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GLOSSARY OF TERMS
Biology Function: Level 5 functions of the Stream Functions Pyramid that involve the
biodiversity and the life histories of aquatic and riparian organisms. These functions are
placed at the top of the Pyramid because they are affected by all underlying Levels
(Chapters 4 and 10).
Condition: The relative ability of an aquatic resource to support and maintain a community of organisms having a species composition, diversity and functional organization
comparable to reference aquatic resources in the region (Chapter 2).
Compensatory Mitigation: The restoration (re-establishment or rehabilitation), establishment (creation), enhancement and/or, in certain circumstances, preservation of
aquatic resources for the purpose of offsetting unavoidable adverse impacts that remain
after all appropriate and practicable avoidance and minimization has been achieved
(Chapters 2 and 11).
Credit: A unit of measure representing the accrual or attainment of aquatic functions at a
compensatory mitigation site. The measure of aquatic resource functions is based on the
resources restored, established, enhanced or preserved (Chapters 2 and 11).
Credit Production: The number of credits should reflect the difference between pre- and
post-compensatory mitigation project site conditions, as determined by a functional
assessment or other suitable method (Chapters 2 and 11).
Debit: A unit of measure representing the loss of aquatic functions at an impact or project
site. The measure of aquatic resource functions is based on the resources impacted by the
authorized activity (Chapters 2 and 11).
Determination of Credits: A description of the number of credits to be provided, which
includes a brief explanation of the rationale for this determination (Chapters 2 and 11).
Enhancement: The manipulation of the physical, chemical or biological characteristics
of an aquatic resource to heighten, intensify or improve a specific aquatic resource
function(s). Enhancement results in the gain of selected aquatic resource function(s), but
may also lead to a decline in other aquatic resource function(s). Enhancement does not
result in a gain in an aquatic resource area (Chapters 2, 4 and 11).
Functions: The physical, chemical and biological processes that occur in ecosystems.
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Function-Based Parameters: Parameters that are used to quantify or describe the
functional statement provided in the broad-level view of the Stream Functions Pyramid.
They can be a structural type of parameter that describes a stream condition at a point in
time, or they can be an actual function expressed as a rate that directly relates to a stream
process (Chapter 4).
Functional Capacity: The degree to which an area of aquatic resource performs a
specific function (Chapter 2).
Functional Category: The term for each level of the Stream Functions Pyramid, which
includes five levels: Hydrology (Level 1), Hydraulics (Level 2), Geomorphology (Level 3),
Physicochemical (Level 4), and Biology (Level 5) (Chapter 4).
Functional Statement: The statement that describes the functions for each Functional
Category, e.g., the transport of water from the watershed to the channel for Level 1
(Chapter 4).
Geomorphology Function: Level 3 functions on the Stream Functions Pyramid that
involve transport of wood and sediment within the channel to create diverse bed forms
and dynamic equilibrium (Chapters 4 and 8).
Hydraulic Function: Level 2 functions on the Stream Functions Pyramid that involve transport of water in the channel, through sediments, and on the floodplain (Chapters 4 and 7).
Hydrology Function: Functions at the base of the Stream Functions Pyramid (Level 1)
that involve the transport of water from the watershed to the channel (Chapter 6).
Impact: An adverse affect.
Interagency Review Team (IRT): An interagency group of federal, tribal, state and/or
local regulatory and resource agency representatives that reviews documentation for, and
advises the district engineer on, the establishment and management of a mitigation bank
or in-lieu fee program.
Measurement Methods: A wide range of tools, techniques, metrics and assessment
approaches that qualify or quantify the Function-Based Parameters. Each measurement
method is assigned a category for Type, Level of Effort, Level of Complexity, and whether
it is a Direct or Indirect measure. Refer to Chapter 4 and Appendix Ac for a comprehensive list of the measurement methods and their assigned categories.
Mitigation Rule: The 2008 Federal Compensatory Mitigation Rule administered by the
US Corps of Engineers and the US Environmental Protection Agency (33 CFR Parts 325
and 332; 40 CFR Part 230).
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Performance Standards: Observable or measurable physical (including hydrological),
chemical and/or biological attributes that are used to determine if the compensatory mitigation project meets its objectives.
Physicochemical Function: Level 4 functions on the Stream Functions Pyramid that
involve water quality associated with the Biology Function, including water chemistry,
nutrients and organic matter (Chapters 4 and 9).
Reference Aquatic Resource: A set of aquatic resources that represents the full range of
variability exhibited by a regional class of aquatic resources as a result of natural processes and anthropogenic disturbances (Chapter 2).
Reference Condition: A contextual background against which the degree of degradation, range of condition, and benefits of restoration can be measured.
Reference Reach: A term often used in Natural Channel Design for developing dimensionless ratios to assess channel dimension, pattern and profile.
Restoration: The manipulation of the physical, chemical and biological characteristics
of a site with the goal of returning natural/historic functions to a former or degraded
aquatic resource.
Restoration Priority Levels: Also referred to as the Rosgen Priority Levels of Restoration.
Includes four restoration approaches for restoring incised channels (Chapters 3 and 11).
Riparian Areas: Lands adjacent to streams, rivers, lakes and estuarine shorelines that provide
a variety of ecological functions and services and help improve or maintain water quality.
Service Area: The geographic area within which impacts can be mitigated at a specific
mitigation bank or an in-lieu fee program.
Stream Functions Pyramid: The hierarchical representation of stream functions with
five levels: Hydrology, Hydraulics, Geomorphology, Physicochemical and Biology.
Stream Functions Pyramid Framework: The four components of the Stream Functions
Pyramid. First, broad-level view shows the five functional categories (Levels) with the
underlying controlling variables of geology and climate. Second, function-based parameters are provided for each functional category. Third, measurement methods are provided for each function-based parameter. And fourth, where possible, performance
standards are provided for the measurement methods.
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EXECUTIVE SUMMARY
Stream restoration efforts have increased significantly in the US over the past few
decades and are now recognized as a billion-dollar industry. These restoration efforts
stem from centuries of abuse as humans continue to alter the riverine landscape for a
variety of purposes, including farming, logging, mining and development on the floodplain, and the subsequent need for channelization and flood control. These activities have
significantly diminished the natural functions of our stream corridors.
Today stream corridor restoration efforts seek to improve or restore these lost functions. A variety of federal, state and local programs, along with efforts from non-profit
organizations, provide funding for these programs. The goals are varied and range from
simple streambank stabilization projects to watershed scale restoration. For these projects
to be successful it is important to know why the project is being completed and what
techniques are best suited to restore the lost functions. Knowing why a project is needed requires some form of functional assessment followed by clear project goals.
To successfully restore stream functions, it is necessary to understand how
these different functions work together and which restoration techniques influence a given function. It is also imperative to understand that stream functions
are interrelated and build on each other in a specific order, a functional hierarchy. If this hierarchy is understood, it is easier to establish project goals. And
with clearer goals, it is easier to evaluate project success.
A large amount of funding for stream restoration is related to compensatory mitigation
required as part of Clean Water Act ( FWPCA, 1972) Section 404 permits issued by the
US Army Corps of Engineers (USACE). As part of a 404 permit authorizing impacts to
streams in one location, the 404 permit may require the permittee to conduct stream
restoration or enhancement activities in a nearby stream to compensate or offset the loss
of stream functions at the permitted impact site. The 2008 Federal Mitigation Rule
recommends that a functional or condition assessment be completed at the impact site to
quantify ecological losses (debits) and at the mitigation site to quantify projected ecological gains (credits), which would be realized if the mitigation project is successfully implemented (33 CFR 332.3(f)(1), 2008). Credits generated at the mitigation site should offset
the debits estimated at the impact site. Success criteria and performance standards are
required to measure mitigation project success and ensure that mitigation projects do
indeed generate the amount of credits initially projected.
Interagency Review Teams (IRTs) associated with each USACE District can provide
valuable support in the effective implementation of the 2008 Mitigation Rule, including the
development of region-specific Standard Operating Procedures (SOPs) designed to aid in
assessing debits and credits. However, the science of stream assessment is complex and the
practice of stream restoration is relatively young and rapidly evolving. Additionally, many
IRT staff have a stronger background in wetland science than fluvial geomorphology or
stream ecology, making the development of effective SOPs a significant challenge for IRTs.
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Document Goals
In order to address the central stream restoration issues delineated above, this document presents three primary goals:
1. Help the restoration community understand that stream functions are interrelated and generally build on each other in a specific order, a functional hierarchy, and understand that parameters can be used to assess those functions even
if some parameters are functions and others are structural measures.
This goal is addressed in the document in several ways. First, an overview of watershed and stream corridor processes is provided in Chapter 3. This chapter describes the
basic interplay of processes that work together in order for the watershed and stream
corridor to function; it serves as a watershed science “refresher” and includes references to
other sources for a deeper understanding of how watersheds work. Also provided in this
chapter is the background science necessary to understand the Stream Functions Pyramid
Framework that is presented in Chapter 4 and fully described throughout the remainder
of the document. The Stream Functions Pyramid Framework illustrates the hierarchy of
stream functions and provides a list of function-based parameters and measurement
methods that can be used to describe the functions. Performance standards are also
provided for each measurement method, when available.
2. Place reach scale restoration projects into watershed context and recognize
that site selection is as important as the reach scale activities themselves.
The importance of site selection is discussed in several places throughout the document,
including in Chapters 3 and 11. Site selection is a critical part of a stream restoration
project, especially if the goal is to provide physicochemical and/or biological improvements.
This step can make the difference between a successful and an unsuccessful project.
3. Provide informal guidance and ideas on how SOPs might incorporate stream
functions into debit/credit determination methods, function-based assessments
and performance standards.
This is a core element of the document. Chapter 11 provides examples of how the
Stream Functions Pyramid can be used to develop these parts of the SOP. Chapters 6
through 10 provide detailed information about the relative importance of each function-based
parameter, their measurement method and performance standard, where applicable.
This document is not a stand-alone stream assessment method, list of performance standards or
mitigation SOP, and in no cases should all of the measures or example performance standards be
used on a single project. In addition, there may be special projects that require parameters, measurement methods and performance standards that are not included in this framework; it is not all-inclusive. As discussed in each chapter, many of the measures are only appropriate in certain stream types
or landscape positions, and often multiple measures of the same function are reviewed. Practitioners
should take care to ensure the measures used are appropriate for the stream type, fully capture the
existing condition and can accurately measure achievement of the goals of the project.
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Stream Functions Pyramid Framework
The Framework used in this document was inspired by Fischenich (2006), where the
USACE and a group of scientists and practitioners developed functional objectives for
stream restoration projects. This document uses different terminology than the Fischenich (2006) document in an attempt to tie stream functions to common parameters that
can be used to describe functions. This document does not delineate between parameters
that are functions versus those that are structural measures. Rather, the parameters are
called function-based because each parameter can be used to help understand the overall
function for a given category, which is described below. Stream functions are separated
into a hierarchy of categories, ranging from Level 1 to Level 5 and include:
• Hydrology (Level 1)
• Hydraulic (Level 2)
• Geomorphology (Level 3)
• Physicochemical (Level 4)
• Biology (Level 5)
Within this hierarchical Framework, higher-level functions are supported by lowerlevel functions, like a pyramid. For example, Hydraulic functions cannot occur without
Hydrologic functions, and so on. Chapter 4 describes each level in detail, and the full
Pyramid Framework synopsis, including measurement methods and performance stanA Guide for Assessing & Restoring Stream Functions » OVERVIEW
dards, is provided in Appendix A.

Stream Functions Pyramid

5
4
3
2
1

BIOLOGY »
Biodiversity and the life histories of aquatic and riparian life

PHYSICOCHEMICAL »
Temperature and oxygen regulation; processing of organic matter and nutrients

GEOMORPHOLOGY »
Transport of wood and sediment to create diverse bed forms and dynamic equilibrium

HYDRAULIC »
Transport of water in the channel, on the floodplain, and through sediments

HYDROLOGY »
Transport of water from the watershed to the channel

Geology
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Executive Summary

Social and recreational functions and values like fishing or boating are not included in
this document, and the hierarchy of functions is not all-inclusive. There are many other
parameters that can be assessed in order to describe a given function. However, this
document provides a structure and organization that can easily be adapted to fit individual project goals and environmental settings. Since the lower-level functions of Hydrology,
Hydraulics and Geomorphology are required before Physicochemical and Biology functions can be realized, this document places more focus on the lower-level functions. In
addition, these lower-level foundational functions have traditionally been addressed more
in stream restoration designs.
Stream Functions Pyramid Application
Chapter 11 provides detailed information about how the Pyramid can be applied. But
in general, there are three main areas where the Pyramid can provide guidance: setting
project goals and objectives, developing/reviewing specific function-based stream assessment methods, and creating SOPs for stream mitigation programs.
Setting Project Goals and Objectives
A common stream restoration goal that is often stated in stream mitigation plans is the
improvement of channel dimension, pattern and profile so that the channel does not
aggrade or degrade. This goal primarily addresses channel stability. The Pyramid can be
used to develop goals that more directly relate to the improvement of functions. Wellconceived goals should help answer the question, “Why is this project being pursued and
what functional improvements are being targeted?” Once a goal has been established, the
Pyramid can be used to develop objectives that call out which parameters, measurement
methods, or even performance standards will be used to evaluate the functional improvement. In addition, once function-based goals and objectives have been selected and
identified within a certain level, the Pyramid can be used to determine which supporting
functions (lower levels) also need to be addressed.
Developing Function-based Stream Assessment Methods
Although it is not a functional assessment methodology, the Pyramid is a Framework
that can be used to create functional assessments or at least function-based assessments.
Using the Pyramid as a guide for developing function-based stream assessments will help
ensure that a protocol addresses parameters in the correct order based on function. These
assessment methodologies should include parameters from each level as it applies to site
and/or regional conditions and constraints. In addition, simple parameters may be selected for rapid-based assessments, and more time-intensive parameters may be selected for
more complex studies. Parameters could also be selected to show functional gain or
improvement at a restoration or mitigation site, or functional loss at a proposed impact
site. Somerville (2010) provides a good overview of existing function-based assessments,
including their strengths and weaknesses.
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Creating SOPs for Stream Mitigation Programs
The Pyramid can also be used by Interagency Review Teams (IRTs) to develop debit
and credit determination methods and performance standards for stream mitigation
projects. In addition, if reference reaches are also assessed using a function-based approach, the functional capacity of the mitigation site can be addressed. This will help
IRTs to move away from attaching credits to restoring dimension, pattern and profile,
and move toward changes in parameters that describe or are themselves functions.
Example templates are provided in Chapter 11 to give IRTs ideas about how to create
function-based debit/credit determination methods. Additional case studies representing
a variety of scenarios are also provided in Appendix B. These example templates and case
studies are truly meant to be examples and are not a policy recommendation. They
should be considered “food for thought” as each IRT develops an SOP that fits their
region.
Understanding the functional hierarchy of stream restoration is vital to our nation’s
efforts to reclaim and restore its riverine landscapes. This document is meant to become
a comprehensive resource for the public, private and non-profit organizations and agencies whose goals include stream restoration. The hope is that when this hierarchy (the
Stream Functions Pyramid) is fully comprehended, embraced and applied, the efforts to
restore our nation’s streams will become more focused, precise…and successful.
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Chapter 1
Introduction

Stream restoration efforts have increased significantly in the US over the past few
decades and are now recognized as a billion-dollar industry (Bernhardt et al., 2005).
These restoration efforts stem from centuries of abuse as humans continue to alter the
riverine landscape for a variety of purposes, including farming, logging, mining and
development on the floodplain with its subsequent need for channelization and flood
control. These activities have significantly diminished the natural functions of our stream
corridors (Wohl, 2004).
Today stream corridor restoration efforts seek to improve or restore these lost functions. A variety of federal, state and local programs, along with efforts from non-profit
organizations, provide funding for restoration efforts. The goals are varied and range
from simple streambank stabilization to watershed scale restoration. Stream/wetland
mitigation for permitted impacts to aquatic resources also contributes to a large portion
of the overall restoration effort. For these projects to be successful, it is important to
know why the project is being completed and what techniques are best suited to restore the
lost functions. Knowing why a project is needed requires some form of functional assessment to determine the nature and magnitude of the impairment, followed by clear
project goals designed to best address the impairment. To successfully restore stream
functions, it is necessary to understand how these different functions work together and
which restoration techniques influence a given function.
It is also important to know that stream functions are interrelated and build on each
other in a specific order, a functional hierarchy. If this hierarchy is understood, it is easier
to establish project goals. And with clearer goals, it is easier to evaluate project success.
One goal of this document is to help the restoration community understand that
stream functions occur in a general order, and that parameters can be used to
assess those functions even if some parameters are functions and others are
structural measures. Functions should be addressed in the order shown to have
a successful project. Another goal is to place reach scale restoration projects
into a watershed context and recognize that site selection is as important, if not
more important, than the reach scale activities themselves.
A large amount of funding for stream restoration is related to compensatory mitigation
required as part of Clean Water Act Section 404 permits issued by the US Army Corps of
Engineers (USACE). As part of a 404 permit authorizing impacts to streams in one
location, the 404 permit may require the permittee to conduct stream restoration or
enhancement activities in a nearby stream to compensate or offset the loss of stream
functions at the permitted impact site. The 2008 Federal Mitigation Rule recommends
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that a functional or condition assessment be completed at the impact site to quantify
ecological losses (debits) and at the mitigation site to quantify projected ecological gains
(credits), which would be realized if the mitigation project is successfully implemented
(33 CFR 332.3(f)(1), 2008). Credits generated at the mitigation site should offset the
debits estimated at the impact site. Success criteria and performance standards are required to measure mitigation project success and ensure that mitigation projects do
indeed generate the amount of credits necessary to offset permitted impacts.
Interagency Review Teams (IRTs) associated with each USACE District can provide
valuable support in the effective implementation of the 2008 Mitigation Rule, including
the development of region-specific Standard Operating Procedures (SOPs) designed to aid
in assessing debits and credits. However, the science of stream assessment is complex and
the practice of stream restoration is relatively young and rapidly evolving. Additionally, many
IRT staff have a stronger background in wetland science than fluvial geomorphology or
stream ecology, making the development of effective SOPs a significant challenge for IRTs.
Consequently, another goal of this document is to provide recommendations
and ideas on how SOPs might incorporate stream functions into debit/credit
determination methods, function-based assessments and performance standards.

