey, and
Watson (1984) and similar evolution models are of value in developing an understanding of channel
dynamics and in characterizing reach stability. Harvey and Watson (1986) and Simon and Hupp
(1986, March) further refined the Schumm et al. (1984) model for incised channels in the southeast
U.S. while Thorne (1999) added a later stageof channel evolution. Elliott (1979), Gellis (1988), and
Elliott, Gellis, and Aby (1999) developed CEMs for dryland channels in the southwest, and Hawley,
Bledsoe, Stein, and Haines (2012) developed a CEM that qualitatively describes morphologic
responses of semi-arid channels to altered hydrologic and sediment regimes associated with

urbanization (hydromodification).

Assessment treatments for identifying and determining the stage and trajectory of channel evolution
are beyond the scope of this manual. NRCS6 NEH Part 654, TS3A provides guidance for the

selection of appropriate inventory and assessments to determine stream corridor conditions.
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Stage A
Stable channel
Initial incision
h < hcrit

Stage B
Bed degrading
Banks stable
h> hcr'n

Stage C
Bed aggrading
Banks unstable

h> hcrﬁ

Stage D
Bed aggrading
Banks unstable

h R hcm

Stage E
Slow aggradation
Banks stable
h< hcrit

Figure 3. Channel evolution model (CEM) of Schumm, Harvey, and Watson. h = bank height; h¢.i; =
critical bank height. (1984; Adapted with permission)
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Channel Flow Resistance

The problem of determining the flow velocity (which relates to treatment selection to resist shear
stress and stream power as previously mentioned), and flow depth (which relates to plant selection
and placement as well as treatment type) in a channel, for a known discharge, remains a difficult
challenge for bioengineers. One of the principal causes is the difficulty in determining accurately flow-
resistance coefficients. Among the diverse and complex phenomena influencing resistance are
turbulence, boundary roughness, and channel features such as discrete obstacles, bars, channel
curvature, recirculation areas, secondary circulation, etc. The presence of bedload is also known to
have direct impact on flow resistance (Sim&es, 2010). The following section provides a general
overview on the topic of open flow resistance and resistance equations for use in bioengineering

design.
Flow resistance in open channels is composed of three fundamental components:
§ Boundary resistance;

§ Internal distortion or form resistance, from a deflection that causes super elevated
and depressed water surfaces, resulting in secondary currents and eddying (i.e.,

turbulence); and

§ Impact or spill resistance (resulting from sudden flow deceleration from supercritical

flow, such as at the base of a waterfall).

For the purposes of this manual, we are primarily concerned with boundary resistance. Boundary
resistance occurs as a result of bed and bank grain material, bedforms such as dunes and step pools,
planform, vegetation, instream wood, and anthropogenic obstructions (i.e., engineered structures).
Bioengineering practices typically increase boundary resistance by the following methods:

§ Intentionally-planted streambank vegetation that increases secondary currents in the

near-bank zone, and

§  Structural materials (i.e., large wood) that introduce secondary currents and localized

flow transitions.

Manningds Equation

Ma n ni mig thes most common resistance coefficient used in the United States. Other resistance

coefficients include Darcy Weisbachd sand Chezyd €.

The Manningédés equation is expressed as:
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v - kR2/3S%/2
n

where R, the hydraulic radius (m or ft), is expressed as

and V is the average reach velocity (m/s or ft/s), k is a conversion factor equivalent to 1.00 in the Sl
unit system and 1.49 in the English unit system, Sy is the friction slope (m/m or ft/ft), A is the cross-

sectional area (m? or ft?), and P,, is the wetted perimeter (m or ft).

Prediction

Flow resistance prediction is inexact, with varying results often obtained by different methodologies
and practitioners. However, the importance of obtaining accurate resistance coefficients is
understood when one realizes an inaccurate coefficient will result in an inaccurate prediction of flow
velocities and inaccurate design parameters. Experience is fundamental for the selection of the most
appropriate resistance coefficient, which should be selected for the design discharge of interest. To
address potential variability, multiple resistance calculation methods should be used, and the results
compared for consistency. Three steps are recommended when predicting flow resistance for
applications such as 1-dimensional modeling:

1. Consult a general guide that provides a range of potential resistance values (Brunner, 2010;
NRCS, 2007; Fischenich, 2000; Arcement & Schneider, 1989), to develop an understanding
of a reasonabl e mgwvanghe particularMetting)i ng o6 s

2. Utilize photographic guidance (Barnes, 1967; Aldridge & Garrett, 1973; Hicks & Mason, 1998;
Yochum, Comiti, Wohl, David, & Mao, 2014); and

3. Apply a quantitative prediction methodology:

a. Implement a quantitative prediction method appropriate for a given stream type (see
below); or

b. Implement a quasi-quantitative approach (Cowan, 1956; Arcement & Schneider,
1989).

The inclusion of quantitative prediction methods is important to reduce bias. In low-gradient streams
(clay-, silt-, and sand-bed channels), bedforms need to be predicted for the hydraulic conditions using
guidance such as Brownlie (1983). Flow resistance varies by bedform type, as indicated in Table 2. In

mid-gradient channels (slopes approximately between 0.2% and 2%, gravel- and cobble-bed, riffle-
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pool and plane bed channels), Bathurst (1985), Jarrett (1984), Hey (1979), and Limerinos (1970) are
valuable for quantitative n prediction using relative grain submergence (i.e., bed material size divided
by a depth term). In high-gradient channels (i.e., slopes greater than 2%, cobble- and boulder-bed,
step pool and cascade channels), relative bedform submergenced bedform variability divided by a
depth termd can be most accurate for n prediction (Yochum, Bledsoe, David, & Wohl, 2012).
However, n predicted by Jarrett (1984) can be accurate in channels within the limits of the dataset

used in its development (i.e., a channel < 3.4% gradient).

Flow condition Bedform type Flow resistance (Ma nni myg §
Subcritical Plane bed 0.012 - 0.014

Subcritical Ripples 0.018 - 0.03

Subcritical Dunes 0.02 - 0.04

Transitional Plane Bed 0.01-0.013

Supercritical Antidune 0.012 - 0.020

Supercritical Chutes / pools 0.018 - 0.035

Table2:  Ma n nmin gaiddsbed channels. Adapted from Richardson et al (2001).

While substantial amounts of large dead woody debris historically accumulated in many Colorado
stream reaches, many of our streams are currently devoid of such woody debris, with commensurate
decreases in flow resistance. Improper woody debris and riparian vegetation management (i.e.,
substantial reduction of woody vegetation in the riparian area) actions may induce a negative
feedback loop, where changes in in-channel flow depth may lead to increased shear stress and
greater potential for vegetation loss due to subsequent erosional processes.

In contrast, floodplains containing large amounts of vegetation should experience substantial
increased flow resistance for overbank flows and provide regular inputs of woody material. In the

absence of vegetation, the channel bed material of low gradient streams, and the bedform of steeper

gradient streams,dr i ve t he sel ecti on o fn Whbretheaspeam is quffidieatly e

narrow such that bank vegetation dominates the channel cross-section (or dominates the floodplain at
the flow stage of interest), Ma n n i n gafues established for dominant vegetation types may be

most appropriate (Thomsen and Hjalmarson, 1991).

The designer should utilize a detailed onsite assessment to classify sub-reaches within the project
reach based on vegetation type, extent, and density (or, alternatively, bed material composition and
bedforms) in order to assign appropriate n values. When bioengineering measures are evaluated for
applicability, the designer should correlate the vegetation composition and density of the proposed

measures to those of existing vegetation.

Manni
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While the contribution of vegetation to flow resistance is known to be an important component in
many streams, there are few vegetation roughness estimates available. Plant structures are
challenging to describe numerically because of their myriad shapes, seasonal variability in structure,
and the shifting mosaic of their occurrence along floodplains. The magnitude of the roughness
coefficient depends primarily on the density and stiffness of the plant structures. The degree to which
vegetation affects flow depends on the depth of flow relative to vegetation height, the percentage of
flow obstructed by vegetation, the degree to which vegetation is affected or flattened by high flows,

and the alignment of vegetation relative to the flow (Phillips, McDaniel, Capesius, & Asquith, 1998).