1.1

»

DOCUMENT OVERVIEW

The document is organized as follows:
Chapter 2: Overview of Federal Compensatory Mitigation Regulations: This
chapter provides a brief overview of the 2008 Federal Compensatory Mitigation Rule and
how this document supports the implementation of this Mitigation Rule. This chapter
may be helpful to those who are not familiar with stream mitigation and its associated
terminology.
Chapter 3: Watershed and River Corridor Processes: This chapter describes the basic
interplay of processes that work together for the watershed and stream corridor to function; it serves as a watershed science “refresher” and includes references to other sources
for a deeper understanding of how watersheds work, as well as provides the background
science necessary to understand the Stream Functions Pyramid and Framework described
in Chapter 4.
Chapter 4: The Stream Functions Pyramid: This chapter provides a detailed overview
of the Framework used in this document to assess stream functions. This Framework,
called the Stream Functions Pyramid Framework, describes the proposed hierarchy of
stream functions and provides a list of function-based parameters, measurement methods
and performance standards that can be used to describe the functions. It is important to read
this chapter before proceeding to the Hydrology through Biology chapters (Chapters 6 through 10).
Chapter 5: Reference Streams: This chapter provides an overview of how reference
stream reaches are used in natural channel design, stream assessments and stream mitiga-
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tion. An introduction section provides a discussion about why a reference reach is important and the different ways it can be used. Information is also provided about how to
select a reference reach based on project goals and objectives. A variety of existing field
assessment and data analysis methods are provided.
Chapters 6-10: Hydrology, Hydraulic, Geomorphology, Physicochemical and Biology —
These five chapters provide detailed information about the relative importance of each
function-based parameter, their measurement methods and performance standards,
where applicable. Some parameters and measurement methods do not have performance
standards, but instead have design standards. Design standard sections are included for
those parameters that are critical for understanding stream processes but are not appropriate for performance standards (typically because the research does not currently support
a standard, and sometimes because the parameter is too variable or too site specific).
Sediment transport competency and capacity are examples of parameters that include a
section on design standards but not performance standards. These chapters represent the
bulk of the document and are intended to serve as a reference or guide for those who are
developing function-based assessments, restoration goals or performance standards.
Chapter 11: Applications — This chapter shows how the Stream Functions Pyramid can
be used to help develop stream restoration goals, function-based assessments and debit/
credit determination methods for stream mitigation SOPs. Examples of each are provided.
For the SOP example, different scenarios are provided that represent the bulk of stream
impacts and restoration needs from across the country.
It should be noted that this document is not a stand-alone stream assessment
method, list of performance standards or mitigation SOP, and it is not necessary
or recommended to apply all of the measures or example performance standards for a single project. In addition, there may be important parameters that are not
included, especially for rare or unique settings. As discussed in each chapter, many of the
measures are only appropriate in certain stream types, environmental settings, climates
or landscape positions, and often multiple measures of the same parameter are provided.
In addition, actual stream assessments may utilize a combination of parameters to
determine an overall functional score, something that this document does not provide.
Practitioners should take care to ensure the measures used are appropriate for the stream
type, fully capture the existing condition, and can accurately measure achievement of the
project goals.

1.2

»

WHAT THE DOCUMENT DOES AND DOES NOT PROVIDE

This document does provide:
• An overview of watershed and riverine processes.
• A hierarchical framework illustrating the relative relationship of stream functions and
parameters that can be used to describe those functions. The hierarchical Framework,
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called the Stream Functions Pyramid, shows that functions build on each other in a
general order and that physical functions — like the transport of water and sediment
— support physicochemical and biological functions. Parameters include structural and
functional measures, which together are considered to be function-based. Most
importantly, the hierarchy provides a logical framework of parameters that practitioners can use to evaluate stream functions.
• The state of the science and tools to help create function-based goals, assessment
methods, debit/credit determination methods and performance standards.
• Examples of how the Stream Functions Pyramid can be applied to setting project
goals and objectives, developing specific function-based stream assessment methods,
and creating debit/credit determination methods for stream mitigation programs.
• References to key textbooks, peer-reviewed papers and websites for more
in-depth information.
This document does not provide:
• A Standard Operating Procedure for stream assessments and mitigation.
• Stream debit and credit formulas. However, IRTs can use select parameters and their
corresponding methods of measurement and performance standards as a guide for creating formulas for their region.
• A specific functional assessment methodology.
• A specific monitoring approach.
• Even though the Framework includes a wide range of parameters that can be used to
describe functions in their respective category, the document does not promote using
all of these parameters in a given assessment or restoration project. The same is true
for the measurement methods. A variety of measurement methods are provided for
each parameter. Rather than use all of the measurement methods for a given parameter, the user should pick the best methods given the project goals and budget.
• A manual or textbook on fluvial processes and stream assessment. However, references are provided that cover a wide range of stream processes and functions.
• Function-based parameters in this document are not all-inclusive. Other functionbased parameters, measurement methods and performance standards may exist that
are more suitable based on project objectives.

1.3

»

PROJECT PARTNERSHIPS

The development of this document is through a partnership between the US Fish and
Wildlife Service (FWS) and US Environmental Protection Agency (EPA). The FWS and
EPA entered into a partnership in 2006 to develop and provide standardized tools and
training modules on how to evaluate stream assessments and restoration designs. The
FWS and EPA recognized the need for these tools and training modules to improve the
link between stream restoration and compensatory mitigation under Section 404 of the
Clean Water Act. Additionally, such tools and training modules are relevant to a suite of
state, local and federal natural resource agencies that are regularly tasked with reviewing
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the merits of stream restoration, enhancement and/or protection projects proposed as
restoration, or to compensate for authorized impacts to streams.
The first stream tool and training module developed under this agreement was the
Natural Channel Design Review Checklist. The Checklist provides guidance on important
factors to consider when reviewing natural channel designs. It is intended to provide the
reviewer with a rapid method for determining whether a project design contains an
appropriate level of information. The Checklist consists of a list of questions that must be
answered as part of a design review and includes the following sections: Watershed and
Geomorphic Assessment, Preliminary Design, Final Design, and Maintenance and
Monitoring Plans. The training module uses a 3.5-day training course and includes an
overview of stream processes, channel stability and function, restoration potential, and
natural channel design techniques.
More information on offerings of the trainings can be found at training.fws.gov and
www.stream-mechanics.com. The Natural Channel Design Review Checklist and other stream
mitigation resources can be found on EPA’s website for compensatory mitigation under
the “Technical Resources for Stream Mitigation” section: water.epa.gov/lawsregs/guidance/
wetlands/wetlandsmitigation_index.cfm.
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2.1

»

OVERVIEW

Since a major goal of this document is to provide IRTs with tools that can be used to
develop Standard Operating Procedures (SOPs), a brief background is provided on the
Federal Mitigation Regulations as it pertains to credit determination methods, functional
assessments and performance standards. This overview is provided for informational
purposes only and should not be considered an official source of regulatory information.
The interpretations are those of the authors and do not necessarily represent the views of
the EPA or the USACE.
In April 2008 the USACE and the EPA jointly issued new regulations clarifying compensatory mitigation requirements for Department of the Army permits (33 C.F.R. §
332/40 C.F.R. § 230). The 2008 Mitigation Rule was designed to improve the planning,
implementation and management of compensatory mitigation projects. It emphasizes a
watershed approach in selecting compensatory mitigation project locations, requires
measurable performance standards, requires regular monitoring for all types of compensation, and specifies the components of a complete compensatory mitigation plan. This
plan includes assurances for long-term protection of compensation sites, financial assurances, and identification of parties responsible for specific project tasks. The 2008 Mitigation Rule also applies equivalent standards to the three mechanisms for providing compensatory mitigation: permittee-responsible compensatory mitigation, mitigation banks
and in-lieu fee mitigation.
While traditional approaches to determining the appropriate amount of compensation
involved reliance on measures of acres or linear feet, the USACE and EPA explicitly stated
in the preamble to the Final Rule that, “With this rule, we are encouraging the use of functional
and condition assessments to determine the appropriate amount of compensatory mitigation needed to
offset authorized impacts, instead of relying primarily on surrogate measures such as acres and linear
feet. In the future, there will be more assessment methods available to quantify impacts and compensatory mitigation.” (FR Vol 73, 19633) The Rule recognizes that science-based rapid function
or condition assessment methodologies provide a more objective, systematic and reliable
approach to characterize and quantify the expected aquatic resource losses or debits at
impact sites, as well as the potential aquatic resource gains or credits at compensatory
mitigation sites.
To ensure that functional gains have indeed occurred at a mitigation site, the permittee
(or mitigation provider in the case of mitigation banks or in-lieu fee programs) must meet
a set of ecological performance standards tailored to its specific compensation project.
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The 2008 Mitigation Rule requires that these performance standards be based on the best
available science that can be measured or assessed in a practicable manner. The rule states
that performance standards must be based on attributes that are objective and verifiable,
which may include variables or measures of functional capacity from the following:
• Functional assessment methodologies,
• Measurements of aquatic resource structural characteristics, and/or
• Comparisons to reference aquatic resources of similar type and landscape position.
Implementation of effective performance standards provides the USACE, other members of the IRT and other regulatory agencies with observable and measurable parameters
to ensure that compensatory mitigation is meeting its objectives. To ensure that performance standards are met, a project’s mitigation plan must also include mechanisms to
provide adequate monitoring, maintenance strategies and long-term stewardship.

2.2

»

RESOURCES

The EPA provides stream and wetland mitigation resources on their website (water.epa.
gov/lawsregs/guidance/wetlands/wetlandsmitigation_index.cfm). The Federal Mitigation
Regulations can be downloaded from this website along with a wealth of additional
information, including fact sheets, guidance manuals, training resources and technical
resources. Terms from the regulations are used throughout this document, and their
definitions are provided in the glossary.
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3.1

»

WATERSHED PROCESSES

Streams and rivers are integral parts of the landscape, carrying water and sediment
from higher elevations to downstream lakes, estuaries and oceans. Along the way, they
provide life-giving water to a wide array of ecosystems, including wetlands, bogs, ponds,
forests and floodplains.
The land area draining to a stream or river is called its watershed. When rain falls in a
watershed, it runs off the land surface, infiltrates the soil or evaporates, forming the
fundamental components of the hydrologic cycle (Figure 3.1). From the standpoint of
stream formation, the greatest concern is with the hydrologic processes of runoff and
infiltration. Surface runoff, whereby excess water collects on the ground surface and
flows over land toward watershed valleys and stream systems, is produced when rainfall
exceeds the rate at which water can infiltrate the soil. Surface runoff is the process by
which stream levels rise and fall during and following rainfall events.
In most systems, a large portion of the water that infiltrates the soil also reaches the
stream system, but by sub-surface or groundwater flow. This process occurs much more
slowly and steadily than surface runoff. Groundwater discharge is the main source of
water that produces baseflow conditions in stream channels.
The hydrologic processes (precipitation, infiltration, runoff, evaporation) that occur at
the watershed level influence the character and functions of streams. Small stream
channels form at the higher elevations, or headwater regions, of a watershed and become
progressively larger in size as the watershed size increases (i.e., moving downstream). In
the headwater regions of a watershed, surface runoff concentrates and moves downhill,
forming small ephemeral channels and gullies. Ephemeral channels carry only surface
runoff and thus flow only for short periods of time (generally less than 24 hours) following rainfall events. Moving down the watershed, ephemeral channels carry more and
more water and become intermittent channels, which carry water for extended periods
following rainfall events and during wet seasons. Intermittent channels carry surface
runoff but also receive discharge from shallow groundwater, particularly during wet
portions of the year. Farther downstream, intermittent channels give way to perennial
channels, which generally flow year round. Perennial channels carry not only surface
runoff, but also groundwater discharge that maintains baseflow conditions in the stream.
During drought periods, groundwater levels can drop, and even perennial stream channels can stop flowing for periods of time. But in general, perennial channels maintain
some permanent water level that sustains aquatic life and provides the functions that are
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most associated with creeks and rivers. (For more information on the hydrologic cycle
and its role in the development of streams, see Stream Corridor Restoration: Principles, Processes and Practices (FISRWG, 1998) www.nrcs.usda.gov/technical/stream_restoration.)
A stream and its watershed comprise a dynamic balance where the floodplain, channel
and stream bed evolve through natural processes that erode, transport, sort and deposit
sediments. Land-use changes in the watershed, channel straightening, culverts, removal
of streambank vegetation, impoundments and other activities can upset this balance. As
a result, adjustments in channel form often occur with changes in the watershed. A new
equilibrium may eventually result, but not before the associated aquatic and terrestrial
environment are altered, often severely. By understanding the processes that occur at the
watershed scale, the role and function of the river is better understood, and proper decisions for its care and protection can be made.
FIGURE 3.1 THE HYDROLOGIC CYCLE
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3.2

»

RIVER CORRIDOR PROCESSES

River Form and Function
The interaction of streamflow with the banks and bed produces a wide variety of
stream channel forms (Knighton, 1998). Though streams and rivers vary in size, shape,
slope and bed materials, all streams share common characteristics and functions. Streams
have banks and beds consisting of mixtures of substrate (i.e., cobble, gravel, sand or silt/
clay) that usually differ from the surrounding floodplain soils. Other physical characteristics shared by some stream types include pools, riffles, steps, point bars, meanders,
floodplains and terraces. All of these stream characteristics collectively describe the
river’s form and are driven by the interactions between climate, geology, topography,
vegetation and land use changes in the watershed.
Stable streams in wide valleys migrate across the landscape slowly over geologic time,
while maintaining their overall form and function. Naturally stable streams must be able
to transport the sediment load supplied by their watershed. Instability occurs when
scouring causes the channel bed to erode (degrade), or excessive deposition causes the
channel bed to rise (aggrade). Often, instability results from changes in the watershed.
For example, stream degradation can result from urbanization influences. During storm
events, increased impervious surfaces in a watershed produce greater runoff amounts,
and stream flooding frequency and intensity also increase, leading to excessive stream
bed scour and degradation. Stream aggradation can result from poor land-use practices
that lead to excess sediment in runoff reaching the stream, increasing the sediment load
of a stream above that which it can adequately transport.
A generalized relationship of stream stability is shown as a schematic drawing in
Figure 3.2, often referred to as Lane’s Diagram (Lane, 1955). The drawing illustrates that
sediment size and load is proportional to channel slope and discharge. A change in any
one of these variables can cause a physical adjustment in the stream channel form. Therefore, channel form characteristics and changes in channel form over time are often used
to assess channel stability and whether the channel is in equilibrium with its watershed.
The most commonly used parameters to describe and quantify channel form are dimension, pattern and profile, each of which is described below.

3.3

»

CHANNEL FORM

Channel Dimension
The dimension of a stream refers to the cross-sectional shape of the channel and
includes such parameters as width, depth, bank height, hydraulic radius, etc. The width
of a stream generally increases in the downstream direction in proportion to the square
root of discharge. The width and depth of a stream are also influenced by discharge
(occurrence and magnitude), the sediment the stream transports (size and type), stream
bank vegetation, and the stream bed and bank materials. For example, in the humid,
Southeastern portions of the US, stream channels tend to have narrow widths and deeper
depths due to dense vegetation and cohesive floodplain soils. In the arid to semi-arid
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Southwestern regions, stream channels tend to be much wider and shallower, with less
streambank vegetation and more erodible bank sediments.
FIGURE 3.2 LANE’S DIAGRAM
(Illustrating factors affecting channel degradation and aggradation)

Source: Graphic design by
Michael Baker Corporation

Channel Pattern
Stream pattern refers to the aerial view of a channel. Streams located in steep, narrow
valleys tend to be straighter and follow the alignment of the valley, whereas streams on
broad, flat floodplains tend to follow a more sinuous path. Quantitatively, stream pattern
can be defined by measuring sinuosity, meander wavelength, radius of curvature, amplitude, and belt width (Figure 3.3). The sinuosity of a stream is defined as the channel
length divided by the valley length, which is measured along the direction of fall of the
valley. A meandering stream reach increases resistance and reduces channel gradient
relative to a straight reach. The geometry of the meander and spacing of riffles and pools
adjust so that the stream performs minimal work and balances its energy.
Channel Profile
The profile of a stream refers to its longitudinal slope. At the watershed scale, channel
slope generally decreases as you move downstream. The size of the bed material also

A Function-Based Framework » May 2012

24

Chapter 3: Watershed and River Corridor Processes

FIGURE 3.3 PATTERN MEASUREMENTS OF A MEANDER BEND
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FIGURE 3.4 LONGITUDINAL PROFILE OF A STREAM
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typically decreases in the downstream direction. Channel slope is inversely related to
sinuosity. This means that steep streams have low sinuosity and flat streams have high
sinuosity. The profile of the stream bed can be irregular because of variations in bed
material size and shape, riffle-pool spacing and other variables. The water surface profile
mimics the bed profile at low flows. As water rises in a channel during storms, the water
surface profile becomes more uniform (Figure 3.4).

3.4

»

OVERVIEW OF STREAM FUNCTIONS

Streams carry the water supplied by their watershed. The resulting hydrology and
hydraulic processes provide the basic foundation for all other functions that streams
provide. The relationships between precipitation, runoff, infiltration and groundwater
flow determine the amount of water that the stream carries at any given time, the energy
of the water to move sediment, the physicochemical processes that affect water quality,
and the biological processes that the stream will support. Stream channels that are
connected with their floodplains attenuate flood pulses and spread nutrients and organic
matter during flooding events. Streamflows rise and fall with precipitation and snowmelt
events, resulting in the dynamic range of flows, which defines the channel form on
which many other processes and functions rely. Groundwater is both recharged and
discharged along stream channels, providing another hydrologic link between the stream
channel and the landscape.
At the interface between the stream channel and the soil surface lays the hyporheic
zone, a layer of sediment, soil and porous space where interchanges between streamflow
and groundwater occur. Water that moves from the stream into the hyporheic zone is
held for a longer retention time than normal streamflow. In addition, because of the
intermixing between nutrient rich groundwater and oxygen rich stream water, the
hyporheic zone is of critical importance to the chemical transformations that affect
nutrients and other compounds within stream systems.
The transport of water and sediment is reflected in the bed features that are formed
within a stream channel. Natural streams have sequences of riffles and pools or steps and
pools that maintain channel slope and stability (Figure 3.4). The riffle is a bed feature
that may have gravel or larger rock particles. The water depth is relatively shallow, and
the slope is steeper than the average slope of the channel. At low flows, water moves
faster over riffles, which removes fine sediments and provides oxygen to the stream.
Riffles enter and exit meanders and control the stream bed elevation. Pools are located on
the outside bends of meanders between riffles. The pool has a near-flat water surface
(very low slope) and is much deeper than the stream’s average depth. At low flows, pools
are depositional features and riffles are scour features. At high flows, however, the pool
scours and the bed material deposits on the riffle. This occurs because a force applied to
the stream bed, called shear stress, increases with depth and slope. Depth and slope increase
rapidly over the pools during large storms, increasing shear stress and causing scour.
Stream channels, corridors and floodplains form a valuable ecosystem network. In
addition to transporting water and sediment, natural streams provide habitat for many
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aquatic organisms including fish, amphibians, aquatic insects, mollusks and plants.
Riffles and pools, and other bed features such as runs and glides, form a diversity of
aquatic habitats and provide the foundation for many of the biological and water quality
functions that streams provide. Macrobenthic organisms cling to rocks and coarse substrates in riffle areas, filtering food from the flowing water and thriving on the oxygenrich water. Many fish species utilize meander pool areas due to the cover provided for
protection and ambush and for cooler water temperatures afforded by the deeper water
depth. Even within a single meander pool, there are aquatic organisms that prefer to live
at varying water depths and locations within the pool, illustrating the natural diversity
and biological functions that stream systems provide. The hyporheic zone also serves as a
habitat zone for certain aquatic species and microbial life that is especially suited for life
in this transition zone between groundwater and surface waters.
Trees and shrubs along the streambanks regulate water temperatures through shading
and provide organic matter to the system, which is stored and transported forming the
energy web that supports aquatic life and diversity. The processes of energy transfer in
streams are simplistically described by the river continuum concept (RCC). The RCC is a
generalization that is based on the idea that a watercourse is an open ecosystem in
constant interaction with the streambank and bed, and moving from source to mouth,
constantly changing (Gordon et al., 2004). Beginning in its headwaters, the energy
available to a river is highly influenced by the organic material that is delivered from its
watershed, or sources external to the stream itself. Moving downstream, the impact of
direct contributions of new material to the river becomes less important as the material
delivered from upstream continues to be processed and transformed, and primary production within the river becomes a more dominant source of energy than external inputs
of organic matter. The RCC provides a theoretical model for visualizing the importance
that energy relationships have on biodiversity and chemical functions of a stream system.
Streams affect groundwater levels and the transfer of water and nutrients between
adjacent wetlands and riparian areas, supporting ecosystem diversity beyond the limits of
the stream channel itself. Riparian buffers along streams filter sediment and pollutants
from runoff, and promote uptake of nutrients and chemical reactions in the soil and
water column that improve water quality. Streams also provide recreational functions,
such as fishing, boating, swimming, wildlife viewing and green space.
All the functions described above relate back to the river’s form and its relationship
with its watershed. For more information regarding the river’s form and its relationship
to processes and functions, see Knighton (1998), Leopold et al., (1992) and Wohl (2004).

3.5

»

AMERICAN RIVER REGIONS

North America supports a wide variety of river and stream systems, owing to the
wide range of climatic and geologic conditions across the continent. River systems of the
continent can be divided into six major regions, as proposed by Wohl (2004). Figure 3.5
shows the location of each of these regions, and a brief summary of each region (as
described by Wohl, 2004), is provided below. Wohl’s river regions can be considered a
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broad delineation for North America. For more detailed information on major river basins
within North America and the functions they provide, see Rivers of North America, edited
by Benke and Cushing (2005).
FIGURE 3.5 RIVER REGIONS MAP OF NORTH AMERICA (Wohl, 2004)

Source: Adapted from Wohl (2004)
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Arctic Region
The rivers in the Arctic Region drain north to the Arctic Ocean. Rivers of this region
are characterized by high sediment loads (in part from glacier melt and streambank
erosion due to freeze/thaw cycles) and ice flows, and often exhibit braided channel forms.
The Mackenzie and Yukon Rivers are the largest river drainages within the region. Streams
of the region support very little year-round aquatic species, but are host to some of the
largest yearly runs of anadromous fish species, such as salmon, anywhere in the world.
Western Cordilleran Region
The Western Cordilleran rivers drain primarily to the Pacific Ocean, although some
originate east of the continental divide and drain to the Atlantic Ocean. The region
stretches from southern California north to Alaska, and from the Pacific Ocean to roughly the continental divide. Rivers of the region are diverse but are commonly characterized
as steep, mountain streams. Many of this region’s rivers begin at their headwaters as
high-gradient, step-pool channels, where high sediment loads, debris flows and landslides
are common. Moving further down gradient, the rivers become large and meandering,
with moderate sediment loads and course substrates. Like the Arctic Region rivers, rivers
of the Western Cordilleran Region were once home to large populations of trout and
seasonal runs of salmon; however, degraded stream habitat, flow durations and water
quality in the region have reduced or eliminated many of these populations.
Central Region
Rivers of the Central Region are generally characterized as broad, shallow, meandering
river systems. Streams of the northern Central Region drain to Hudson Bay, while
streams of the central and lower portion of the region drain to the Mississippi River and
the Gulf of Mexico. Peak flows occur during spring and early summer, as a result of snow
melt and intense rains. Fine sediment loads are often high. The streams of the region are
very diverse biologically, supporting a wide range of fish and aquatic species.
Northeast and East-Central Region
The Northeast and East-Central Region rivers drain east to the Atlantic Ocean. The St.
Lawrence River drains the upper portion of the region. Along the central-Atlantic Coast,
a variety of rivers begin in the Appalachian Mountains, crossing the Piedmont and
Coastal Plain physiographic regions on their way to the Atlantic Ocean. Rivers of the
region mostly drain densely vegetated catchments, keeping sediment loads relatively low.
High flows typically occur in the fall and winter, with the exception of large tropical
systems that can drop large amounts of rainfall quickly and cause significant flooding
during the summer and early fall months. Rivers of this region, like those of the Lower
Mississippi Region, support the greatest species richness and highest number of endemic
species of any of the rivers in North America.
Lower Mississippi Region
Rivers of the Lower Mississippi Region drain to the Gulf of Mexico and originate in
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the southwestern portion of the Appalachian Mountains and the eastern edges of the
great interior plains. These rivers meander broadly over low-slope floodplains created by
long-term sediment deposition. Suspended sediment loads are often high, as commonly
observed with the lower Mississippi River. Rivers of this region have been highly manipulated with levees and channelization to decrease the threat of flooding and provide
more land for development. Species diversity is high throughout the region.
Southwestern Canyon Region
The Southwestern Canyon Region rivers and streams are characterized by deeplyincised channels and canyon valleys that have downcut over geologic time to keep pace
with uplift of the Colorado Plateau by geologic forces. These streams flow through desert
lands, with the larger rivers being perennial streams that flow year-round, while many of
the smaller streams only flow for portions of the year. Suspended sediment loads are high
due to the highly erodible soils and sedimentary rocks of the region. Many of the native
fish species are endemic species that are limited to the Colorado River Basin.

3.6

»

STREAM CLASSIFICATION

Stream classification is an important tool to communicate information about streams
using a common language. There have been many stream classification systems published over the past century, beginning with Davis (1899) that classified streams in terms
of age (youthful, mature and old age). These classification systems use different approaches to categorize streams based on qualitative and quantitative assessment at
different spatial and temporal scales, e.g., Montgomery and Buffington (1993) developed a
stream classification system that is applicable to the Pacific Northwest region. For further
details about stream classification history, refer to Naiman et al. (1992) and Rosgen (1994).
In general, the most useful stream classification system should encompass a broad spatial
and temporal scale, integrate structural and functional characteristics under different
disturbance regimes, provide information about form and process mechanisms that
control stream features, and be easily applied by stream practitioners (Naiman et al.,
1992). For the purposes of this publication, the Rosgen (1994) stream classification system
will be referenced when describing stream types. This system can be applied consistently
over a large geographic area using quantitative descriptions. It has also been referenced by
many USACE Districts as part of the compensatory mitigation program (USACE Wilmington District et al., 2003; USACE Savannah District, 2004; USACE Norfolk District and
VDEQ, 2007; and USACE Charleston District, 2010).
The specific objectives of the Rosgen stream classification system (Rosgen, 1996) include:
1. Predict a river’s behavior from its appearance.
2. Develop specific hydraulic and sediment relationships for a given stream type.
3. Provide a mechanism to extrapolate site-specific data to stream reaches having similar
characteristics.
4. Provide a consistent frame of reference for communicating stream morphology and
condition among a variety of disciplines and interested parties.
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The Rosgen (1994) classification and assessment system consists of four levels (Levels I
through IV), ranging from broad qualitative descriptions to detailed quantitative assessments (Figure 3.6). Level I and Level II are the predominant parts used to characterize the
stream. Level I is a broad geomorphic characterization that categorizes streams into eight
different stream types (A through G) using the integration of landform and fluvial features of valley morphology with channel slope, pattern, profile and dimension. Level II is
called the morphological description and requires field measurements. The stream types
are divided into discrete slope ranges and dominant channel-material particle sizes,
which are given numbers 1 (bedrock) through 6 (silt/clay). Figure 3.7 presents a key for
the Rosgen system for Level I and Level II.
Details for Level III and Level IV are not provided in this publication but can be found
in Rosgen (1994; 1996). In general, Level III is an evaluation of stream condition and
stability that requires an assessment and prediction of channel erosion, riparian condition,
channel modification and other characteristics. Level IV is verification of predictions
made in Level III and consists of sediment transport, streamflow and stability measurements.

3.7

»

WATERSHED AND STREAM RESTORATION

Watershed Scale Restoration
Many of the impairments present in today’s rivers and streams are a result of processes
that occur at the watershed level. Poor sediment and erosion control practices lead to excess
fine sediments that are delivered to water courses. Increased urbanization and impervious
surfaces result in increased runoff during rainfall events, and higher peak streamflows
that cause erosion and stream down-cutting. Pollution, both from point sources and
non-point sources, enters streams and impairs water quality. To address these impairments, improvements and restoration must be performed at a watershed scale.
“A watershed approach is the most effective framework to address today’s water resource challenges.
Watersheds supply drinking water, provide recreation and respite, and sustain life. More than
$450 billion in food and fiber, manufactured goods, and tourism depends on clean water and
healthy watersheds.”
~US Environmental Protection Agency
(water.epa.gov/type/watersheds/approach.cfm)
“We cannot save trout without saving their river and floodplain habitats. We cannot save river and
floodplain habitats — and the plants and insects of the trout’s food web — if we do not also maintain
the processes controlling water and sediment entering the river corridor from the surrounding hillslopes
and uplands. They go hand in hand.”
~Ellen Wohl, Disconnected Rivers, 2004
Emphasis on watershed-level restoration and water-quality improvements is increasing,
and the tools being used are also expanding. Over the past two decades, there have been
considerable interest and use of best management practices (BMPs) as a tool for address-
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FIGURE 3.6 THE HIERARCHY OF RIVER INVENTORY AND ASSESSMENT (Rosgen, 1996)

Source: Reproduced with permission from Wildland Hydrology
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FIGURE 3.7 KEY TO THE ROSGEN STREAM CLASSIFICATION OF NATURAL RIVERS
(Rosgen, 1996)