A conundrum for bioengineering practitioners is that higher density and maturity of wetland and
riparian vegetation results in higher n values, lower velocities, higher water surface elevations, and
higher reach average shear stress. Therefore, the more effective we are at preserving, restoring, or
enhancing native wetland and riparian vegetation, the more challenging it becomes to simulate
reach-average shear stress without exceeding the permissible values for the applicable vegetation.
Part of this conundrum is due to simplified assumptions in the shear stress equation. Utilization of 2-D
hydraulic modeling can assess variation in shear stress laterally across a channel and floodplain,

hence providing greater understanding of this problem.

Stream Capacity

Stream capacity is the sum of in-channel capacity plus floodplain capacity at the flow stage of
interest. In-channel capacity can change over time as bankfull channels adjust to variations in flow
regimes induced by irrigation withdrawals and inter-basin diversions, stormwater input, and climate
variability and change. With reduced flows, channels can have reduced cross section area and
increased flow resistance over time, with encroaching sediment deposition and streambank woody
vegetation growth. Within the floodplain, capacity is often decreased by vegetation growth and
roadway embankment encroachment. Conversely, increased flow inputs can widen channel cross-
sections and remove bank materials and the vegetation that was once there. Feedback loops
between these mechanisms exist, further complicating situations when viewed from a reach
perspective. The potential change in stream capacity in both the floodplain and channel due to

increased flow resistance should be a consideration in project planning and design.

Lay-down of Vegetation

Therelaive fAstiffnesso of plant structure within
coefficient, which in turn, affects flow velocity and pattern as well as channel capacity. In general,
some categories of plants (i.e., herbaceous vegetation) are less stiff than others (i.e., woody

vegetation).

We know, however, from observation that willows such as sandbar willow (Salix exigua) and some
other riparian vegetation are flexible such that they lay over as flow velocity and depth increase,
empirically indicating lower n values with increasing flow. This natural flexibility allows highly

t

he
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rhizomatous willow species, such as sandbar willow, to thrive on sandbars, streambanks, and
floodplains under a range of flow conditions. Thus, it follows that natural vegetation can provide
channel and bank stability over a wider range of conditions than typically cited in the literature
(Arcement & Schneider, 1989; Phillips & Tadayon, 2006). Accordingly, a range of n values based on
flow regime should be appliedr at her t h a mvablus, evheri maddirtg charmhels dominated by
native vegetation. For additional information on this subject, the reader should refer to Chen et al.
(1999), who performed flume tests on sandbar willow and other riparian species to assess their
behavior with respect to bending, and possible failure, and possible soil movement/loss
corresponding to variable flow regimes. The study results indicate N values for native plant canopies
are a function of plant characteristics (i.e., plant species and time of the year) and the Reynolds

number (i.e., flow velocity and flow depth).

The time of year plays into the range of N values as well, as willow stems are full of leaves during the
growing season and devoid of leaves in the dormant season. For exampl e, Manni
for sandbar willow ranged from a low-flow value of 0.0548 to a high-flow value of 0.0297 in March
(before leaf emergence); from 0.0722 to 0.0512 in April (at the onset of leaf emergence); and from
0.0735 to 0.0536 in May (with full leaf emergence). This study also indicates that native vegetation
protects the soil surface from the erosive effect of high velocity river flows when compared to a bare

soil surface.

Jarvela (2002) performed a similar flume study, the results of which support the findings of Chen et al.
(1999) and show large variations in the friction factor, with depth of flow, velocity, Reynolds number,
and vegetation density. The maximum values for the friction factor were obtained when the Reynolds
number or the flow velocity were at their lowest. The Reynolds number, however, alone was

insufficient to explain the resistance. The friction factor was most dependent on:
§ Relative roughness in the case of grasses;
§ Flow velocity in the case of willows and sedges/grasses combined; and
§ Flow depth in the case of leafless willows on bare bottom soil.

Streambank stabilization and restoration projects often involve significant modification to the banks.
Designers of bank stabilization or restoration projects must ensure that the materials placed on the
banks will be stable for the full range of conditions expected during the design life of the project.
Unfortunately, treatments to characterize stability thresholds are limited. Fischenich (2001) noted that
theoretical approaches did not exist then and empirical data for shear stress or stream power were
generally lacking and mainly consisted of velocity limits, which are of limited value. Fischenich (2001)
further notes that shear thresholds for soils found in channel beds and banks are quite low (generally
< 0.25 Ib/sf), while those for vegetated soils (0.5 T 4 Ib/sf), erosion control materials and

bioengineering treatments (0.5 7 8 Ib/sf), and hard armoring (< 13 Ib/sf) offer enhanced stability.

ngos
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3.4 STREAMBANK CHARACTERISTICS

Bank Material

Bank angle and streambank resistance to erosion is closely related to several characteristics of the
bank material. Bank material can be broadly classified as cohesive, non-cohesive, or composite.
Banks consisting of Non-cohesive (i.e., sand, cobble, and boulder materials not influenced by
electrostatic bonds between particles) materials are highly susceptible to undercutting and bed
degradation, as bank material tends to be removed grain by grain by flowing water. The rate of
particle removal and, hence, the rate of bank erosion is affected by factors such as patrticle size, bank
slope, the direction and magnitude of stream velocity adjacent to the bank, turbulent velocity
fluctuations, the magnitude of and fluctuations in the shear stress exerted on the banks, seepage

force, piping, and wave forces.

Banks composed of Cohesive materials (i.e., largely composed of silt and sand-sized material) are
more resistant to surface erosion. Electrostatic forces between particles allow cohesive soil to form
vertical or near vertical banks. Such banks may be susceptible to erosion such as toe scour,
cantilever failure, and mass wasting for bank heights taller than the critical bank height (Terzaghi,
1943). Cohesive banks have low permeability, which reduces the effects of seepage, piping, frost

heaving, and subsurface flow on bank stability.

Composite (i.e., stratified) banks consist of layers of materials of various sizes, permeability, and
cohesion. The layers of non-cohesive material are subject to surface erosion, but may be partly
protected by adjacent layers of cohesive material. This type of bank is also vulnerable to erosion and

sliding as a consequence of subsurface flows and piping.

Bank Retreat

The erosion, instability, and/or retreat of a streambank is dependent on the processes responsible for
bank erosion and the mechanisms of failure resulting from the instability created by those processes.
Bank retreat is often a combination of these processes and mechanisms varying at seasonal and
sub-seasonal timescales. Bank retreat processes can be grouped into three categories: weakening
and weathering processes, direct fluvial entrainment, and mass failure. The impact of these
processes on bank retreat is dependent on site characteristics, especially near-bank hydraulic

conditions, bank height, and the geotechnical properties of the bank material.

As previously indicated, the stability of the bank with respect to mass failure is dependent on soil
properties and bank geometry. Bed lowering and lateral erosion are the two most common processes
that act to steepen the bank and cause bank instability. For estimating critical bank height for steep,
cohesive banks, a simple slope stability analysis can be developed. Refer to the approach derived by

Thorne and Osman (1988) to predict bank stability response to lateral erosion and bed degradation.
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Similarly, Simon, Curini, Darby, & Langendoen (1999) provided a detailed discussion on streambank

mechanics and the role of bank and near-bank processes in incised channels.

Thorne and Osman (1988) also developed a modeling treatment to study the effects of channel
widening and bank sediment contribution on flow energy, stream power, and the rate and extent of
bed lowering during degradation. They demonstrated how scour depth at the outer bank may be
limited by the critical bank height. If scouring causes the outer bank to fail, then the channel will tend
to migrate laterally rather than incise. Their analysis treatment can be used to predict the equilibrium
cross section and migration rate incorporating bank stability considerations. It can also be used to
predict the likely increase in scour depth resulting from outer bank stabilization in a bendway. The
reader is guided to the Thorne and Osman (1988) information prior to evaluating lateral erosion and

bank instability problems for a given site.