Source: Reproduced with permission from Wildland Hydrology

ing watershed health. Common BMP practices such as created wetlands, retention basins,
bioretention areas, infiltration areas and restoration of riparian buffers are but a few of
the practices that have been implemented to improve watershed health. These practices
generally seek to reduce the amount of runoff delivered to streams (detention), reduce the
rate at which runoff reaches streams (attenuation), increase the amount of water that
percolates into the soil (infiltration), and/or promote physical and chemical processes that
remove pollutants and sediment from runoff waters. Most of these practices are installed
on smaller headwater catchments of a watershed, where such approaches are more
feasible and cost effective, and where pollutants can be trapped near their sources.
River restoration is a technique that is applied at the stream reach scale and is generally used to complement the other techniques described above. BMP approaches can help
to improve the quality and timing of water entering a receiving stream; river restoration
approaches can address stability and water quality problems that are expressed or develop
in the river itself, such as channel incision, streambank erosion and loss of aquatic habitat.
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River Restoration
River or stream restoration has been defined in many different terms, but is generally
considered to describe a set of activities that help improve the environmental health of a
stream. Other terms commonly used for stream restoration include stream reclamation,
stream stabilization, natural channel design and channel rehabilitation. Depending on
the person using the term, stream restoration can have different meanings and associations, and can cover a wide range of practices and approaches to improving watercourses.
The practice of stream restoration began to achieve momentum in the 1980s, as interest grew in addressing stream stability problems in a way that was sustainable long-term
and also improved recreational uses and ecological functions. Until that time, the primary approach used to stabilize streams was to harden the channel and/or streambanks
with such materials as loose rock (rip-rap),
River or stream restoration gabion baskets, concrete, retaining walls, etc.
has been defined in many Such practices addressed the stability problems with the stream, but often resulted in a
different terms, but is generally dramatic loss of ecological function and
considered to describe a set aquatic life due to loss of aquatic cover,
of activities that help improve appropriate bed materials, shade and food
sources. In addition, since these “hard” apthe environmental health of a proaches did not address overall channel
stream. Other terms com- geometry issues, they often lead to downmonly used for stream resto- stream instability.
Practitioners began to develop techniques
ration include stream reclathat would not only address stability issues,
mation, stream stabilization, but also improve aquatic habitat functions
natural channel design and and recreational uses, such as fishing. The
channel rehabilitation. movement began in the US in the Western
states, where there was increasing concern
over the degraded condition of trout and salmon rivers, and spread eastward across the
country. The resulting designs, often referred to as natural channel designs, seek to replicate
the channel forms seen in stable, natural rivers in order to restore stability and functions
to degraded rivers.
Natural channel design can be defined as a stream restoration technique that seeks to
create a stable stream channel that balances its flow of water and sediment over time, so
that the channel does not aggrade or degrade. A variety of methods and tools are available to practitioners, but nearly all focus on several important design concepts:
• Providing connection between the channel and its floodplain (floodplain connectivity);
• Sizing low-flow channels to carry a given flow that over time carries the most sediment (channel-forming discharge concept);
• Designing channels to carry both their water and sediment loads; and
• Constructing channels to mimic the functions of natural channels to the extent possible.
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For more information on specific design components commonly used in the practice of
stream restoration, see the NRCS National Engineering Handbook Part 654 — Stream
Restoration Design (USDA NRCS, 2007) directives.sc.egov.usda.gov/viewerFS.aspx?id=3492.
In 2008 the USACE and EPA issued regulations improving and standardizing mitigation
policies, and increasing the emphasis placed on
the restoration of functions. The rules specifiNatural channel design can be
cally identify streams as a difficult-to-replace
defined as a stream restoration
resource for which avoidance and minimizatechnique that seeks to cretion should be emphasized. Where compensatory mitigation for streams is needed, the rules ate a stable stream channel
emphasize in-kind rehabilitation, enhancement that balances its flow of waor preservation and outline stream specific
ter and sediment over time,
considerations for site selection, providing
so that the channel does not
design plans for review, monitoring requirements and ecological performance standards.
aggrade or degrade.
This increased emphasis on the restoration of
streams ensures that techniques such as natural
channel design will continue to be the preferred methods for river restoration. For more information on natural channel design techniques for river restoration, see FISRWG (1998) and
USDA NRCS (2007).

3.8

»

PRIORITY LEVELS OF RESTORATION

Priority Levels for the restoration of incised streams were developed by Rosgen (1997).
The “Rosgen Priority Levels” range from Priority Level 1 to Priority Level 4 and are chosen
based on factors including both physical and economic constraints. These Priority Levels
are often referred to in stream mitigation programs as restoration approaches (USACE
Wilmington District et al., 2003; USACE Savannah District, 2004; and USACE Norfolk
District and VDEQ, 2007). For example, a Priority Level 1 is often considered the highest
level of restoration and receives the most credits per foot, while Priority Level 3 approaches often receive enhancement level credits. Chapter 11 and Appendix B of this document
illustrate how select Priority Levels can be merged into a more function-based approach
to developing stream credits. A brief description of the Priority Levels is provided below,
and a more detailed description can be found in Rosgen (1997).
A Priority Level 1 restoration creates a new stable channel that is reconnected to the
previous (higher in elevation) floodplain. A new stream channel is excavated on the
original floodplain by raising the stream bed elevation. This approach requires an abrupt
change in bed elevation at the upstream end of the project, e.g., culvert outfall or knickpoint. The former incised channel is filled, converting it to a floodplain feature. This
approach is used in areas where there are few lateral constraints and where flooding on
the adjacent land can be increased. An example of the plan form and dimension improvements created by a Rosgen Priority 1 is shown in Figure 3.8.
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PLAN VIEW

A Priority Level 2 restoration also creates a new stable channel that is connected to the
Existing elevation, i.e., the bed
floodplain, but the Cross
floodplain
is excavated at the existing bankfull
Section
Flow
Incised Channel
elevation of the stream remains nearly the same. The formerly channelized and incised
stream is re-meandered through the excavated floodplain. This approach is typically used
if there is not a knickpoint
A or other abrupt change in grade upstream of the project, in
larger streams, or in cases where flooding cannot be increased on adjacent property. A
plan view and cross-section example is shown below in Figure 3.9.
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PLAN VIEW

A Priority Level 3 restoration converts a channelized and incised channel, often with
Restored
poor bed form diversity,
into a step-pool type of channel.
The existing channel alignment
Cross Section
Channel
Flow elevation
stays nearly the same. Bankfull benches are excavated at the existing bankfull
to provide limited floodplain connectivity. In-stream structures are required to dissipate
energy along the streambanks
and to create step/pool bed forms. Priority Level 3 is often
A
used where constraints inhibit meandering and flood elevations cannot be increased, e.g.,
urban environments. A plan view and cross-section example is shown below in Figure 3.10.
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A Priority Level 4 stabilizes the channel in place, using in-stream structures and
bioengineering to decrease stream bed and streambank erosion. This approach is typically used in highly constrained environments, such as backyards and highway right-ofways. A Priority Level 4 is rarely used to create stream mitigation credits and is generally
not considered restoration, only stabilization.

3.9

»

IMPORTANCE OF SITE SELECTION IN RIVER RESTORATION

In the context of watershed health and the restoration of river functions, initial selection of river restoration sites is critically important. Sites that will provide the most
functional lift are those that have few restoration constraints, have relatively healthy
watersheds upstream, and have causes of impairment that are linked to the reach itself.
An example would be a stream that is heavily degraded by direct cattle access, but has a
relatively healthy watershed upstream and good water quality flowing into the site. In
this situation, the primary causes of impairment are linked to the river restoration site
itself, and include loss of riparian vegetation from grazing, eroding streambanks due to
loss of vegetation and hoof-shear, elevated
fine sediments in the river due to bank
In the context of watershed
erosion and cattle crossings, and high bactehealth and the restoration of
rial loads due to cattle fecal matter. Assuming
river functions, initial selecthere are no constraints to the restoration
work, such a project has a high probability of tion of river restoration sites
providing dramatic functional uplift because
is critically important. Sites
the primary sources of impairment can be
that will provide the most
addressed. Excluding cattle from the stream
functional lift are those that
system, restoring a proper river form and
restoring riparian vegetation will greatly
have few restoration condecrease sediment and bacteria loads, provide
straints, have relatively
improved aquatic habitat, provide shading
healthy watersheds upand carbon sources, and improve overall
channel stability and function.
stream, and have causes of
In contrast, consider a proposed restoraimpairment that are linked to
tion site that is highly constrained by adjathe reach itself.
cent buildings and the streamflow entering
the site is of poor quality. In this situation,
the functional lift provided by stream restoration practices will be minimal, as the causes
of watershed impairment are upstream of the project and restoration approaches are
limited by the site constraints. Such a restoration site could address local instability, but
will provide little in the way of water quality benefits.
The chapters that follow discuss the restoration of stream functions in depth; however,
the practitioner should always be mindful that the degree to which functional lift can be
provided is determined at the site selection phase of a project.
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Chapter 4
The Stream Functions Pyramid

The Stream Functions Pyramid, developed by Harman (2009), provides a framework
that organizes stream functions in a pyramid form. The Stream Functions Pyramid
illustrates that stream functions are supported by lower-level functions in a hierarchical
structure. The Pyramid is a useful tool in goal setting, developing and reviewing stream
assessment methodologies, and creating standard operating procedures (SOPs) for regulatory and non-regulatory stream restoration programs. This chapter provides a detailed
overview of the Stream Functions Pyramid along with simple examples of how it can be
applied. Detailed applications are provided in Chapter 11.

4.1

»

FUNCTIONAL OBJECTIVES FOR STREAM RESTORATION

A stream functions framework was created by the US Army Corp of Engineers (USACE) for determining and evaluating objectives for stream restoration projects (Fischenich, 2006). This framework provided the foundation for development of the Stream
Functions Pyramid. It identifies a suite of 15 functions critical to the health of stream and
riparian ecosystems. These functions are summarized in Table 4.1. The USACE functional framework is appealing since it has a scientific basis in stream functions, is based on
processes, and attempts to describe the interactions between identified functions.
TABLE 4.1 FUNCTIONS CRITICAL TO STREAM AND RIPARIAN ECOSYSTEM HEALTH
(Fischenich 2006)
FUNCTION

DESCRIPTION

1. Maintain Stream
Evolution Processes

Maintains appropriate energy levels; promotes diversity
and variability of biotic communities.

2. Energy Management
Processes

Allows for conversion between potential and kinetic
energy through changes in the system.

3. Provide for Riparian
Succession

Changes in vegetation structure promote diversity and
ecological vigor, vegetation necessary for system
stability and nutrient cycling.

4. Surface Water Storage
Processes

Provides temporary water storage during high flows,
regulates soil moisture, provides pathway for aquatic
organism movement, and provides contact time for
biogeochemical processes.
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TABLE 4.1 FUNCTIONS CRITICAL TO STREAM AND RIPARIAN ECOSYSTEM HEALTH
(Fischenich 2006)
FUNCTION

DESCRIPTION

5. Maintain Surface/
Subsurface Water
Connections and
Processes

Provides bi-directional exchange from open channel to
subsurface soils; allows exchange of chemicals, nutrients
and water.

6. General Hydrodynamic
Balance

Provides proper flow conditions at the appropriate
seasons for support of the biotic community.

7. Sediment Continuity

Provides for appropriate erosion, transport and
deposition processes.

8. Maintain Substrate and
Structural Processes

Provides substrate and structural architecture to support
diverse habitats and biotic communities.

9. Quality and Quantity of
Sediments

Determines the physical character of the system relative
to the primary variables: sediment yield and character.

10. Support Biological
Communities and
Processes

Provides diverse assemblages of native species.

11. Provide Necessary
Habitats

Produces and sustains habitats to support vigorous
aquatic and riparian biotic communities.

12. Maintain Trophic
Promotes growth and reproduction of biotic
Structures and Processes communities across trophic levels.
13. Maintain Water and Soil
Quality

Promotes favorable conditions for riparian communities
that trap, retain and remove particulate and dissolved
constituents from surface and overland flow.

14. Maintain Chemical
Processes and Nutrient
Cycles

Provides for complex reactions to maintain equilibrium
and supply required elements to biota.

15. Maintain Landscape
Pathways

Maintains connectivity to allow for biotic and abiotic
energy process pathways.

The functions characterized by Fischenich (2006) are ordered into a hierarchy of
functions, where the relative significance of each function is inferred by assessing the
interrelations among functions. Functions that affect the greatest number of other functions
are ranked highest, while functions that have the least effect on other functions are ranked
lower (Table 4.2). For example, the General Hydrodynamic Balance function (1), which
describes a system’s flow characteristics, supports directly or indirectly all other functions
listed in the Framework, such as sediment transport, energy, biotic and chemical functions. In contrast, the Provide Necessary Habitats function (15) directly affects three other
functions, which are all related to the biological systems that are supported by streams.
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TABLE 4.2 RANKINGS OF FUNCTIONS PROPOSED BY FISCHENICH (2006)
FUNCTION

FUNCTIONS DIRECTLY
AFFECTED

FUNCTIONS INDIRECTLY
AFFECTED

1. General Hydrodynamic
Balance

2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 14, 15

13

2. Maintain Stream Evolution
Processes

1, 3, 4, 5, 6, 7, 8, 10, 11, 12,
14, 15

9, 13

3. Surface Water Storage
Processes

1, 4, 6, 10, 11, 12, 14, 15

2, 5, 7, 8, 9, 13

4. Sediment Continuity

3, 5, 6, 7, 8, 9, 11, 15

1, 13, 14

5. Provide for Riparian
Succession

1, 2, 3, 4, 6, 12, 14, 15

9, 13

6. Energy Management
Processes

1, 2, 3, 4, 5, 7, 8, 15

--

7. Maintain Substrate and
Structural Processes

1, 2, 4, 6, 7, 10, 15

5, 9, 11, 13

8. Quality and Quantity of
Sediments

2, 4, 5, 6, 7, 10, 15

1, 9, 11, 14

9. Support Biological
Communities and Processes

5, 11, 13, 14, 15

1, 2, 3, 7, 8, 10, 12

10. Maintain Surface/Subsurface 1, 5, 11, 15
Water Connections and
Processes

3, 9, 12, 13

11. Maintain Water and Soil
Quality

8, 9, 13, 14

5

12. Maintain Landscape
Pathways

9, 13, 14, 15

6

13. Maintain Trophic Structures
and Processes

9, 11, 14

8

14. Maintain Chemical
Processes and Nutrient
Cycles

8, 9, 13

6

15. Provide Necessary Habitats

9, 12, 13

–

Fischenich (2006) notes that efforts to restore streams are often ineffective because
they fail to address the underlying processes that create and maintain the biological
functions. The purpose of this hierarchy is to indicate the complex set of linkages that
exists between functions of stream and riparian systems and to indicate which functions
are most critical and interrelated to the restoration of stream and riparian functions.
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Fischenich (2006) found that the most critical functions include those that address hydrodynamic processes (1, 3, 6), sediment transport processes (4, 7), stream stability (2) and
riparian buffer restoration (5, 11). By addressing these fundamental functions and processes, a restored stream and riparian system are capable of supporting more dependent
functions that typically require time to establish, such as diverse biological communities
(9), chemical and nutrient processes (14), diverse habitats (15) and improved water and
soil quality (11).

4.2

»

THE STREAM FUNCTIONS PYRAMID

The Stream Functions Pyramid builds on the USACE work by placing stream functions in a hierarchy. However, the Pyramid uses parameters and measurement methods
that are more often used in stream restoration approaches and assessment methodologies.
It also provides a clear illustration of how physical functions support chemical and biological functions. This helps scientists, engineers and managers ensure that they are not
only addressing the functions they are directly concerned about, but also the supporting
functions that are required to achieve success.
The Stream Functions Pyramid Framework consists of four components that increase
in detail. First, the broad-level view shows the five functional categories (Levels) with the
underlying controlling variables of geology and climate. Second, function-based parameters are provided for each functional catThe Stream Functions egory. Third, measurement methods are
Pyramid Framework consists provided for each function-based parameter.
And fourth, where possible, performance
of four components that standards are provided for the measurement
increase in detail. methods. These terms can easily be confused with broader definitions of parameter,
metric, tool and others. To help avoid confusion, definitions for these terms along with
the criteria used to select function-based parameters, measurement methods and performance standards are provided below. See Appendix A for the entire Stream Functions
Pyramid Framework. Also reference the Stream Functions Pyramid page at www.streammechanics.com for updates and examples of how the Pyramid is being used.
Typically, the Pyramid is applied at a reach scale even though some of the functions
occur at a watershed scale, e.g., hydrology functions. Applications are discussed in detail
in Chapter 11, including examples of how the Pyramid can be used in reach-scale function-based assessments and watershed management plans. However, even when used in
watershed management plans, many of the measurement methods described below are
conducted at a reach scale. The reach scale information can then be used in the broader
context of watershed health, i.e., providing reaches that are functionally impaired or
healthy, and as an aid in identifying potential restoration sites.