Bank Angle

Specific design guidance for bank angles relative to different vegetation types, establishment, and
persistence is limited. Bank angle is often defined as H:V which is the ratio of Horizontal to Vertical
distance. Lagasse et al. (in press) notes that stable banks with very slow erosion rates tend to be
slopes of less than about 30 percent (3H:1V), whereas unstable banks with moderate to high erosion

rates usually have slopes which exceed 30 percent and rarely have a cover of woody vegetation.

Work conducted by Bowie (1982) in Mississippi indicates the bank must be pre-shaped to work
properly, and slopes no steeper than 2H:1V are typically required for successful plant establishment.
Schiechtl and Stern (1997) recommend that streambank slopes should not exceed 3H:1V, and only in
exceptional cases approach 2H:1V or 3H:2V. Where structural-based treatments are used in
conjunction with plant-based treatments, it is recommended that the structural treatments be placed
on slopes no steeper than 1.5H:1V or flatter. The recommended maximum slope for most riprap
placement is 2H:1V. Most rock cannot be stacked on a bank steeper than 1.5H:1V and remain in
place permanently. In contrast, alternative treatments such as gabion baskets, stacked boulders, and

vegetated geogrids are well suited to steep banks.

Based on the literature and experience, bank angles in the range of 2H:1V to 3H:1V appear
appropriate for plant-based bioengineering treatments, depending on the treatments used and how
well treatments are applied. It should be noted that a geotechnical embankment or slope stability
analysis may be required depending on the bank material composition, and may ultimately impose a

limit on the design slope. Further reading on these topics can be found below and in Chapter 5.

Soil Properties and Geotechnical Stability
Streambank bioengineering measures increase stream roughness and slow the water velocity near
the slope face. They also armor and reinforce the surface soils. However, some problems with

instability and excessive erosion of streambanks are not readily solved by bioengineering treatments
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alone. Problems involving rotational failures of streambanks, piping (sapping) of bank soils, and
shallow slides in highly plastic soils are difficult to solve using only bioengineering treatments. Erosion
on streambanks in highly dispersive clay soils also cannot be solved with soil bioengineering
measures alone. If appropriate remedial solutions are to be designed, engineers and planners must
recognize and understand special instability problems that have underlying geotechnical causes.

Analyzing bank slopes for geotechnical stability requires an understanding of a complex system of

forces. Evaluating how to protect streambank soils from the erosive forces of flowing water frequently

is only part of the task. Even if banks are protected from the erosive forces of the water in the

channel, external forces including seepage from the bank and gravity can induce slope failures.

Although a detailed discussion of soil properties and special geotechnical problems related to
streambank stabilization projects is beyond the scope of this manual, a review of the factors that

influence bank retreat can be found in Lagasse et al. (2012). A detailed discussion of soil properties

and special geotechnical problemsisalsopr ovi ded i n NRCS&éds NEH Part 654,
14A (NRCS, 2007).

3.5 DESIGN CRITERIA

Fundamentally, stream systems have flow regimes with characteristic components with respect to the
magnitude, frequency, duration, timing, and rate of change of the hydrologic conditions that regulate
ecological processes (Poff et al., 1997). Departure from natural flow regimes through anthropogenic
disturbances often lead to impairments that precipitate stream restoration projects. In practice, the
design discharges implemented in stream restoration projects most often include bankfull discharge
and flood discharge, as discussed below. Environmental flow requirements, using low flow
approaches or methods such as ELOHA (Ecological Limits of Hydrologic Alteration) for support of
aguatic life and riparian function, may also be required, or at least informative, for some projects (Poff
et al., 2010). This is especially important where the flow regime is fundamentally disturbed and flow
diversions and excessive groundwater pumping periodically dewater channels. Sufficient flow through
the riparian corridor is also required for maintaining the riparian vegetation located at the center of

bioengineering treatments.

Bankfull and Effective Discharge

During periods of relatively stable climatic and stream boundary conditions (i.e., no significant change
in channel vegetation or bank material), channels form to balance water and sediment inputs. Under
these conditions At yhmipcecealwhahi ghs ftleorwneedv Banifel flésb a n k f ul |
corresponds to a one to 2.5-year return interval flood (Leopold, 2006), which is frequent enough that
mid- to late-seral vegetation typically does not persist within the bankfull zone. This bankfull channel
is large enough to contain the stream under typical annual high flows and move the sediments
delivered from upstream sources. The bankfull flowis the flood elevation that does the most

geomorphic work over time, and as such is an important variable to consider when designing channel
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and bank restoration treatments. When observing -aestieamdsooagbéty speaki
shape can be seen that contains the annual peak flows most of the time. When flows exceed the

bankfull capacity, the stream overflows its banks to inundate the floodplain (i.e., flooding). Refer to

Klasz, Reckendorfer, and Gutknecht (2012) and Wolman and Miller (1960) for further reading on

bankfull (i.e., effective) discharge.

When good indicators of channel-forming flow are present, bankfull discharge can be determined
from discharge measurements collected when a given stream is flowing at or near bankfull. This
method is most viable in snowmelt-dominated systems. Alternatively, bankfull discharge can be
estimated at several stable cross sections by a normal depth assumption, though this method
requires an accur at enfoelmbkiulhilaw. Ehe acturatel @mentificatiog & bankfull,

however, may be difficult or impossible in highly disturbed reaches.

Bankfull discharge and geometric characteristics can also be estimated using regional regressions
based on drainage area and, possibly, other watershed characteristics. This method can be
problematic in mountainous areas where precipitation substantially varies. Wilkerson et al. (2014)
suggest watershed area alone is insufficient to estimate regional bankfull width, and that precipitation
variability should also be included. Additionally, stream diversions and reservoirs can also alter

bankfull characteristics, further complicating or prohibiting the development of regional relationships.

Where discharge and sediment transport data are available (or can be reliably simulated), channel
forming flow can be computed through use of the Effective Discharge Methodology. This
methodology may be more reliable than assuming that bankfull discharge is equivalent to the
channel-forming discharge (Soar & Thorne, 2001; Copeland et al., 2001; Soar & Thorne, 2011).
However, some research indicates that effective discharge in some mountain streams is more related
to maximum discharge rather than bankfull discharge (Bunte, Abt, Swingle, & Cenderelli, 2014),
complicating standard approaches for implementation of effective discharge methodology in higher-
gradient streams. There is some disagreement among scientists and practitioners whether or not
bankfull discharge and effective discharge are equivalent. This manual uses the two terms
interchangeably, realizing the precise definition of each term is the responsibility of the project
designers.

Bankfull Channel Elevation

Bankfull channel elevation (i.e., bankfull stage) is typically defined at a point where the width to depth
ratio is at a minimum, and is used in channel classification as well as for an initial determination of
main channel dimensions, plan and profile. In many situations, the channel velocity begins to
approach a maximum at bankfull stage. In cases such as on wide flat floodplains, discharge can drop
significantly as the stream overtops its bank dissipates across the floodplain. In such a situation, it
may be appropriate to use the bankfull hydraulic condition to assess stability and design streambank

protection treatments. However, when the floodplain is narrower or obstructed, channel velocities
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may continue to increase with rising stage. As a result, it may be appropriate to use a discharge
greater than bankfull discharge to select and design streambank protection treatments.

Flood Discharge

Colorado is prone to large-magnitude floods, as is underscored by the devastating rain-induced
events along the Front Range in 2013, 1997, and 1976. Numerous other historic floods have occurred
in various parts of the State, including rainfall events that occurred in 1965 in the South Platte basin,
1935 in the Kiowa and Monument Creek watersheds, 1912 in the Cherry Creek watershed, and 1911
in the San Juan basin (National Center for Atmospheric Research, 2007). Additionally, snowmelt
runoff has created large floods, such as in the Yampa River basin in 2011 and in the Colorado River
basin in 1957 (U. S. Geological Survey [USGS], 1963). Considering the potential for future high flow
events, combined with their associated sediment loads, floodplains should be managed with the
conveyance capacity of both the stream channel and its floodplain in mind (i.e., the floodplain should

be considered a natural extension of the river channel rather than a separate defensible space).

Flood Event Recurrence Interval

Flow frequency analyses are used to quantify the probability of various flood magnitudes expected on
a particular stream reach. When discussing the range of possible events, the term flood event
recurrence interval (aka #hH el aod iswosed Forexamplg, the 2-year flood event, referred
to as Q2 in this report, is the discharge event that has a 50% likelihood of occurring within a given
year. Likewise, the 25-year and 100-year flood events have 4% and 1% likelihood of occurring with a
given year, respectfully. If the project reach is in vicinity of a stream gauge of sufficient record length,
flow frequency estimates can be obtained from the USGS or computed using the methods presented
in Bulletin 17B (IACWD, 1982) and outlined in NRCS (2007). Yochum (2015) highlights tools
available for performing flood-frequency analyses. For projects where stream gauge data is not
available, regional flood frequency estimation treatments using multivariate regression approaches
from gauged stream locations can be helpful. Based on such regional analyses, approximate flow
frequency estimates can be obtained from USGS Streamstats (USGS, 2015). Because these values
can be substantially over or underestimated, designers must pay particular attention to prediction

errors when using this tool.

The amount of geomorphic change (i.e. bank instability) expected from a particular flood is often
poorly associated with flood return intervals (Magilligan, 1992). This is due to the variability in stream
power, with lower gradient streams with wide floodplains having a great deal less unit stream power
for a specific return interval than a contributing mountain stream, despite lesser magnitude
discharges. For example, a 50-year flood along the South Platte River near Fort Morgan, CO would
spread across its broad and mild-sloped floodplain, exhibiting low unit stream power. In contrast, a
50-year flood in the contributing Big Thomson River upstream of Drake, CO (in a confined high-
gradient valley), will have much higher unit stream power and much greater potential for streambank

instability (e.g. and major geomorphic change).
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Flow duration is a confounding problem, since long duration floods expend much greater total energy
and, consequently, have a greater potential for geomorphic change. Streambank resisting forces,
which are influenced by bank composition, flow resistance, vegetation type and extent, and riprap,
illustrate additional complexities in predicting the degree of geomorphic change expected from a
flood.

Considering the large amounts of geomorphic work done (e.g., by high unit stream power) in the
canyon and narrow stream valleys during the 2013 Front Range Flood, it can be readily understood
that the most effective discharge in some areas may be flood flows, as Bunte et al. (2014) argues.
However, such a situation is not an excuse to design over-sized stream channels that can convey
high flood flows. Rather, multiple flow magnitudes should be used in the design process. Bankfull flow
channels should be incorporated into designs with flood flows used as a check for sufficient floodplain
capacity without spikes in unit stream power and shear stress that can cause floodplain-wide
destabilization or localized bank instabilities that threaten bioengineering and other types of bank
stabilization projects.

3.6 EVALUATING BIOENGINEERING TOLERANCES

While streambank bioengineering offers diverse treatments capable of addressing a wide range of
project goals, treatments must be tailored to each site and situation. Further, designers must ensure
the materials and methods utilized on streambanks will be stable for the full range of conditions

expected during the design life of the project.

The ability of soil bioengineering measures to protect a streambank depends, in part, on the force
water exerts on the streambank during the design event. Erosion occurs when the hydraulic forces of
the flow exceed the resistive forces of the streambank. The effects of the water current on the stability
of the streambank (i.e., the soil, vegetation and bioengineering measures), therefore, must be
considered and evaluated. As such, some degree of hydraulic calculation and/or modeling is typically
required for all restoration projects, with the degree of complexity defined by the magnitude and
objectives of the project, as well as acceptable risk. Two reference values provided by hydraulic
calculations and modeling that can be used to evaluate relative resistance of bioengineering

measures are:
§ Maximum permissible velocity; and
§ Critical shear stress.

These two parameters are briefly discussed herein, but it must be noted that many other factors can
also influence the erosive effects of flow on streambanks. The emphasis of this section is to provide
the designer with a frame of reference for the selection of bioengineering treatments and erosion
control materials. Further detailed information regarding hydraulic effects on streambank stability is

presented within the Reference Section of this manual.
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Maximum permissible velocity

Permissible velocity is defined as the maximum flow velocity that will not cause erosion of the channel
boundary. Permissible velocity is based upon a computed velocity for the channel geometry. While
designers commonly make use of an average velocity at a given cross section, real streams contain
eddies where flow circulates horizontally and areas of upwelling, roiling, and vertical circulation.
Therefore, actual velocities in the plane of a cross section vary markedly from top to bottom, side to

side, and in direction, varying with time and three-dimensional space (Fischenich, 2001).

Utilizing the reference of average velocity, the bioengineering treatment is assumed stable if the
computed (average) channel velocity is lower than the maximum permissible velocity for the particular
treatment. When utilizing velocity calculations as a reference, it must be noted the velocity on outside
bends, also known as impingement velocity, may be assumed to be 33% greater than the average
stream velocity (Fischenich, 2001). Selection of a velocity higher than average may be warranted for

a given project based on goals and acceptable risk.

Critical Velocity

Lift and drag forces on a particle are directly related to the velocity squared. Thus, small changes in
the velocity could result in large changes in these forces. The permissible velocity is defined as the
maximum channel velocity that will not cause erosion of the channel boundary. It is often called the
critical velocity because it refers to the condition necessary to initiate motion. Considerable empirical

data exist relating maximum velocities to various soil and vegetation conditions.

However, this simple method for design does not consider the channel shape or flow depth. For
example, channels of different shapes or depths may have significantly different forces acting on the
boundaries given the same mean velocity. Critical velocity is depth-dependent and, therefore, a
correction factor for depth must be applied to this method. Despite these limitations, maximum
permissible velocity can be a useful tool in evaluating the stability of various streams and is most

frequently applied as a cursory analysis when screening stabilization alternatives.

Shear Stress & Critical Shear Stress

Utilizing the reference of critical shear stress, the bioengineering treatment is assumed stable if the
computed shear stress is less than the critical shear stress. Shear stress is a better measure of the
fluid force on the channel boundary than is velocity, and conventional guidelines (including ASTM
standards) rely upon shear stress as a means of assessing stability of erosion control materials
(Fischenich, 2001). Shear stress is the force per unit area in the direction of flow. For uniform flow

with small slopes, the flowing water exerts a time-average shear stress (t,) in the direction of flow

equal to the hydrostatic pressure times the channel slope:

t0= @Sf
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where g is the specific weight of water, D is the flow depth (approximate hydraulic radius), and Sy is

the friction slope. Derived from consideration of the conservation of linear momentum, this quantity is

a spatial average and may not provide a good estimate of bed shear at a point.