4.3

»

STREAM FUNCTIONS PYRAMID: BROAD-LEVEL VIEW

The broad-level view is shown in Figure 4.1. The functional categories have been
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modified from Fischenich (2006) to more closely match functions with parameters that
are commonly used in the fields of hydrology, hydraulics, geomorphology, physicochemistry (called physicochemical on the Pyramid) and biology. The purpose of the broad-level
Pyramid view is to show that the primary direction of cause-and-effect relationships
flows from the bottom of the Pyramid to the top. In other words, functions higher on the
Pyramid are more dependent on lower-level functions. This does not mean that causeand-effect relationships can’t or don’t flow from higher levels to lower levels. The intention of the Pyramid is to show the dominant flow of cause-and-effect relationships. A
dashed line is used to separate the functional categories to illustrate that the transition
between categories is not a “hard” boundary. Cause-and-effect relationships can flow in
both directions. For example, everything in the Pyramid is ultimately controlled by
geology and the region’s climate. If climate
changes or there is a major geologic event,
The intention of the Pyramid
e.g., volcanic eruption, changes will occur
is to show the dominant
throughout the Pyramid. Within the Pyraflow of cause-and-effect
mid, Hydrology and Hydraulic functions
support Geomorphology functions like
relationships. A dashed
sediment transport, i.e., without water being
line is used to separate the
contributed from the watershed and creating
functional categories to
flow dynamics in the channel, sediment
transport would not occur. Of course, chanillustrate that the transition
nel form (geomorphology) does affect hybetween categories is not a
draulics through channel slope, sediment
“hard” boundary.
supply and boundary conditions. This is a
downward example of cause and effect, but it
is not as dominant as the requirement for water to be in the channel. Wohl (2004) alludes
to these cause-and-effect relationships by stating, “We cannot save trout without saving
their river and floodplain habitats. We cannot save river and floodplain habitats — and
the plants and insects of the trout’s food web — if we do not also maintain the processes
controlling water and sediment entering the river corridor from the surrounding hillslopes and uplands.” This concept exemplifies how the underlying physical functions
support the biological functions.
This may seem obvious; however, many assessment methodologies address biological
indicators without addressing the underlying controls provided by geomorphology,
hydraulics and hydrology (Somerville, 2010). This concept also helps the practitioner
match the project goal with the corresponding stream functions to avoid problems where
practitioners design ineffective projects because they ignore the underlying hydrology,
hydraulic and geomorphic functions (Fischenich, 2006).
Function Descriptions by Level
Function-based parameters and measurement methods are not shown on the broadlevel Pyramid. Rather, a statement is provided to define the overall function of a given
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Stream Functions Pyramid

FIGURE 4.1 STREAM FUNCTIONSA PYRAMID
— OVERVIEW
Guide for Assessing
& Restoring Stream Functions
(See Appendix A for a full-size version.)
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»

OVERVIEW

BIOLOGY »
Biodiversity and the life histories of aquatic and riparian life

PHYSICOCHEMICAL »
Temperature and oxygen regulation; processing of organic matter and nutrients

GEOMORPHOLOGY »
Transport of wood and sediment to create diverse bed forms and dynamic equilibrium

HYDRAULIC »
Transport of water in the channel, on the floodplain, and through sediments

HYDROLOGY »
Transport of water from the watershed to the channel

Geology

Climate

category. This information is based on Fischenich (2006), Somerville (2010), industry
standards and professional experience. A description is provided below for each functional
category. These statements are used to help select function-based parameters in the next
Pyramid view.
Level 1: Hydrology
Hydrology functions transport water from the watershed to the channel. Hydrology is
placed at the bottom of the Pyramid because water contributed from the watershed
strongly affects the higher-level functions. Very simply put, without surface water flow,
there would not be channel formation and the subsequent aquatic ecosystem. This
definition of hydrology is most common in the engineering community and although it is
related to hydraulics, the calculations are made separately, e.g., the USACE hydrologic
model HEC-HMS (Scharffenberg and Fleming, 2010) and the USACE hydraulic model
HEC-RAS (Brunner, 2010). Physical and life scientists tend to merge hydraulics into
hydrology. However, from a stream assessment and restoration perspective, there are
advantages to having both categories. The Pyramid keeps these functions separate for
two reasons: 1) When conducting assessments or implementing a stream restoration project,
it is important to distinguish between watershed scale functions of water transport
(Hydrology) and reach scale relationships that describe how water interacts with the channel
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(Hydraulics); and 2) The opportunity for functional lift is very different between the two.
Level 2: Hydraulics
Hydraulic functions transport water in the channel, on the floodplain and through sediments. Again, this is a broad statement — it defines how water behaves once it reaches a
channel and how it interacts with the bed, banks, floodplain, hyporheic zone, etc. (Dingman, 2008). It is important to note that this function works in channels of all sizes, from
valley bottom swales (ephemeral channels) to large rivers. It is also present in all forms of
geology and climate zones (Knighton, 1998). The energy associated with moving water
has the ability to do work, such as transporting sediment, which is a geomorphology
function (Leopold et al., 1992). The Hydraulic functions are closely related to Geomorphology functions and many interrelationships exist between these two categories. For
example, sinuosity (Level 3) affects channel slope, which in turn affects channel velocity
(Level 2). However, the dominant cause-and-effect relationships involve Hydraulics
supporting Geomorphology. At a basic level, water must be present in the channel before
sediment can be moved, regardless of sinuosity and other measures of channel form.
Hydraulic functions also affect many functions in Levels 4 and 5 because they determine
the amount of force and power that is exerted by the water on aquatic habitats.
Level 3: Geomorphology
The function of geomorphology, as defined here, is the transport of wood and sediment to create diverse bed forms and dynamic equilibrium. The relative importance or
even presence of certain Geomorphology functions varies greatly with changes in geology and climate. For example, wood transport and storage is extremely important to
channel stability in headwater mountain streams but not important in low-gradient,
grassland streams. In addition, some streams are naturally unstable and are not in a state
of dynamic equilibrium, e.g., glacial outwash plains and some alluvial fans. However, the
Hydrology and Hydraulic functions come together with the Geomorphology functions to
create a channel form that is appropriate for the underlying geology and climate of the
region. From a stream assessment and restoration perspective, we are most interested in
these functions as they relate to the creation of diverse bed forms and channel stability
(dynamic equilibrium) that has a dramatic effect on Level 4 and 5 functions, which are
often the ultimate desire of a restoration project.
Level 4: Physicochemical
Physicochemical functions include temperature and oxygen regulation, and processing
of organic matter and nutrients. These functions are generally more affected by the
underlying functions than vice versa, even though some of these functions occur as soon
as water is present in the channel, e.g., water temperature. However, the Physicochemical
category was placed above Geomorphology because a restoration practitioner would
typically address functions here (Level 3) in order to see improvements in Physicochemical functions. For example, fast riffles and deep pools (bed form diversity), along with
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shade and a wide buffer help regulate stream temperature. It is true that some projects may
only need to address water-quality stressors, e.g., a point-source discharge and animal
waste inputs, rather than restore the underlying functions. However, even in these cases,
an assessment should be made to ensure that the underlying, supporting functions are
present so that the stream will naturally recover once the stressor is removed.
Level 5: Biology
Biology is located at the top of the Pyramid because these functions are dependent on
all the underlying functions. These functions include the biodiversity and the life histories of aquatic and riparian organisms. Biology functions can affect lower-level functions,
e.g., beaver activities; however, as with the other levels, the dominant cause-and-effect
relationship is upward. A healthy aquatic ecosystem must have sufficient water contributed from the watershed, the right levels of hydraulic forces, proper bed form diversity
and channel stability, suitable temperature and oxygen regimes, and so on. The value of
the Pyramid at this level is that it helps regulators, scientists and engineers to identify the
underlying functions that must be present in order to achieve functional improvements in
biology. This is currently not happening. As Somerville (2010) points out, many assessment methods omit these underlying functions.

4.4

»

STREAM FUNCTIONS PYRAMID: FUNCTION-BASED PARAMETERS

Figure 4.2 shows a more detailed view of the Pyramid with examples of functionbased parameters that can be used to quantify or describe the functional statement provided
in the broad-level view. The term “function-based” is used to acknowledge that the
parameter may be a “structural” type of parameter or an actual function. Structural
parameters describe a stream condition at a
point in time, e.g., percent riffle and pool. A
The Stream Functions function parameter is expressed as a rate and
Pyramid uses the term directly relates to a stream process that helps
function-based parameter to create and maintain the character of the
stream corridor (Allan, 1995). The Stream
take the emphasis off of Functions Pyramid uses the term functionstructural measures versus based parameter to take the emphasis off of
actual functions. Rather, structural measures versus actual functions.
function-based parameters Rather, function-based parameters are used
individually or in combination to quantify
are used individually or in or describe a particular aspect of the funccombination to quantify or tional statement provided in the broad-level
describe a particular view. For example, within the Hydrology
category (Level 1), flood frequency is a
aspect of the functional function-based parameter that can be used
statement provided in the to quantify the occurrence of a given disbroad-level view. charge. It is not a function, but it does
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provide critical information about the transport of water from the watershed to the
channel, which is a function. Another example is bed form diversity, a function-based
parameter in Geomorphology (Level 3). Bed form diversity is not a function, it is a structural measure. However, complex bed form diversity, e.g., gravel riffles with low embeddedness and slow-moving deep pools are an
indication that sediment transport processes The function-based
are working appropriately. Sediment transparameters shown on the
port is a function; however, it is much more
Pyramid are fairly comprehendifficult to measure than bed form diversity
and may not be necessary for stream assesssive and can be used in a
ments that are focused on functionality. This
wide range of settings.
does not mean that sediment transport
should not be assessed for vertical stability or However, they should be
for a restoration design. In the end, stream
considered as examples.
assessments and designs may include a mix
of structural measures and functions based on the complexity of the project and financial
constraints. However, the combination of structural measures and functions can be
considered function-based if they help describe or quantify a particular functional category, as expressed by the functional statement in Figure 4.1 (The Stream Functions
Pyramid — Overview).
The function-based parameters shown on the Pyramid are fairly comprehensive and
can be used in a wide range of settings. However, they should be considered as examples.
Some parameters may be more important than others for a given region. In addition,
some regions or unique projects within a region may need to add parameters. The criteria
used to include function-based parameters within the Pyramid are provided below.
Criteria for Selecting Function-Based Parameters
For all Pyramid Levels
• Quantifies or describes (typically quantitative, but can be qualitative) a portion of the
functional statement. The functional statements are provided above in Function
Descriptions by Level.
• Has at least one measurement method that can be assigned. A function-based
parameter can typically be measured in multiple ways, hence, it is broader than
a measurement method.
• Can be a structural measure or a function.
• May or may not be applicable to all climate zones, geologic settings and eco-regions.
For Levels 1 through 3
• Must be a parameter that a practitioner can calculate or measure and use for restoration design and/or stream assessments.
• For restoration projects, typically include parameters that can be manipulated by the
practitioner to create functional lift.
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For Levels 4 through 5
• If adding a parameter to these Levels, consider if there are supporting lower-level
parameters.
Ultimately, the suite of parameters selected will be dependent on the project’s goals
and budget, since some parameters can be measured quickly and inexpensively and
others require long-term monitoring and expensive equipment. These issues can be
addressed by selecting the appropriate measurement method. Chapter 11 provides examples of how to select parameters and measurement methods for various applications.

Stream Functions Pyramid

FIGURE 4.2 STREAM FUNCTIONS
PYRAMID
— FUNCTIONS
& PARAMETERS
A Guide for Assessing
& Restoring
Stream Functions
» FUNCTIONS & PARAMETERS
(See Appendix A for full-size version.)

5
4
3
2
1

BIOLOGY » FUNCTION: Biodiversity and the life histories of aquatic
and riparian life » PARAMETERS: Microbial Communities, Macrophyte
Communities, Benthic Macroinvertebrate Communities, Fish Communities,
Landscape Connectivity

PHYSICOCHEMICAL » FUNCTION: Temperature and oxygen regulation; processing
of organic matter and nutrients » PARAMETERS: Water Quality, Nutrients, Organic Carbon

GEOMORPHOLOGY » FUNCTION: Transport of wood and sediment to create diverse bed forms and dynamic
equilibrium » PARAMETERS: Sediment Transport Competency, Sediment Transport Capacity, Large Woody Debris
Transport and Storage, Channel Evolution, Bank Migration/Lateral Stability, Riparian Vegetation, Bed Form Diversity,
Bed Material Characterization

HYDRAULIC » FUNCTION: Transport of water in the channel, on the floodplain, and through sediments » PARAMETERS: Floodplain
Connectivity, Flow Dynamics, Groundwater/Surface Water Exchange

HYDROLOGY » FUNCTION: Transport of water from the watershed to the channel » PARAMETERS: Channel-Forming Discharge, Precipitation/Runoff
Relationship, Flood Frequency, Flow Duration

Geology

4.5

»

Climate

STREAM FUNCTIONS PYRAMID: MEASUREMENT METHODS

Table 4.3 shows examples of measurement methods associated with each parameter.
Measurement methods are more specific than function-based parameters by including
specific calculations, simple spreadsheet models, sophisticated computer models, rapid
field-based assessments, and in some cases, assessment methods that influence more than
one function-based parameter. However, unlike the function-based parameter, there is
typically a well-defined approach for conducting the measurement method.
Most parameters have at least two measurement methods and some, like the Geomor-
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phology category, have several for each
Measurement methods are
parameter. Some measurement methods are
more specific than functionrapid-based approaches (requiring a small
based parameters by
amount of time and effort to make the
measurement) and others require intensive
including specific calculations,
monitoring and analysis. This provides the
simple spreadsheet models,
user with a wide selection of methods to
sophisticated computer
quantify, describe, and understand stream
models, rapid field-based
functions. General descriptions about the
individual measurement methods are proassessments, and in some
vided in Chapters 6-10. These chapters
cases, assessment methods
correspond to a functional category (Hydrolthat influence more than one
ogy, Hydraulics, etc) with the measurement
methods under the function-based parameter function-based parameter.
sections. This document does not provide a
lot of detail about how the measurement methods related to each other. As real-world
applications are developed, these relationships should become clearer. In the meantime,
users will find links and references to additional resources that can be used to develop a
more comprehensive understanding of how multiple measurement methods can be used
together to quantify a function-based parameter.
Ultimately, the suite of function-based parameters and measurement methods
selected will depend on the purpose of the assessment and the funding level. Again,
Chapter 11 provides examples of how to select parameters and measurement methods
for various applications.
Table 4.3 provides a list of all the measurement methods associated with the functionbased parameters that have been included in this document. These measurement methods should not be considered all-inclusive, but rather, represent examples that are frequently used in stream assessment and restoration. A more detailed table is provided in
Appendix Ac that includes additional information about each measurement method,
including: type, level of effort, level of complexity, and whether or not the measure is a
direct versus indirect measurement of a function-based parameter. The criteria used to
make these determinations are provided below and details for each parameter are provided in Chapters 6-10.
Type of Measurement Method
As discussed above, the measurement methods include a wide range of tools, techniques, metrics and even assessment approaches. Appendix Ac identifies each type of
measurement method, using the following criteria/definitions:
• Tool: Includes spreadsheet and computer models, typically with predictive ability.
Tools are more automated than a technique.
• Technique: Techniques are empirical equations, statistical approaches and field survey
techniques/methods. Techniques are not part of a larger computer model/tool, e.g.,
HEC-RAS, which is a tool.
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• Metric: A metric or parameter, which is more specific than a function-based parameter. It has a well-defined method for being measured. For example, flow dynamics is
a function-based parameter and velocity is a measurement method of the metric type.
This is a subtle, but important difference.
• Assessment Approach: Includes established assessment approaches, e.g., rapid bioassessment
protocol. It often assesses more than the function-based parameter shown in the Pyramid,
meaning that the Pyramid is only referring to a portion of the assessment methodology.
Level of Effort
Appendix Ac assigns a level of effort to each measurement method, including rapid,
moderate and intensive. The overriding criteria is to determine how much effort is
required to arrive at a final answer, so level of effort can include field and office/lab work.
In general, rapid measurement methods require less than half a day in the field to assess a
one-mile stream reach. Some rapid measurement methods use simple spreadsheets, maps
or other office-based measurement methods that do not require field work. Other measurement methods, like regional curves, are simple to use if the curve has been developed,
moderate if developing a watershed specific curve, and intensive for developing regional
curves for a hydro-physiographic region. A moderate level of effort generally requires one
day to one week of fieldwork for a one-mile stream assessment and another day or more
to process and analyze the data. Some methods may not require field data, but still
require time to collect existing data, e.g., from websites and databases. The results can be
compared to existing performance standards and do not require monitoring over time,
e.g., annual surveys to determine functionality. Intensive measurement methods require
long-term (multi-year) monitoring efforts in order to develop trends that are often compared to reference conditions. The actual monitoring effort may be rapid, i.e., it takes less
than half a day to assess one mile of stream; however, achieving results will take multiple
measurements over time to develop a trend and is therefore intensive. The level of effort
should not be confused with level of expertise, since some of the more qualitative and rapid
measurement methods rely on professional judgment and, therefore, a high level of expertise.
Level of Complexity
Appendix Ac assigns a level of complexity to each measurement method, including
simple, moderate and complex. Simple methods can be assessed after minimal training,
e.g., on-the-job training and workshops. Simple can also mean that the sample is relatively
easy to collect and analyze without the need of sophisticated equipment. Simple methods
do not require elaborate or lengthy steps or processes to acquire the data. Moderately
complex measurement methods require more effort and expertise than simple methods.
These measurement methods often require someone with formal training and some
experience. They may also require several steps to collect and analyze the data or to
make calculations and estimates. Complex measurement methods should be completed by
professionals with sufficient academic training and professional experience. These methods often require complex field and/or office procedures or complex modeling and analysis.

A Function-Based Framework » May 2012

52

Chapter 4: The Stream Functions Pyramid

Direct Versus Indirect
Appendix Ac also shows if the measurement method is a direct or indirect measure of
the function-based parameter. Direct measurement methods often do not require additional interpretation about the function-based parameter; they directly measure or assess
the parameter. Indirect measures may require additional interpretation or only provide a
partial, or incomplete, understanding of the function-based parameter. Assessment approaches typically include the additional interpretation needed for translating indirect measures
to function-based parameters. Direct measures provide a more straightforward answer
about a function-based parameter, whereas an indirect measure is more of an estimate.
TABLE 4.3 PARAMETERS AND MEASUREMENT METHODS
HYDROLOGY
PARAMETER

MEASUREMENT METHOD

Channel-Forming Discharge

1. Regional Curves

Precipitation/Runoff Relationship

1. Rational Method
2. HEC-HMS
3. USGS Regional Regression Equations

Flood Frequency

1. Bulletin 17b

Flow Duration

1.
2.
3.
4.

Flow Duration Curve
Crest Gage
Monitoring Devices
Rapid Indicators

HYDRAULICS
PARAMETER

MEASUREMENT METHOD

Floodplain Connectivity

1. Bank Height Ratio
2. Entrenchment Ratio
3. Stage Versus Discharge

Flow Dynamics

1. Stream Velocity
2. Shear Stress
3. Stream Power

Groundwater/Surface Water Exchange

1. Piezometers
2. Tracers
3. Seepage Meters

GEOMORPHOLOGY
PARAMETER
Sediment Transport Competency

MEASUREMENT METHOD
1. Shear Stress Curve
2. Required Depth and Slope
3. Spreadsheets and Computer Models
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TABLE 4.3 PARAMETERS AND MEASUREMENT METHODS (CONT.)
GEOMORPHOLOGY
PARAMETER

MEASUREMENT METHOD

Sediment Transport Capacity

1. Computer Models
2. FLOWSED and POWERSED
3. BAGS

Large Woody Debris Transport and
Storage

1. Wohl LWD Assessment
2. Large Woody Debris Index

Channel Evolution

1. Simon Channel Evolution Model
2. Rosgen Stream Type Succession Scenarios

Bank Migration/Lateral Stability

1.
2.
3.
4.
5.
6.

Meander Width Ratio
BEHI / NBS
Bank Pins
Bank Profiles
Cross-Sectional Surveys
Bank Stability and Toe Erosion Model

Riparian Vegetation

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Buffer Width
Buffer Density
Buffer Composition
Buffer Age
Buffer Growth
Canopy Density
Proper Functioning Condition (PFC)
NRCS Visual Assessment Protocol
Rapid Bioassessment Protocol
Watershed Assessment of River Stability
and Sediment Supply (WARSSS)
11. USFWS Stream Assessment Ranking
Protocol (SAR)

Bed Form Diversity

1.
2.
3.
4.

Bed Material Characterization

1. Size Class Pebble Count Analyzer
2. Riffle Stability Index (RSI)

Percent Riffle and Pool
Facet Slope
Pool-to-Pool Spacing
Depth Variability

A Function-Based Framework » May 2012

54

Chapter 4: The Stream Functions Pyramid

TABLE 4.3 PARAMETERS AND MEASUREMENT METHODS (CONT.)
PHYSICOCHEMICAL
PARAMETER

MEASUREMENT METHOD

Water Quality

1.
2.
3.
4.
5.

Temperature
Dissolved Oxygen
Conductivity
pH
Turbidity

Nutrients

1. Field test kits using reagents reactions
2. Laboratory analysis

Organic Carbon

1. Laboratory analysis

BIOLOGY
PARAMETER

MEASUREMENT METHOD

Microbial Communities

1. Taxonomic Methods
2. Non-Taxonomic Methods
3. Biological Indices

Macrophyte Communities

1. Taxonomic Methods
2. Non-Taxonomic Methods
3. Biological Indices

Benthic Macroinvertebrate
Communities

1. Taxonomic Methods
2. Non-Taxonomic Methods
3. Biological Indices

Fish Communities

1. Taxonomic Methods
2. Non-Taxonomic Methods
3. Biological Indices

Landscape Connectivity

1. Spatial Analysis
2. Species Tracking
3. Habitat Models

4.6 » FUNCTION-BASED PARAMETERS AND MEASUREMENT METHOD:
DESCRIPTIONS BY CATEGORY
A more detailed description of the function-based parameters and measurement
methods shown in Table 4.3 is provided below. These descriptions are stratified by
functional category and discuss how the function-based parameters and measurement
methods work together. In addition, information is provided about how the parameters
and measurement methods relate to stream restoration.
Level 1: Hydrology
The function-based parameters shown on the Pyramid are used by practitioners to
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determine how much water will reach the channel and how much water the channel
should carry to maintain dynamic equilibrium. The parameters used to assess these
functions include precipitation/runoff relationships, channel forming discharge, flood
frequency and flow duration. Each parameter and its associated measurement method are
discussed in detail in Chapter 6.
Hydrology parameters are typically independent parameters in a stream restoration
project, meaning, for example, that a designer does not have the ability to influence or
change the precipitation/runoff relationship or channel forming discharge. These parameters are simply quantified and then used as inputs for a more detailed hydraulic analysis.
While this is common, it is not always the case. There are scenarios where a project may
be able to “improve” the runoff relationship, such as by implementing stormwater best
management practices. This can be a critical component of stream restoration projects in
urban environments.
Level 2: Hydraulic
Results from Level 1 are used as input parameters in Level 2 to quantify two broadlevel parameters: floodplain connectivity and flow dynamics. Floodplain connectivity is
measured by the bank height ratio, entrenchment ratio and stage-versus-discharge relationships (rating curves). These measurement methods are used to determine if the
channel can accommodate the targeted volume of water consistent with design goals
and/or management objectives. The bank height ratio is a common method used to assess
floodplain connectivity by comparing the bankfull depth to the total depth of the channel. Ideally, channels should not carry more than the bankfull discharge. For streams in
alluvial valleys, flood flows should be spread across the floodplain. The entrenchment
ratio, which describes the width of the floodprone area in relation to the bankfull width,
is used to further describe floodplain connectivity (Rosgen 2009). In addition, estimates
of the stage-versus-discharge relationship can be measured or estimated to directly assess
floodplain connectivity. Flow dynamics is assessed through measures of velocity, shear
stress and stream power, which change with increasing stage and discharge. Groundwater/surface water exchange is also included because this is an important process that
supports physicochemical and biological processes that will be described later (Knighton,
1998). A detailed description of each Hydraulic parameter and its measurement method is
described in Chapter 7.
Like Hydrology, Hydraulic parameters and measurement methods include structural
measures and functions. Discharge and groundwater/surface water exchange are functions
and can be quantified as rates-per-unit time, and they have a significant effect on the
form of the channel and influence functions in Levels 3-5. Bank height and entrenchment
ratios are structural measures, expressed as dimensionless ratios. However, they do relate
to functions since the bank height ratio correlates to the stage that transports the bankfull
discharge, and the entrenchment ratio describes the flow area inundated with the discharge at twice the stage of bankfull. In other words, they help to describe flow dynamics.
Stream restoration projects have the greatest effect on Level 2 and Level 3 functions
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because projects occur at a reach scale and most of these functions can be modified as
part of the design process. For example, the majority of stream restoration projects located in alluvial valleys and perennial streams include the goal of reconnecting the stream to
a floodplain. Designers may accomplish this goal by raising the stream bed, lowering the
floodplain or creating a bankfull bench. This approach often follows Rosgen’s Priority
Levels of restoring incised channels, as described in Chapter 3 (Rosgen 1997). To accomplish this goal, the designer calculates the bankfull discharge (Level 1) and then designs a
cross section that will convey flows up to the bankfull discharge (Level 2). The degree of
functional lift is determined by assessing the difference in pre- and post-restoration
incision, which can easily be represented by the bank height ratio and entrenchment ratio.
Re-establishing floodplain connectivity is one of the most important things that a restoration project can do at a reach scale because it affects so many of the upper-level functions.
Level 3: Geomorphology
The parameters used to assess Geomorphology functions include sediment transport
competency, sediment transport capacity, large woody debris transport and storage,
channel evolution, lateral stability, riparian vegetation, bed form diversity and bed material characterization. There are many different measurement methods provided for these
parameters — more than any other category. Of these parameters, sediment transport,
lateral stability and components of the riparian vegetation are quantified as rates and are
considered functional measures. Channel evolution is not measured as a rate, but does
imply a change in form over time and relates to channel-forming processes. However, the
amount of time is not quantified. Bed form diversity is a structural measure, usually
assessed as the percent of riffle and pool length per unit of channel length, depth variability and/or substrate distributions. Nevertheless, bed form diversity is an important structural
measure that quantifies the effects of sediment transport and is much easier to assess.
The transport of wood is also an important function in this category, although its degree
of importance varies by stream type. For some stream types (Rosgen A and B), wood
transport and storage is important for maintaining channel stability. For other stream
types (Rosgen C and E) wood and organic matter transport and storage can be important
for stability, but is more important in its role for supporting Level 4 and 5 functions. A
detailed description of each parameter and measurement method is provided in Chapter 8.
Stream restoration designs often focus on Level 3 parameters. Like Level 2, a restoration project can affect these parameters at a reach scale, although the longer the reach the
better with regard to functional lift. Restoration activities associated with Level 3 often
include improving bed form diversity and reducing streambank erosion. Bed form diversity is often improved by designing the appropriate dimension, pattern and profile for the
given valley type. Meandering perennial streams in alluvial valleys, for instance, create
riffle-pool sequences. Large woody debris and in-stream rock and wood structures are
used to further improve depth variability and channel stability and complexity. In addition, most stream restoration projects include planting vegetation on the streambanks and
the riparian zone to provide bank stability and to support Level 4 and 5 functions.

A Function-Based Framework » May 2012

57

Chapter 4: The Stream Functions Pyramid

Level 4: Physicochemical
Physicochemical functions include physical and chemical processes that create baseline water chemistry, breakdown organic matter and transform nutrients. It could be
argued that once water reaches the channel (Hydrology and Hydraulic functions) chemical and biological processes begin to occur. However, from a stream restoration perspective, these functions are affected (and can be improved) by the presence of water and its
interaction with bed forms, structures like woody debris, and the riparian vegetation. For
example, dissolved oxygen can be increased by lowering the temperature through a
robust riparian buffer and by the presence of steep, rocky riffles. These parameters are
addressed in the lower levels.
Physicochemical water quality assessments include the following parameters: nutrients, organic carbon, dissolved oxygen, temperature, pH, specific conductivity and turbidity. Nutrients and organic carbon can be assessed rapidly in the field with test kits, but are
more often measured in a laboratory. Organic matter and nutrient processing are always
measured as rates and significantly contribute to the character of the stream system;
therefore, these parameters are direct measures of function. Dissolved oxygen, temperature, pH and conductivity are typically measured at a point in time rather than a rate over
time and are considered a structural measure. However, with continuous monitoring,
parameters such as temperature can be considered a function. For example, the rate of
change in water temperature as air temperature changes is a functional measure of
thermal regulation. A detailed description of each parameter and measurement method is
provided in Chapter 9.
It is difficult for stream restoration projects to directly affect Physicochemical parameters because they are affected by so many variables. They are supported by the lowerlevel functions, but they are also sensitive to weather and climate change, inputs from
the upstream watershed and adjacent land uses, and even Level 5 functions. The relationship to Level 5 is discussed in more detail below. A reach scale stream restoration project
often has very little control over these factors. Therefore, if a primary goal of a restoration project is to improve these functions, project site selection is as important (if not
more important) than the reach scale activities associated with Levels 1-3, but especially
Levels 2 and 3. The ideal situation for a restoration project that seeks to restore Level 4
functions is to have a healthy upstream watershed and reach scale impairments that can
be improved by restoration activities. In this case, once the reach scale restoration activities have been completed, the project can benefit from a healthy watershed and not be
limited by poor water quality. Common Level 2 and 3 restoration activities that support
Level 4 functions include floodplain connectivity, bed form diversity, lateral stability,
overhanging vegetation and a wide riparian buffer. This does not mean that Level 4
functions cannot be achieved in the future if the upstream health of the watershed
improves. Watershed management plans are important tools that can combine reach scale
restoration with preservation, stormwater BMP’s, and other forms of water quality
improvements to restore watersheds beyond individual stream reaches.
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Level 5: Biology
Biology functions describe the processes that support the life histories of aquatic and
riparian plants and animals. These life histories are dependent on all the lower-level
functions, which is why Biology is at the top of the Pyramid. For instance, healthy fish
populations cannot exist without the proper flow duration, velocity distributions, bed
forms, temperature, water chemistry, etc. that are created through the interactions of all
five levels. Parameters that describe Biology functions include microbial communities,
macrophytes, macroinvertebrate communities, fish communities and landscape pathways. A detailed description of each parameter and various measurement methods is
provided in Chapter 10.
Like Level 4, most reach scale restoration activities that support Level 5 occur at Levels
2 and 3. If a project goal is to have a healthy native fish population, the stream reach must
have the proper flow duration, flow dynamics, bed form diversity, lateral stability, vegetative
cover, temperature regulation, dissolved oxygen, pH and conductivity. As discussed in Level
4, site selection is just as critical as the reach scale restoration efforts because the quality of
water and sediments entering the project reach are critical to the health of the aquatic life.

4.7

»

STREAM FUNCTIONS PYRAMID: PERFORMANCE STANDARDS

The final layer to the Framework includes performance standards associated with the
measurement methods. The performance standards are divided into functional capacity
types, including: Functioning, Functioning-at-Risk, and Not Functioning, which are
similar to the categories used in the Proper Functioning Condition method (Prichard et
al., 1998). These categories are defined below:
• Functioning: A Functioning score means that the measurement method is quantifying
or describing one or more aspects of a function-based parameter in a way that does
support a healthy aquatic ecosystem. A single functioning measurement method may
not mean that the function-based parameter or overall category (e.g., Geomorphology)
is functioning.
• Functioning-at-Risk: A Functioning-at-Risk score means that the measurement method is quantifying or describing one or more aspects of a function-based parameter in a
way that can support a healthy aquatic ecosystem. In many cases, this indicates the
function-based parameter is adjusting in response to changes in the reach or the
watershed. The trend may be towards lower or higher function. A Functioning-at-Risk
score implies that the aspect of the function-based parameter, described by the measurement method, is between Functioning and Not Functioning.
• Not Functioning: A Not Functioning score means that the measurement method is
quantifying or describing one or more aspects of a function-based parameter in a way
that does not support a healthy aquatic ecosystem. A single functioning measurement method may not mean that the function-based parameter or overall category
(e.g., Geomorphology) is not functioning.
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Most published performance standards are not described in terms of Functioning,
Functioning-at-Risk or Not Functioning, so professional judgment was required to distribute the values. Performance standards that are available for each measurement method
are provided in Chapters 6-10, and a summary of all the performance standards is provided in Appendix Ad. Many of the perforMany of the performance mance standard values, especially the
dimensionless ratios, should be considered
standard values, especially as examples that can be modified based on
the dimensionless ratios, regional variations in reference condition.
Some measurement methods do not
should be considered as
examples that can be modified include performance standards because they
either do not exist or the measurement
based on regional variations method is more associated with design than
in reference condition. the actual performance of a function-based
parameter. An example is the bankfull
discharge, a Level 1 measurement method for the channel-forming discharge parameter.
The bankfull discharge is used in natural channel designs and geomorphic assessments
and it drives many of the functions in Level 2 and 3, thereby supporting functions in
Levels 4 and 5. It is a critically important measurement method; however, it is a result of the
watershed characteristics and is unique to every stream. Therefore, it would be difficult
to create a reliable performance standard for the bankfull discharge. There are other
measurement methods, such as the bank height ratio used to measure floodplain connectivity, that are closely related to the bankfull discharge, can be much easier to measure,
and have performance standards that can be used, irrespective of geology or climate.
The criteria used to select performance standards, in priority order, include:
• Provided in peer-reviewed journals;
• Provided in government documents;
• Provided in books or proceeding papers; and
• Professional judgment of the authors.