Critical shear stress (t ;) can be defined by equating the applied forces to the resisting forces. Shields
(1936) determined the threshold condition by measuring sediment transport for values of shear at
least twice the critical value and then extrapolating to the point of vanishing sediment transport. For
soil grains of diameter d and angle of repose f on a flat bed, the following relations can approximate

the critical shear for various sizes of sediment:

ter=0.5(1 s-1)d Tanf for clays
to=0.25d-06(] s-1 ,)d Tanf  for silts and sands

te=0.06(l s-1 ,)d Tanf for gravels and cobbles

Where:

0= the unit weight of the sediment

g. = the unit weight of the water/sediment mixture

G = the specific gravity of the sediment

g = gravitational acceleration

vJ= the kinematic viscosity of the water/sediment mixture

The angle of repose f for noncohesive sediments is provided in Table 3 (Julien, 1995), as are values
for critical shear stress. The critical condition can be defined in terms of shear velocity rather than
shear stress (note that shear velocity and channel velocity are different). Table 3 also provides
limiting shear velocity as a function of sediment size. The V.. term is the critical shear velocity and is

equal to:

Fischenich (2001) notes that Table 3 provides limits that are best applied when evaluating idealized
conditions, or the stability of sediments in the bed. Mixtures of sediments of different sizes tend to
behave differently from homogenous sediments. Within a mixture, coarse sediments are generally
entrained at lower shear stress values than presented in Table 3. Conversely, larger shear stresses

than those presented in the table are required to entrain finer sediments within a mixture.
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Class Name ds (in) f (deg) te te (Ib/ft %) Vi (ft/s)
Boulder

Very Large >80 42 0.054 374 4.36

Large >40 42 0.054 18.7 3.08

Medium >20 42 0.054 9.3 2.20

Small >10 42 0.054 4.7 1.54
Cobble

Large >5 42 0.054 2.3 1.08

Small >2.5 41 0.052 1.1 0.75
Gravel

Very coarse >1.3 40 0.050 0.54 0.52

Coarse >0.6 38 0.047 0.25 0.36

Medium >0.3 36 0.044 0.12 0.24

Fine >0.16 35 0.042 0.06 0.17

Very fine >0.08 33 0.039 0.03 0.12
Sands

Very coarse >0.04 32 0.029 0.01 0.070

Coarse >0.02 31 0.033 0.006 0.055

Medium >0.01 30 0.048 0.004 0.045

Fine >0.005 30 0.072 0.003 0.040

Very Fine >0.003 30 0.109 0.002 0.035
Silts

Coarse >0.002 30 0.165 0.001 0.030

Medium >0.001 30 0.25 0.001 0.025

Table 3. Limiting Shear Stress and Velocity for Uniform Non-cohesive Sediments (Fischenich 2001)

Cohesive soils, vegetation, and other armor materials can be similarly evaluated to determine
empirical shear stress thresholds. Cohesive soils are usually eroded by the detachment and
entrainment of soil aggregates. Motivating forces are the same as those for non-cohesive banks;
however, the resisting forces are primarily the result of cohesive bonds between particles. The
bonding strength, and hence the soil erosion resistance, depends on the physio-chemical properties
of the soil and the chemistry of the fluids. Field and laboratory experiments show that intact,

undisturbed cohesive soils are much less susceptible to flow erosion than are non-cohesive soils.

Impact of Vegetation on Lift and Drag Forces

Vegetation has a profound effect on the stability of both cohesive and non-cohesive soils, thereby
serving as an effective buffer between the water and the underlying soil. Vegetation cover increases
the effective roughness height of the boundary, increasing flow resistance and displacing the velocity
upwards away from the soil, which has the effect of reducing the forces of drag and lift acting on the
soil surface. As the boundary shear stress is proportional to the square of the near-bank velocity, a

reduction in this velocity produces a much greater reduction in the forces responsible for erosion.

Vegetation armors the soil surface, while their roots and rhizomes bind the soil and introduce extra
cohesion over and above the intrinsic cohesion bank material possesses. The presence of vegetation

does not render underlying soils immune from erosion, but the critical condition for erosion of a
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vegetated bank is usually the threshold of failure of the plant stands by snapping, stem scour, or
uprooting, rather than for detachment and entrainment of the soils themselves. Vegetation failure

usually occurs at much higher levels of flow intensity than for soil erosion.

Both rigid and flexible armor systems and materials can be used in streams to stabilize stream banks.
Many manufactured products have been evaluated to determine their failure thresholds. Products are
frequently selected using design graphs that present the flow depth on one axis and the slope of the
channel on the other axis. Thus, the design is based on the depth/slope product (i.e., the shear
stress). In other cases, the thresholds are expressed explicitly in terms of shear stress. Notable
among the latter group are the field performance testing results of erosion control products conducted
by the TXDOT/TTI Hydraulics and Erosion Control Laboratory (Texas Department of Transportation,
1999).

Table 4 presents limiting values for shear stress and velocity for a number of different channel lining

materials. Included are soils, various types of vegetation, and a variety of commonly applied

streambank bioengineering treatments. Information presented in the table was derived from a number

of different sources by Fischenich (2001). Citations of these sources have been reprinted in Table 4

as they were originally included by Fischenich, but
references. The ranges of values presented in the table reflect various measures presented within the

literatur e . I n the case of manuf actured product s, the di

guidelines to determine thresholds for a specific product.

Fischenich (2001) notes the values presented in Table 4 generally relate to average values of shear
stress or velocity. Velocity and shear stress are neither uniform nor steady in natural channels. Short-
term pulses in the flow can give rise to instantaneous velocities or stresses of two to three times the
average. Thus, erosion may occur at stresses much lower than predicted. Because the limits
presented in Table 4 were developed empirically, they implicitly reflect some of this variability.
However, natural channels typically exhibit much more variability than the flumes from which these

data were developed.

Sediment load can also profoundly influence the ability of flow to erode underlying soils. Sediments in
suspension have the effect of dampening turbulence, an important factor in entraining materials from
the channel boundaries. As a result, velocity and shear stress thresholds in sediment-laden flows are

1.5 to 3 times those presented in the table.

In addition to variability of flow conditions, variation in the channel lining characteristics can influence
erosion predictions. Natural bed material is neither spherical nor of uniform size. Larger particles may
shield smaller ones from direct impact so that the latter fail to move until higher stresses are attained.
For a given grain size, the true threshold criterion may vary by nearly an order of magnitude
depending on the bed gradation. Variation in the installation of erosion control measures can reduce
the threshold necessary to cause erosion.
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Permissible | Permissible | . .
Boundary Category Boundary Type Shear Stresgy  Velocity Citation(s)
5 (see below)
(Ib/ft ?) (ft/sec)
Fine Colloidal sand 0.02¢0.03 1.5 A
Sandy loam (noncolloidal) 0.03¢0.04 1.75 A
Alluvial silt (noncolloidal) 0.045¢ 0.05 2 A
Siltyloam (noncolloidal) 0.045¢ 0.05 1.75¢2.25 A
Firm loam 0.075 25 A
Soils Fine gravels 0.075 2.5 A
Stiff clay 0.26 3¢4.5 A F
Alluvial silt (colloidal) 0.26 3.75 A
Graded loam to cobbles 0.38 3.75 A
Graded silts to cobbles 0.43 4 A
Shales and hardpan 0.67 6 A
1-in. 0.33 2.5¢5 A
2-in. 0.67 3¢6 A
Gravel / Cobble 6iin. 50 4c75 A
12-in. 4.0 5.5¢12 A
Class A turf 3.7 6¢8 E,N
Class B turf 2.1 4¢7 E,N
Class C turf 1.0 35 E,N
Vegetation Long native grasses 1.2¢1.7 4¢6 G,H,L,N
Short native and bunch grass 0.7¢0.95 3¢4 G,H,L,N
Reed plantings 0.1¢0.6 N/A E,N
Hardwood tree plantings 0.41¢2.5 N/A E,N
Temporary Degradable Jute ne’_[ 0.45 1¢25 E,H, N
Rolled Erosion Control Strawwnh_net _ 1.5¢1.65 1¢3 E,H,N
Coconut fiber with net 2.25 3¢4 .M
Products (RECPs) Fiberglass roving 2.0 25¢7 E,HM
Unvegetated 3.0 5¢7 E, G M
Non-Degradable RECPs| Partially established 4.0¢6.0 7.5¢ 15 E, GM
Fully vegetated 8.0 8¢21 E,G M
6-in. Dy 25 5¢10 F,L,M
9-in. Dy 3.8 7¢l1 H
Riprap 12-in. Do 5.1 10¢ 13 H
18in. Dy 7.6 12¢ 16 H
24-in. Dy 10.1 14¢ 18 E
Wattles 0.2¢1.0 3 C, 1,3 N
Reed fascine 0.6¢1.25 5 E
Coir roll 3¢5 8 E,M,N
Vegetated coir mat 4¢8 9.5 E,M,N
Bioengineering Live brush mattress (initial) 0.4¢4.1 4 B, E, I
Live brushmattress (grown) 3.9¢8.2 12 B,C,E,I,N
Brush layering (initial/grown) 0.4¢6.25 12 E,I,N
Live fascine 1.25¢3.1 6¢C8 C,E,I,N
Live willow stakes 2.1¢3.1 3¢10 E,N, O
. Gabions 10 14¢ 19 D
Hard Surfacmg Concrete 12.5 >18 H
'Ranges of values generally reflect multiple sources of data or different testing conditions.
A. Chang, H.H. (1988) F. Julien, P.Y. (1995) K. Sprague, C.J. (1999)
B. Florineth (1982) G. Kouen, N., Li, R.M., and L. Temple, D.M. (1980)
C. Gerstgraser, C. (1988) Simons, D.B. (1980) M. TXDOT (1999)
D. Goff, K(1999) H. Norman, J.N. (1975) N. Data from Fischenich (2001
E. Gray, D.H., and Sotir, R.B. I. Schiechtl, H.M. and Stern, R. O. USACE (1997)
(1996) (1996)
J. Schoklitsch, A. (1937)