4.8

»

STREAM FUNCTIONS PYRAMID AND RESTORATION ACTIVITIES

The above discussion provided an overview of the Stream Functions Pyramid Framework, describing the functions by category and listing the function-based parameters and
measurement methods that can be used to describe the functions. A description of performance standards was also provided. In the following section, an example is provided to
illustrate how restoration activities can improve stream functions using the Pyramid as a
guide. This will help explain how a stream restoration project can improve stream functions
at a reach scale or as part of a larger watershed improvement effort. However, not all types
of stream restoration or water quality improvement projects fit neatly into the Pyramid.
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Restoration of Channelized and Incised Channels
The restoration of channelized, incised streams is used as an example because it is a
common approach in areas with well-established stream restoration and mitigation
programs. Therefore, many stream mitigation programs appropriately discuss the importance of channel evolution and floodplain connectivity in their SOP (USACE Wilmington
District et al., 2003; USACE Savannah District, 2004; USACE Norfolk District and
VDEQ, 2007; and USACE Charleston District, 2010). Early stream mitigation programs
were prevalent in the eastern United States, a region where channelized and incised
streams are abundant. As mitigation programs continue to develop in the western regions, other types of impairments will increasingly be addressed by stream mitigation
programs. However, incised channels are prevalent throughout the United States and will
continue to be addressed by restoration and mitigation programs.
Background
Channelization is an engineering practice with a long history in the United States,
starting in the 19th century. From 1820 to 1970, more than 200,000 miles of streams and
rivers were channelized to reduce flooding, provide drainage for agriculture, and improve
navigation (Wohl, 2004). Locally, channelization increases drainage and reduces flooding
by increasing stream gradient (typically by straightening the channel), thereby increasing
stream power, which typically leads to further incision (Darby and Thornes, 1992; Hupp,
1992). The increased width, depth and cross-sectional area following channelization and
incision reduce floodplain inundation, decreasing water and sediment storage on the
floodplain (Kroes and Hupp, 2010; Pizzuto, 1987). Shields et al. (2010) compared physical,
chemical and biological functions between an incised channel and non-incised channel
with a similar mix of agriculture and forested land uses in northern Mississippi. The
results of this study showed that the incised channel had turbidity and suspended solids
levels that were two to three times higher than the non-incised channel. Total phosphorus, total Kjeldahl nitrogen, and chlorophyll a concentrations were significantly higher in
the incised channel; however, nitrate was significantly higher in the non-incised channel.
There were twice as many fish species with four times the amount of biomass in the
non-incised stream. Correlation analysis showed that hydrologic perturbations were
associated with the water quality degradation, leading the authors to recommend that
ecological engineering should provide as much attention on mediating hydrologic perturbations and habitat quality as on pollutant loading. The research cited above did not use
the Stream Functions Pyramid or the Fischenich (2006) framework; however, it did show
that negative changes to lower-level (physical) functions, like Hydrology, Hydraulics and
Geomorphology (Levels 1-3) had negative impacts on Physicochemical and Biology
functions (Levels 4-5). The research also showed that restoration efforts should address
these lower-level functions in order to show changes in the higher-level functions. Examples of how to use the Pyramid to link restoration activities to functional improvement is provided below.
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Linking Restoration Approach to Stream Functions Pyramid
Typically, restoration credits are based on restoration and enhancement definitions
that include changes to dimension, pattern and profile (e.g., USACE Wilmington District
et al., 2003). The Stream Functions Pyramid is a tool that can help change the definitions
of restoration and enhancement to focus on functional lift rather than changes to dimension, pattern and profile. Consider the example in Table 4.4 showing restoration activities
that are used to restore incised, channelized streams. The restoration activities are shown
in the first column. The second column links a function-based parameter from the Pyramid that is directly improved as part of the design and implementation phase of the restoration activity. The third column shows indirect improvements of other function-based
parameters within the same function catThe Stream Functions Pyramid egory (level) or higher. This implies that the
is a tool that can help change restoration activity and direct manipulation
of function-based parameters in Pyramid
the definitions of restoration Levels 2 and 3 will support the improvement
and enhancement to focus on of certain function-based parameters in
functional lift rather than Levels 2 through 5. The word support is
stressed, because these restoration activities
changes to dimension, are implemented at a reach scale and cannot
pattern and profile. change the condition of the upstream watershed. It is possible that poor upstream
conditions can prevent functional lift at the project reach, especially with Level 4 and 5
functions. Performance standards and subsequent monitoring are used to determine if the
direct and indirect functional improvements are actually achieved.
TABLE 4.4 LINK BETWEEN RESTORATION ACTIVITY AND FUNCTIONAL IMPROVEMENT
RESTORATION
ACTIVITY

FUNCTION-BASED
PARAMETER that is directly
changed during the design and
implementation phases

OTHER FUNCTION-BASED
PARAMETERS that are indirectly
supported

Re-connect the
stream to the
floodplain by raising
the channel or
excavating the
floodplain

Level 2 – Floodplain
connectivity

Level 2 – Groundwater/surface
water exchange, flow dynamics
Level 3 – Sediment transport
competency and capacity, bank
migration/lateral stability
Level 4 – Nutrients
Level 5 – Microbial Communities,
Macrophyte Communities,
benthic macroinvertebrates, fish
communities
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TABLE 4.4 LINK BETWEEN RESTORATION ACTIVITY AND FUNCTIONAL IMPROVEMENT
(CONT.)
RESTORATION
ACTIVITY

FUNCTION-BASED
PARAMETER that is directly
changed during the design and
implementation phases

OTHER FUNCTION-BASED
PARAMETERS that are indirectly
supported

Re-meander the
stream on the
floodplain

Level 3 – Bed form diversity

Level 2 – flow dynamics,
groundwater/surface water
interaction
Level 3 – Sediment transport
competency and capacity, bank
migration/lateral stability
Level 4 – Water quality, Nutrients,
Organic Carbon
Level 5 – Microbial Communities,
Macrophyte Communities,
Benthic macroinvertebrates, fish
communities

Add bed form
structure and
complexity, e.g.
in-stream structures

Level 3 – Bed form diversity

Level 3 – Large woody debris
transport and storage, bed
material characterization
Level 4 – Water quality, Nutrients,
Organic Carbon
Level 5 – Microbial Communities,
Macrophyte Communities,
Benthic macroinvertebrates, fish
communities

Plant streambank
and riparian
vegetation

Level 3 – Riparian Vegetation

Level 3 – Bank migration/lateral
stability
Level 4 – Water quality, Nutrients,
Organic Carbon
Level 5 – Microbial Communities,
Macrophyte Communities,
Benthic macroinvertebrates, fish
communities

Example Projects that May Not Need the Pyramid
The Stream Functions Pyramid Framework is more applicable to some types of projects and less to others. Stream restoration projects that involve physical manipulation to
intermittent and perennial stream channels can benefit from the Stream Functions Pyramid.
Stormwater Best Management Practices, regenerative design (Flores et al., 2011), Low
Impact Development, and other practices that occur in ephemeral channels and uplands
may benefit less from using the Pyramid. In addition, water quality solutions, like treat-
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ing point source discharges and lime dosing, may not need the Pyramid to set project goals
or develop assessment methods. However, even in these cases, it is always appropriate to
ask, “What are the supporting functions that are required to meet the desired result?”
This is important because other problems may exist in addition to the obvious impairment.
For example, low pH is a commonly known problem in many West Virginia streams.
The state agencies have created a dosing program to add lime to the stream and increase
pH. Results have been positive; however, in a presentation at the 2011 Mid-Atlantic
Stream Restoration Conference, Anderson (2011) showed variable improvements in trout
populations. The reasons are not known; however, very little additional information
(other than water chemistry) was collected. The goal of this effort was to restore the
trout fishery. Therefore, an understanding of key functions in all five levels is needed in
order to find a solution. Reducing pH may be the most important part of the solution, but
other function-based parameters may also need to be addressed, e.g., improved bed form
diversity, to recover trout populations.
Implementation of upland stormwater BMPs probably does not need the Pyramid. The
goals of these projects are typically to reduce flow energy, reduce nutrients and remove
other inorganic and organic compounds. These projects would rely more on conventional
approaches to stormwater treatment.

4.9

»

APPLICATION OF THE STREAM FUNCTIONS PYRAMID FRAMEWORK

The Stream Functions Pyramid is a conceptual model, a broad-level view showing the
supporting relationships between functions. It also provides examples of function-based
parameters, measurement methods and performance standards. Together they create the
Stream Functions Pyramid Framework. It is not an all-inclusive framework and other
parameters, measurement methods and performance standards can be added. The Pyramid framework is more of a thought process than a set of guidelines, and it is definitely
not a cookbook. As such, it can be challenging to figure out how to start applying the
Pyramid or how to “enter” the Pyramid. This section provides general explanations and
examples about how to think about and apply the Pyramid as it relates to goal setting,
function-based assessments and developing Standard Operating Procedures (SOPs). Refer
to Chapter 11 for more detailed information about how the Pyramid can be applied.
Setting Project Goals and Objectives
Fischenich (2006) reports that a common goal of stream restoration is to restore stream
habitat. However, he points out that habitat has the least effect on the other functions
and is affected by the most functions. The Stream Functions Pyramid can be used by
practitioners to establish goals that are more specific than restoring habitat. It can also be
used to identify and think through the underlying, supporting functions that would need
to be addressed to achieve a desired result.
Restoring habitat as a goal is too broad. One could ask, “Habitat for whom?” Most of
the planet provides habitat for something, so a goal like this does not communicate why
the project is needed or what it hopes to accomplish. A better goal would be to restore
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habitat for a specific species of concern, e.g., native, southern brook trout. Of course, this
goal should come after some form of functional assessment has been completed to determine that brook trout habitat is in need of restoration and that the watershed can support
brook trout if the reach is restored. The Pyramid framework can assist with this process
by helping the restoration team think through the underlying functions that are needed
to support brook trout. First, it must be acknowledged that restoring brook trout is a Level
5 function; it relates to the life history of an aquatic organism (brook trout). So the team
would “enter” the Pyramid at Level 5. If they enter at Level 5, there must be supporting
functions in Levels 1-4. Now the team must identify those functions and function-based
parameters. Again, this is not a cookbook, and the Pyramid does not automatically
prescribe the supporting functions. This is a thought process that requires qualified
professionals to be able to identify the appropriate parameters. For example, the first
question might be, “What are the Level 4 function-based parameters that are needed to
support native brook trout?” The answer would include appropriate temperate and
oxygen regulation, as trout need cool, highly oxygenated water. Water quality must also
be sufficient to support native brook trout populations, which could be affected by
lower-level functions at a reach scale, as well as the health of the upstream watershed. Using the temperature and oxygen regulation as an example to further explore how
the Pyramid can be used, the team might ask, “How do we achieve the proper temperature and oxygen regulation? What are the supporting function-based parameters?” The
answer is found in Level 3.
Geomorphology function-based parameters like bank migration/lateral stability, bed
form diversity and riparian vegetation affect temperature and oxygen regulation. This is a
critical understanding because these parameters can be manipulated as part of the design
to change oxygen and temperature regulation. For example, the channel form can be
changed to create riffles and deep pools, banks can be stabilized and the riparian corridor
can be planted. The level 4 parameter of oxygen and temperature regulation cannot be
directly manipulated; rather, changes at level 3 are made to affect changes at level 4.
The thought process continues. The team can now ask, “What Hydraulic (Level 2)
function-based parameters are needed to support bank migration/lateral stability, bed
form diversity and riparian vegetation?” In this case, all of the Level 2 function-based
parameters (floodplain connectivity, flow dynamics and groundwater/surface water
exchange) are important to support the identified Level 3 functions, as well as Level 4
functions. Floodplain connectivity minimizes the amount of energy and force within the
channel banks by dissipating flood energy on a floodplain or floodprone area. However,
the appropriate amount of energy is maintained in the channel to support the creation of
appropriate bed forms, e.g., riffles and pools. Floodplain connectivity also affects flow
dynamics and groundwater/surface water interaction, which helps create healthy hyporheic zones that can regulate water temperature and support macroinvertebrate populations, among other benefits. Floodplain connectivity is also a function-based parameter
that can be directly modified by a restoration team and is often considered the most
important restoration activity because it supports Levels 2-5 functions.
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Finally, the team can ask, “What Level 1 function-based parameters are needed to
support the higher-level function-based parameters listed above?” These function-based
parameters support functions from Level 1 through Level 5. Level 1 function-based
parameters, including channel-forming discharge, precipitation/runoff and flow duration,
are important to restoring native brook trout. The channel-forming discharge is used to
determine how large the channel should be and is directly used to determine floodplain
connectivity. Runoff is a watershed calculation and may or may not be modified based on
the size of the watershed, property control and condition. Flow duration is typically
determined by watershed conditions, but can be moderately improved by some restoration activities. It is important to evaluate these Level 1 parameters to make sure that the
Hydrology can support the project goals. And of course, if the underlying geology or
climate regime does not support brook trout, the project should not be attempted.
This is a simple example of how the Pyramid can be used as a process for developing
and thinking through reach scale project goals. Other function-based parameters could be
identified, but questions about the supporting functions would be the same. And there
are certainly many other goals that could be considered. For example, improving water
quality is another common goal. Like habitat, this goal could be improved by being more
specific. What water quality issues are being addressed (temperature and oxygen, nutrients, conductivity, pH, etc.)? The answer to this question will help the restoration team
identify the supporting functions required to make this improvement and to determine if
restoration activities that change function-based parameters are needed; or the team can
determine if things outside of the Pyramid should be addressed, e.g., a treatment plant or
lime dosing.
The last example discussed here relates to stream mitigation. Many stream mitigation
SOPs (USACE Wilmington District et al., 2003; USACE Savannah District, 2004; USACE
Norfolk District, 2007; USACE Charleston District, 2010) link restoration credits to
changes in dimension, pattern and profile, based on the Rosgen (1996) definition of a
stable channel. While this is an appropriate definition of channel stability, it does not
explicitly relate to a stream function. This has resulted in numerous projects where the
stated goal is to improve dimension, pattern and profile with no thought given to why
these changes are being made, i.e., what functional improvements are desired. At worst,
this has resulted in projects that have completely reconstructed channels that did not
need reconstruction. At best, it resulted in projects where the improvements were misunderstood, e.g., the achievable goal was to reduce sediment supply from eroding streambanks, but assumptions were made that it should improve macroinvertebrates. If stream
mitigation programs changed the definition to the restoration of function-based parameters identified on the Pyramid, then it could better clarify why the project was being
completed. In addition, the mitigation program could then require the restoration team to
identify the supporting function-based parameters and what restoration activities will be
used to achieve the goal.
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Developing Function-Based Stream Assessment Methods
The Stream Functions Pyramid Framework can be used as an aid to develop functionbased assessments and to select or evaluate existing assessments. It can also be used as a
way to organize watershed assessment plans. The term function-based is used instead of
functional because the Pyramid includes a combination of functions and structural
measures. However, this combination is considered function-based because the parameters and measurement methods are used to quantify or qualitatively describe the overall
functional statement for a given Level. A detailed description of how the Pyramid Framework can be applied to function-based assessments, including developing, reviewing and
organizing watershed management plans, is provided in Chapter 11. A general overview
and example is provided below.
Stream assessments can be completed for a wide range of reasons, including but not
limited to: fisheries management; threatened or endangered species recovery plans;
drinking water source assessment; watershed/land use planning; compliance monitoring
for State or Federal permits; documenting water quality trends (Somerville and Pruitt,
2004); before and after comparisons of stream restoration projects; and to determine the
restoration potential for a degraded stream reach. Restoration potential is the highest level
of restoration that can be achieved given the results of the function-based assessment,
health of the upstream watershed and the
project constraints.
The Pyramid Framework may
Somerville (2010) found that the eight
help remedy this problem or
most commonly assessed parameters for
at least improve predicative
regulatory and non-regulatory programs
were: discharge, channel habitat units (bed
power by including those
forms), sinuosity, substrate particle size, bank
parameters that are known to
stability and dominant bank material, riparsupport biological conditions.
ian canopy cover, water temperature, and
benthic macroinvertebrates. These paramAs Somerville (2010) illustrateters were often included in categories like
ed, many of the current assessphysical, chemical and biological to meet the
ment methodologies do not
Clean Water Act categorization of functions
or some form of modification, like habitat. In include hydrologic parameters.
his study, hydrologic parameters were the
least represented; even though studies like Fischenich (2006) and Shields et al. (2010)
show that hydrologic parameters are critically important to supporting other functions.
Hughes et al. (2010) completed an evaluation of four qualitative indexes of physical
habitat to see if they yielded similar results when applied to streams with varying disturbance and ecoregion. They also compared the results with independent assessments of
vertebrate and invertebrate assemblage condition. The results showed that there were
varying meanings of the term “habitat”; however, the different methods did yield similar
results. The results were not as favorable when the physical habitat index scores were
compared to biological index scores. This led the authors to conclude that there is more to
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learn about the factors that control biotic-assemblage structure across broad regional scales.
The Pyramid Framework may help remedy this problem or at least improve predicative
power by including those parameters that are known to support biological conditions. As
Somerville (2010) illustrated, many of the current assessment methodologies do not
include hydrologic parameters. The Pyramid Framework takes this a step further by
providing a structure for assessment developers to select biological parameters and then
supporting parameters that are appropriate for their region. If the Pyramid Level 1-5
categories are used to organize the parameters, it will be easier to identify other supporting parameters that should be included.
In addition, since the Pyramid is a hierarchy, a framework is provided that can be used
as a logical structure for creating functional assessment scores or indexes. For example,
parameters lower in the Pyramid may be weighted differently than those higher in the
Pyramid. For these applications, the assessments would likely have a method for summing values within a category to create an overall value, e.g., a Geomorphology score.
Since measurement methods quantify a portion of a function-based parameter, and the
function-based parameter describes the functional statement within a category, it is
recommended that overall scores take place at the category level. There may be cases
where the score could be made at the function-based parameter level; however, they
should not be made at the measurement method level because a single measurement
method rarely, if ever, fully describes the function-based parameter. Scoring based solely
on an individual measurement method can lead to unintended consequences where the
function-based parameter is not properly assessed, scored, or evaluated. For example,
pool-to-pool spacing and pool depth variability are two measurement methods that
quantify bed form diversity. Used together, they are appropriate indicators of the number
of pools that are present in a study reach and the quality (depth) of those pools. However,
if only one measurement method is used, the result is an inaccurate portrayal of bed form
diversity. If pool depth alone is used, the result could be one deep pool out of a long
stream length, e.g., one pool over a length of 2,000 feet. The score would show that bed
form diversity is functioning when clearly it is not. Just using pool-to-pool spacing could
yield a similar result. A reach could have the appropriate number of pools, but they may
all be too shallow, perhaps from excessive sedimentation or an overly wide channel.
Great care should be given to selecting measurement methods that fully describe the
function-based parameter. And to avoid over emphasizing the measurement method,
scoring should role up to the function-based parameter or category level.
Weighting will also apply to stream mitigation programs that ultimately need to link a
score to debits and credits that relate to functional loss and lift, respectively. A step-wise
approach for developing function-based assessments is provided in Chapter 11. However,
weighting examples are not provided in this document. These examples will come from
actual applications of the Framework and will be made available on the Stream Mechanics website (www.stream-mechanics.com).
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Creating SOPs for Stream Mitigation Programs
The Pyramid can be used by Interagency Review Teams (IRTs) to develop debit and
credit determination methods and performance standards for stream mitigation projects.
This was discussed in the text above regarding stream restoration; and Chapter 11 provides
templates that show how the Pyramid Framework can be used to develop debits and credits.
Appendix B also provides some case studies for a variety of debit and credit scenarios.
Developing SOPs Beyond Stream Mitigation
The Stream Functions Pyramid can serve as an aid in creating SOPs for federal, state
and local programs not associated with stream mitigation. These may include grant
programs, impaired waters programs working on the development of Total Maximum
Daily Loads (TMDLs), non-point source and stormwater management programs and others.
Any program that deals with improving or preserving natural waterways can benefit
from working through the thought process, questions and criteria that are outlined above.