Table 4. Permissible Shear and Velocity for Selected Lining Materials (Fischenich, 200:1.)1
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Changes in the density or vigor of vegetation can either increase or decrease the erosion threshold.
Even differences between the growing and dormant seasons can lead to one- to two-fold changes in
the erosion threshold. To address such uncertainty and variability, the designer should adjust the
predicted velocity or shear stress by applying a factor of safety or by computing local and
instantaneous values for these parameters. Guidance for making these adjustments is provided by
Fischenich (2001).

It should be noted that the local maximum shear can be up to 50% greater than the average shear in
straight channels and even greater along the outer banks of sinuous channels. Temporal maximums
may also be 10 to 20% greater, as well (Fischenich, 2001). Similar to maximum permissible velocity
analysis, selection of a shear stress higher than average may be warranted for a given project based

on goals and acceptable risk.

Correlation of Bioengineering Treatments to Permissible
Shear Stress and Velocity

A variety of bioengineering treatments can be used to protect and stabilize streambanks from erosion.
A variety of manufactured products have been evaluated to determine their failure threshold,
providing valuable information to designers. The data included in this section represent a portion of
the limited, existing body of information regarding failure thresholds for streambank bioengineering
treatments (NRCS, 2007).

Table 5 is adapted from the Streambank Soil Bioengineering Technical Supplement of the National
Engineering Handbook (NRCS, 2007). It presents limiting values for shear stress and velocity for a
number of different bioengineering treatments. Although a limited number of treatments are
presented, the designer can compare treatments with similar attributes to those listed in the table to
estimate the limiting shear stress or velocity. The recommendations must be scrutinized and modified
according to site-specific conditions such as duration of flow, underlying soils, vegetation cover, plant
species composition, aspect, temperature, debris and sediment load in the stream, as well as channel
shape, slope and planform. Specific cautions are also noted in the table. There are anecdotal reports,
however, that mature and established bioengineering measures can withstand larger forces than
those indicated in the table (NRCS, 2007).
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Bioengineering Treatment

Permissible shear
stress (Ib./ft2)

Permissible
velocity (ft./s)

Live poles Initial: 0.5 to 2 Initial: 1 to 2.5
(Dependent on length of poles & nature of the soil) | Established: 2 to 5+ Established: 3 to 10
Live poles in woven coir TRM Initial: 2 to 2.5 Initial: 3to 5

(Dependent on installation & anchoring of coir)

Established: 3 to 5+

Established: 3 to 10

Live poles in riprap (joint planting)

(Dependent on riprap stability)

Initial: 3+
Established: 6 to 8+

Initial: 5 to 10+
Established: 12+

Live brush sills with rock Initial: 3+ Initial: 5 to 10+
(Dependent on riprap stability) Established: 6+ Established: 12+
Brush mattress Initial: 0.4 to 4.2 Initial: 3to 4
(Dependent on soil conditions & anchoring) Established: 2.8 to 8+ | Established: 10+
Live fascine Initial: 1.2 to 3.1 Initial: 5to 8

(Very dependent on anchoring) Established: 1.4 to 3+ | Established: 8 to 10+
Brush layer / branch packing Initial: 0.2to 1 Initial: 2 to 4

(Dependent on soil conditions)

Established: 2.9 to 6+

Established: 10+

Live crib wall
[Dependent on nature of the fill (rock or earth),

compaction & anchoring]

Initial: 2 to 4+
Established: 5 to 6+

Initial: 3to 6
Established: 10 to 12

Vegetated reinforced soil slopes (VRSS)

(Dependent on soil conditions & anchoring)

Initial: 3to 5
Established: 7+

Initial: 4 to 9
Established: 10+

Grass turf - Bermuda grass, excellent stand

(Dependent on vegetation type & condition)

Established: 3.2

Established: 3 to 8

Live brush wattle fence

(Dependent on soil conditions & depth of stakes)

Initial: 0.2 to 2
Established: 1.0 to 5+

Initial: 1 to 2.5
Established: 3 to 10

Vertical bundles
(Dependent on bank conditions, anchoring, &

vegetation)

Initial: 1.2 to 3
Established: 1.4 to 3+

Initial: 5 to 8
Established: 6 to 10+

Table 5 - Permissible Shear Stress and Velocity Levels for Streambank Bioengineering Treatments

Table 6 presents limiting values for shear stress and velocity for various streambank stabilization
materials. Included are types of vegetation and a number of commonly applied stabilization
measures. Ranges of values generally reflect multiple sources of data or different testing conditions.
In the case of manufactured pr oduct s, the designer should consul't
determine thresholds for a specific product. Ranges of values presented in the table reflect various

measures presented within the literature (J. Fripp, personal communication, January 11, 2016).
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Bank Material / Protection Shear Velocity Criteria Source
Stress (ft/s) Type
(Ib/ft?)
Bermuda grass, erosion resistant soils, .
0-5% slope 8 Design
Bermuda grass, erosion resistant soils, .
5-10% slope ’ Design
Bermuda grass, erosion resistant soils, .
over 10% slope 6 Design
Bermuda grass, easily eroded soils, )
0-5% slope 6 Design
Bermuda grass, easily eroded soils, )
5-10% slope S Design
Bermuda grass, easily eroded soils, )
over 10% slope 4 Design
Grass mixture, erosion resistant soils, O- )
5% slopes S Design
Grass mixture, erosion resistant soils, 5- 4 Desian USDA, 1947 (rev.
10% slopes 9
- - - 1954)
Grass mixture, easily eroded soils, .
0-5% slopes 4 Design
Grass mixture, easily eroded soils, .
5-10% slopes 3 Design
Grasses: Lespedeza sericea, weeping
lovegrass, yellow bluestem, kudzu,
alfalfa, crabgrass, common lespedeza;
erosion resistant soil, 0% slope unless on 35 Design
side slopes
Grasses: Lespedeza sericea, weeping
lovegrass, yellow bluestem, kudzu, alfalfa,
crabgrass, common lespedeza; easily
erodible soil, 0% slope unless on side 25 Design
slopes
Dense sod, fair condition growing in o Austin and
moderately cohesive soil 0.35 Limit Theisen, 1994
12.5 cm of excellent growth of o
grass/woody veg on outside bend 1 Limit Parsons, 1963
Flume trials, fabric reinforced veg failed o
after 50 hrs 5 Limit
Flume trials, fabric reinforced veg failed o Theisen, 1992
after 8 hrs 8 Limit
Sod revetment, short period of attack 0.41 Design
Wattles (coarse sand between) 0.2 Design
Wattles (gravel between) 0.31 Design
Schoklitsch, 1937

Wattles (parallel or oblique to current) 1 Design
Fascine revetment 14 Design
Cribs with stone 30 Design
Reed plantings (immediately after o
construction) 0.10 Limit
Reed plantings (after 3-4 seasons) 0.61 Limit

] ] ] . Schiechtl and
Reed roll (immediately after construction) 0.61 Limit Stern, 1994
Reed roll (after 3-4 seasons) 1.22 Limit
Wattle fence (immediately after .
construction) 0.20 Limit
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Shear

, . Velocit Type of
Bank Material / Protection Stress (ft/s) y C)r/irt)eria Source
(Ib/ft2)

Wattle fence (after 3-4 seasons) 1.02 Limit

Live fascine (immediately after o

construction) 122 Limit

Live fascine (after 3-4 seasons) 1.63 Limit

Willow brush layer (immediately after o

construction) 0.41 Limit

Willow Brush layer (after 3-4 seasons) 2.86 Limit

Willow mat (immediately after e Limit gf;'ﬁcggg?d

i . imi '

construction) (cont.)

Willow mat (after 3-4 seasons) 6.12 Limit

Deciduous tree plantings (immediately o

after construction) 0.41 Limit

Deciduous tree planting (after 3-4 o

seasons) 2.45 Limit

Live stakes in riprap (immediately after o

construction) 2.04 Limit

Live stakes in riprap (after 3-4 o

Coarse gravel and stone cover with

live cuttings (immediately after 1.02 Limit

construction)

Coarse gravel and stone cover with o

live cuttings (after 3-4 seasons) 5.10 Limit

Coir fiber roll, single stake, <1:3 slope 0.2-.8 5 Design Bitterroot
Restoration

Caoir fiber roll, double stake, with brush . Product

mat 0.8-3.0 8 Design Literature

Turf reinforcement mat, permanent 8 20 Design Rolanka Product

Straw reinforcement mat, temporary 0.45 8 Design Literature

Jute mat 0.45 Design

Straw with net 1.45 Design Chen and Cotton,

Curled wood net 1.55 Design 1988

Synthetic mat 2 Design

Rootwads 8.7 Observation

Rootwads 12 Observation Allen and Leech,

. ] 1997

Willow posts 3.1 Observation

Herbaceous and woody 8 Design
Portland

Soil cement 25 Limit Cement
Association

Brush mattress w/willows 6.5 Limit

Gerstgraser, 1999
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Sl Velocity Type of
Bank Material / Protection Stress . Source
(ft/s) Criteria
(Ib/ft2)
Wattle fence 1 Limit
Fascine 21 9.8 Limit Gerstgraser, 1999
Cuttings of willows/willow stakes 21 9.8 Limit
Articulated concrete mats, -
unvegetated, COE block, 40% open 4.3 13.2 Limit Lipscomb et al.,
Articulated concrete mats, vegetated, o 2001
COE block, 40% open 6.1 13.8 Limit

Table 6: Permissible Shear and Velocity Data Compiled in Late 1990s by Fripp

The values presented in Table 6 generally relate to average values of shear stress or velocity.
However, as discussed previously, velocity and shear stress are neither uniform nor steady in natural
channels. Short-term pulses in flow can give rise to instantaneous velocities or stresses two to three
times greater than the average, resulting in erosion under much lower stresses than predicted
(Fischenich, 2001). Alternatively, 3-dimensional variability in shear stress can also lead to erosion
initiating at reach-average stresses substantially higher than predicted. The designer should consider
project-specific factors to determine whether to compare average values to the table values or to

increase conservatism.

3.7 CONCLUDING REMARKS

Streambank bioengineering offers a diverse realm of treatments for streambank stabilization and
habitat naturalization. However, these treatments are not appropriate for all sites and situations. Due
to the extensive benefits resulting from the use of streambank bioengineering treatments, the
designer would do well by considering these treatments on equal footing with the many traditional
tools available. In many cases, plant-based bioengineering treatments should be considered first,
such that use of harder (structural-based) treatments occurs only after determining softer (plant-

based) treatments are inadequate.

Hydraulic calculations, including velocity and shear stress, provide reasonable reference values upon
which to base a decision regarding the use and type of bioengineering measures to consider.
However, when these hydraulic forces exceed the maximum or critical threshold of plant-based
bioengineering treatments being considered, other treatments and/or materials may be required in
conjunction with the plant-based measures to ensure stability (i.e., incorporating both structural and
plant-based treatments into the project). The designer must be creative and integrative such that the

project yields the desired stability, aesthetics and ecosystem services desired.
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)\ 4.0 PLANT-BASED BIOENGINEERING:

DESIGN CONSIDERATIONS

While the introductory chapter placed emphasis on the need to consider rivers holistically, the

purpose of this manual is to present fundamental concepts that, when applied well, increase the
likelihood of success of bioengineering projects. The aim of this chapter is to provide fundamental
knowledge of plant community ecology, revegetation treatments, and other basics necessary to
successfully design and implement plant-based treatments. Because terminology used to describe
such work varies across the country, and among practitioners on a single project, the next sections

provide some basic terminology.

Plant-Based Bioengineering Approach

A purely plant-based streambank bioengineering approach does not intend to produce a static bank
line (Fripp et al. 2008). Rather, a successful bioengineering produces a non-static bank line, with the
ability to rebound in an unaided manner following perturbation. Plant-based treatments may be
integrated with structural-based treatments, and accompany bank grading to meet short- to mid-term
stabilization needs. Fundamentally, plant-based treatments rely on the strength of plant roots and
stems to provide long-term protection of a bank. Unlike structural treatments, plant-based treatments
are weakest in the months following construction, and may require 3 to 10 years to reach their full
design goals. Plant-based treatments rely on materials such as willow cuttings, seed, container stock,
and vegetative plugs. These and other plant materials are used to construct plant-based structures
such as fascines and brush mattresses, and can also be integrated with physical structures to form a
wide variety of effective treatments. While some plant-based treatments provide short-term bank
stability, other treatments such as seeding require soil surface protection to minimize soil loss until
seeded species become established. Such surface protection treatments will be covered briefly at the

end of this chapter.

4.1 CHARACTERIZATION OF RIPARIAN SYSTEMS

Riparian zones are among the most biologically diverse and ecologically important zones throughout
the semi-arid west. They comprise important migratory routes between mountain and plain habitats,
support migratory birds in route to winter and summer residences as far away as Alaska and
Argentina, create cover for resident wildlife, and serve as the foundation for an entire food web of
adjacent aquatic and upland systems. Throughout Colorado, the upper canopies of cottonwoods
(Populus spp.), aspen (P. tremuloides), blue spruce (Picea pungens), and other mature trees provide
important nesting habitat for bald eagles (Haliaeetus leucocephalus) and other raptors. They also
provide rookery habitat for great blue herons (Ardea herodias), and nesting habitats for owls and a

variety of cavity nesting birds. Additionally,r ar e speci es s u méadowpmpgngraouder ebl eb s
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(Zapus hudsonius, spp. preblei), Colorado butterfly plant (Gaura neomexicana, spp. coloradensis),
and Ut e-tressastbicheds(Spiranthes diluvialis) rely upon healthy riparian habitats for survival.

Healthy riparian areas have the ability to reduce sedimentation of waterways by filtering pollutants
from adjacent upland areas and reducing the rate of soil loss from banks and upland areas. Riparian
areas provide valuable benefits to streams such as shading (e.g., reduced stream temperatures) and
organic matter inputs (i.e., leaves and large woody debris) that serve as a food source for many
aquatic macroinvertebrates. Moreover, healthy riparian areas provide significant aesthetic value to
residents and tourists who experience thousands of miles of riverine systems while driving
transportation corridors throughout Colorado. Due to the contribution of riparian corridors to the
conservation and management of freshwater fish (Pusey & Arthington, 2003) and big game, and
given the millions of dollars of revenue generated by hunting and fishing in Colorado annually, the

restoration and protection of riparian systems produces economic benefits for the State.

Given the myriad benefits of riparian plant communities, incorporating plant-based treatments into
river, floodplain, and streambank stabilization projects becomes not simply a nice option if affordable,
but rather an essential practice of policy makers, planners, and practitioners alike. While working to
optimize a project budget, it is essential to remember plant-based treatments are often a fraction of

the cost of an entire river restoration project.

Streambank Zoning

In their seminal 2005 paper, Hoag and Fripp present a modified interpretation of the classic
streambank zones based on the conditions of a semi-arid climate. Rather than the traditional zones of
toe, splash, bank, and terrace, Hoag and Fripp (2005) suggest the use of toe, bank, overbank,
transitional, and upland as the riparian zones into which vegetation arrays and bioengineering
treatments should be placed (Figure 4). The recommendations included in the electronic
Revegetation Matrix (Mandel, 2016a) provided as a supplement to this manual include riparian
planting zones and root architecture by species, assisting the designer with the development of site-

fitted revegetation plans.
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Figure 4: Riparian Planting Zones in Semi-Arid Climates (Reprinted with permission from Hoag and
Fripp, 2005)

Toe Zone

The toe zone is located immediately below the average water elevation, and typically experiences the
highest stress of all the following zones. The cross-sectional area at the average water elevation
often defines the limiting biologic condition for aquatic organisms. Due to the long periods of water
inundation experienced at the toe zone, this zone will rarely support woody vegetation. The stability of

the toe zone is of vital importance to the stability of the entire adjacent bank.

Bank Zone

The bank zone is located between the elevation of the average base-flow water surface and the
bankfull discharge elevation. The bank zone is exposed to the erosive forces of surface waves and
flowing water, resulting in frequent stress. The dynamic nature of this zone often results in its
colonization by early seral (i.e., pioneer) riparian vegetation, including willows and other low-growing
hydrophytic (i.e., water loving) shrubs and herbaceous plants. The bank zone is not commonly
dominated by mid-seral and late-s e r a | veget at i date suctessionald e p o stz A t

presentation of vegetation seral communities and succession is provided in a subsequent section.
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Overbank Zone

The overbank zone is located between the bankfull discharge elevation and the overbank elevation.
Typically flat, this zone may be formed through sediment deposition, forming layered soils. The
overbank zone is flooded with an average frequency of every 2 to 5 years. Vegetation found in this
zone is typically flood tolerant and may have a high percentage of hydrophytic plants. Shrubby willow
species, dogwoods, alder, birch and others often occur in this zone. More upright willow species,
cottonwoods, and other trees may occur in the upper elevations of the overbank zone.

Transitional Zone

The transitional zone is located between the overbank and upland zones. This zone may be
inundated every 35 to 75 years and is not exposed to high velocities except during high water events.
A preponderance of hydrophytic vegetation generally transitions to a dominance of upland species in

this zone. The plants in this zone need not be especially flood tolerant.

Upland Zone

The upland zone is that portion of the landscape located above the flood prone elevation. This zone is
further from water, requiring the dominant vegetation to be more drought tolerant and of a more
upland nature (i.e., mesic or xeric). Note that in highly disturbed conditions (i.e., fresh alluvium
deposited throughout the site by recent flooding, recent bank scour, etc.), upland vegetation may

occur in the transitional and overbank zones.

Plant Community Succession

A guiding concept of ecological restoration is succession, the change in species composition within a
plant community over time. As ecological disturbance is a key component driving landscape level
diversity, and succession is a reactionary process to disturbance, the resulting plant community is in a
constant state of flux. This dynamic and successional nature of riparian communities, given the
regularity of flood cycles that occur within river channels, is a reflection of the dynamic nature of
riverine systems. As such, the goal of many plantbased treat ments i s t
fundamental biotic components that will hasten the recovery process and lead to a self-sustaining
riparian plant community. The key is to understand that the long-term condition (i.e., 10 to 20 years)
of the treated area will be substantially different than the short-term (i.e., 3 to 5 years) condition. Not
only does the biological complexity of a restored site increase over time, but the resiliency of a site
typically increases over time. To the degree that practitioners understand vegetation communities
(similar to fluvial systems) are not static, but are rather in a constant state of adjustment following

perturbation, the revegetation planning and design process will be commensurately improved.

(0]

est at
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In their paper fMechanisms of succession in natural communities and their role in community stability
and organizationd Connell and Slater (1977) provide a comprehensive summary of the various
components and perspectives of plant community succession. In the late 19" century, Cowles (1899)
characterized successional patterns in his classic study of sand dunes along the shores of Lake
Michigan. Further refinement and debate over succession was provided by Clements (1936), who
described succession as a directional process leading to a climax plant community. Recognizing that
a fixed climax condition is not readily observable in nature, researches (Gleason, 1926; Smith, 1977;
Grime, 1979; and Spurr & Barnes, 1980) further developed the concept of succession, describing
plant communities as being maintained through complex interactions between individual organisms
and their surrounding abiotic and biotic environments. Most ecologists of our day refer to the mature
forest depicted in Figure 5 as existing in a state of dynamic equilibrium, wherein the species

composition and structure is in a state of constant flux rather than existing as a predictable climax

community.

STREAMBANK PLANT COMMUNITY SUCCESSION

BARE GRASSES, SHRUB and SALICACEAE SHRUB and SALICACEAE MATURE GALLERY FOREST
GROUND FORBS, AND SEEDLINGS THICKETS (plus UNDERSTORY of SHRUBS,
(PLUS GRASSES, FORBS, (PLUS GRASSES, FORBS, GRASSES,
AND EMERGENTS) AND EMERGENTS) FORBS, and EMERGENTS)

Ye... M.m‘? Am‘n A’h

SOIL LEVEL

TIME

Figure 5: Plant community succession (Adapted with permission from Ellen MacArthur Foundation,
2016).

Plant community succession is typically divided into two primary classes depending on severity of
disturbance: primary and secondary succession. In primary succession, nearly 100% of the biological
elements adhered to the soil (soil biota, vegetation, and vegetative propagules such as seeds and
rhizomes) are lost during geomorphic disturbances such as glacial advance, lava flow, or severe
landslide. The 2013 Colorado floods created large geomorphic disturbances in floodplain and
associated hillslope buffer zones that are undergoing primary successional processes. Two causal

mechanisms resulted in this primary successional process: (1) significant scour that caused near
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complete loss of the soil biota and associated vegetation; and (2) burial of flood-ravaged riparian
zones by sand, cobble, debris, and other alluvium upwards of 12 feet deep (Figure 6).

Figure 6. Up to 12 feet of aggradation on the Big Thompson River. From Giordanengo, J. H. Reprinted
with permission.

A significant portion of the floodplain following the 2013 flood is recovering also through secondary
successional processes. Secondary succession results from disturbances wherein some portion of
the biotic community remains intact following perturbation. Examples include recovery following
avalanches, fire, intensive grazing, and moderate flooding. The duration of plant community recovery
tends to be shorter following secondary succession than it is following primary succession due to the
system retaining a sufficient proportion of its biotic community necessary to stimulate nutrient cycling,
biological soil development, and rapid reestablishment of soil seedbanks.

The successional stage in which a particular plant species, or a suite of species, is most prevalent in
a community can be described as its seral stage. Temporally, seral stages range from early- to mid-
to late-seral (i.e. early- to mid- to late- successional). The concept of seral stage, and the knowledge
of the species naturally present during each stage, is essential to the design and implementation of
plant-based treatments. For instance, knowing the suite of early seral species that would naturally
colonize a disturbed bank zone in Lyons, CO (5,350 feet a.s.l.) will facilitate development of an
appropriate seed mix for bank stabilization along the St. Vrain River. The concept of functional

groups, as they relate to seral stages, is a key consideration in the design of plant-based treatments.
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