4.10

»

SUMMARY

The Stream Functions Pyramid is a simple, conceptual framework. It illustrates that
stream functions should be addressed in a certain order while maintaining the concept
that stream functions are interrelated. Many of the parameters support functions in their
own level, upper levels and sometimes a lower level. It must be restated that the Pyramid
was not developed to capture all the interrelationships between the parameters that are
used to describe the functions. Fischenich (2006) is a better reference for showing specific
interrelationships between functions.
The Pyramid can serve as a communication tool among the various disciplines that
work in the fields of stream assessment, restoration and mitigation. There are very few
individuals who are well versed in all five levels, so having a framework like the Pyramid
makes it easier to communicate across disciplines and helps to ensure that future assessments do not make the same mistake illustrated by Fischenich (2006) and Somerville
(2010), i.e., that most function-based assessments include habitat measures and rarely
include hydrologic functions (split on the Pyramid into Hydrology and Hydraulic). This is
critical because, as Fischenich (2006) and the Pyramid illustrate, these hydrologic functions must be working (at least to some level) in order to support Physicochemical and
Biological functions. Existing assessments may be skewed towards Biological parameters
because they are often prepared by biologists or ecologists who do not have a strong
background in the hydrological sciences or geomorphology. Comparatively, there have
been numerous “channel improvement” projects performed by hydraulic engineers that
just deal with the Hydrology and Hydraulic functions and do not address Geomorphology, Physicochemical or Biology functions described by the Pyramid. This trend is changing and the Pyramid can be used as a guide to develop more comprehensive designs (and
assessments) that address a wider range of stream corridor functions.
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5.1

»

USE OF REFERENCE REACH DATA IN THIS DOCUMENT

The concepts of reference stream and reference condition are used throughout this
document. They are used in various performance standards in Chapters 6-10, and tied to
project goals and debit/credit determination methods in Chapter 11. The use of reference
stream condition is most prevalent in the development of performance standards for the
Physicochemical and Biology functions described in Chapters 9 and 10, respectively. The
use of reference condition is also used to develop performance standards for several
Geomorphology measurement methods, e.g., riparian vegetation and bed form diversity.
The reason for this is due to the lack of data
The use of reference stream and knowledge about what constitutes
healthy water chemistry, biology and geocondition is most prevalent in morphology for every stream in the US.
the development of perfor- These parameters are simply too variable
mance standards for the and dependent on all the supporting funcPhysicochemical and Biology tions and weather/climate patterns to
establish universal performance standards.
functions described in Chap- For example, a bottomland hardwood forest
ters 9 and 10, respectively. is common to reference streams in the East,
but certainly not the arid portions of the
West. Some states and regions, however, have better reference condition databases than
other places, and, in these cases, it may be possible to modify the performance standards
to provide specific ranges. Hopefully over time, reference stream databases will be provided for a wide range of regions and the performance standards can be revised to include
less subjective and more quantitative guidance.

5.2

»

BACKGROUND

There are many different views of what a reference stream is and how it should be
used. The term “reference stream” or “reference reach” is used throughout the remainder
of this document to develop measurement methods and performance standards for
certain parameters. Therefore, it is important to have a clear understanding of what is
meant by a reference stream, how it is used in the context of stream assessment and
stream restoration design, how to select stream reference reaches, and how to collect and
analyze the data. An ecosystem reference represents “some target, benchmark, standard,
model or template from which or to which ecosystem biological integrity, structure,
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function, condition or relative health are compared” (Miller et al., 2011). While a reference
condition can be established for a single stream reach, whenever possible, the reference
condition should come from several stream reaches that can more accurately reflect the
range of natural variability.
Regulatory and non-regulatory stream assessment programs often use the term “reference condition” to describe the quality of a reference stream. The 2008 Mitigation Rule
defines condition as “the relative ability of an aquatic resource to support and maintain a
community of organisms having a species composition, diversity and functional organization comparable to reference aquatic resources in the region.” The Rule goes on to
define Functions as “the physical, chemical and biological processes that occur in ecosystems” and Functional Capacity as “the degree to which an area of aquatic resource performs a specific function.” All of these regulatory definitions point to the need to demonstrate that a stream restoration project functions like some reference condition, at least
within the constraints established through the project’s goals and objectives. Stoddard et
al. (2006) provides a discussion of the various ways that reference condition can be
interpreted, along with definitions of reference condition types, including historical
condition, least-disturbed condition, minimally disturbed condition and best-attainable
condition. Miller et al. (2011) and Pruitt et al. (2012) prepared USACE technical notes that
build on the Stoddard et al. (1996) concepts of reference condition. Reference condition is
defined as “a contextual background against which the degree of degradation, range of
condition, and benefits of restoration can be measured.” The goal of these publications is
to develop a common understanding of the reference condition concept to better interpret
environmental regulations and to improve selection of reference ecosystems to meet
restoration project objectives.
In stream ecosystems, the reference condition can be determined using information
collected from reference streams that are used for comparison with both impaired and
restored reaches, as well as development of a natural channel design for stream restoration. Rosgen (1998) developed the concept of a reference reach approach as a blueprint for
developing a natural channel design. His definition of a reference reach is “a stream that
can transport the flows and sediment produced by its watershed so that the dimension,
pattern and profile are maintained without aggrading or degrading.” In the Rosgen definition, the channel does not necessarily require a pristine condition without human disturbance; the stream simply needs to be in balance with watershed flow and sediment
processes. Therefore, this concept of a reference stream focuses more on Hydrology,
Hydraulic and Geomorphology functions (Levels 1-3) than Physicochemical and Biology
functions (Levels 4 and 5). Historically, stream restoration practitioners have focused
more on using reference reaches as defined by Rosgen to better understand Level 1-3 functions because they can directly manipulate, and thereby improve, these functions. However, with some adaptations to selecting and analyzing reference reach data, these reference streams can also be used to evaluate the condition and functional lift of Level 4 and
5 functions. Since the approaches are different for Levels 1-3 and Levels 4-5, the site
selection and assessment method sections below are stratified accordingly.
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Uses of Reference Streams in Restoration
Before moving into site selection and assessment methods, more information is needed
on how reference stream data are used. These uses were introduced above and include
the following:
1. As a blueprint for a natural channel design.
2. Structure and function comparison between an impaired stream and a reference
condition, which can be determined using one or more reference streams. This assessment is often completed for:
a. Establishing the baseline condition at a proposed restoration site;
b. Determining functional loss at a site proposed for an impact; and
c. Evaluating the success (functional lift) of a stream restoration project, i.e., establishment of performance standards.
Blueprint for Natural Channel Design
This document does not focus on stream restoration design, so a detailed overview of
how reference reaches are used to develop natural channel designs is not provided. It is
important to note, however, that reference reaches are commonly used by practitioners,
especially those that use the Rosgen method for natural channel design (Rosgen 1998). A
detailed description of how these reference reaches are used in natural channel design
processes is included in the Natural Resources Conservation Service, National Engineering Handbook, Chapter 11. This handbook is available at directives.sc.egov.usda.gov/
viewerFS.aspx?id=3491.
Comparison Between Impaired/Restored Streams and Reference Streams
Reference streams represent stable and highly functioning channels. Therefore, data
collected from reference streams to determine the reference condition will provide a
standard against which lower-functioning streams can be compared. Comparing a project
reach to a reference stream(s) prior to restoration helps establish the level of impairment.
This information can also help understand the potential to restore stream functions and
to establish realistic project goals. This type of comparison can also be used to evaluate
proposed impact sites. The project stream can be compared to a reference condition to
determine the level of impairment that may occur from the impact, i.e., highly functioning streams would have more functional loss than streams that are already impaired.
Reference streams can also be used to evaluate the success of stream restoration
projects. This comparison can be somewhat complicated because a stream restoration
project must evolve for many years before it will function like a reference stream. The
rate of this evolution varies by the functional category (categories shown on the Pyramid). Generally, improvements to Hydraulic functions (Level 2) quickly meet performance standards that resemble reference reach conditions. Re-establishing floodplain
connectivity is a great example. The stream is either vertically connected to the floodplain or it is not, and connectivity can easily be measured by the bank height ratio at any
riffle along the entire project reach. Functional improvements in Geomorphology (Level
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3) take more time to achieve reference reach conditions, primarily because many of the
processes are affected by the establishment of the riparian buffer. For this reason, most
practitioners design a channel form that will evolve over time as the permanent vegetation
matures. Physicochemical and Biology functions (Level 4 and 5) may take even longer to
represent reference condition, and, depending on the health of the upstream watershed,
they may never evolve to the reference condition. This is why site selection is so important
in choosing a restoration project when the goal is to restore Level 4 and/or 5 functions.

5.3

»

SITE SELECTION

Choosing a reference reach will depend on the purpose of the project established by
the goals and objectives. For example, selecting a reference reach for stream restoration
design purposes will require Hydrology, Hydraulic and Geomorphology functions more
so than Physicochemical and Biology functions. The reference reach length may be
shorter and have more water quality impairments than a reference reach selected to
address Physicochemical or Biology functions. Therefore, the site selection criteria described below is divided into two sections, one for Levels 1-3 and the other for Levels 4-5.
Geomorphology Reference Reaches (Levels 1-3)
Identifying an appropriate site for a Geomorphology reference reach requires diligence
and time spent in the field assessing potential sites. Reference reaches will be hardest to
locate in areas that have been intensively modified for agriculture, forestry, mining and
development. In these areas, most stream channels have been modified.
Hey (2006) shows that, unlike regional curves, reference reaches do not need to come
from the same hydro-physiographic region as the project site. Therefore, it is important to
look in different regions if a reference cannot be found near the project. In general, Geomorphology reference reaches should meet the criteria outlined below:
1. Stable dimension, pattern and profile.
2. Bank height ratio less than 1.2, preferably 1.0 (See Chapter 8, Floodplain Connectivity
section for a description of the bank height ratio).
3. Stable banks — (See Chapter 8, Lateral Stability section for techniques to assess lateral
stability).
4. Natural features such as point bars may be present, but without excessive bar development, like mid-channel or transverse bars.
5. Same stream type as the project reach after restoration (i.e., C4, E5, etc.).
6. Same valley type and approximate slope as study reach.
7. Same bed material as study reach (i.e., sand, gravel, cobble, bedrock, etc.).
8. Same type of bank vegetation as the project reach (e.g., do not use a mature bottom
land hardwood forest reference reach for a restoration project that will only include a
herbaceous buffer).
In order to select an appropriate reference reach, several tools are used in support of
the identification process:
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1. US Geological Survey Quadrangle Maps: Quadrangle maps can be used to identify
streams of a particular watershed size, valley type and slope. Quadrangle maps also
provide general information on watershed conditions and land use, although these
data should be checked against other more recent data sources (such as aerial photographs), since quadrangle maps are not updated very frequently.
2. Aerial Photographs: Aerial photographs can be very useful in identifying potential
reference reaches and further evaluating reference reaches identified by other maps,
such as from a USGS quadrangle map. Evaluating multiple aerial photographs over
time can provide additional support regarding stream stability by documenting stream
dimension and pattern before and after flood events.
3. Windshield Surveys: Many reference reach sites have been identified by simply driving
and looking at streams upstream or downstream of roadway crossings. Ensure that
landowner permission to access the stream is obtained before entering private property.
4. Discussions with Local Residents: Landowners and local residents are often very
familiar with their land and the land that is nearby. These resources can often be used to
identify streams that are in good condition and may potentially serve as a reference reach.
5. Looking Upstream and Downstream of the Project Reach: When available, this is one
of the best sources for reference reach data, because the reference reach and impaired
reach targeted for restoration share the same climatic, topographic and watershed
conditions. As with windshield surveys, ensure that landowner permission to access
the stream is obtained before entering private property.
6. Existing Watershed and Stream Assessment Reports and Reference Reach Databases:
Many agencies and organizations have produced assessment reports that identify
stable and unstable stream reaches. These reports are an excellent source as an initial
step in identifying potential reference reaches. Furthermore, some of these agencies
and organizations have already developed reference reach databases that are available
to the public.
7. Discussions with Environmental Professionals: There are many environmental professionals who, as part of the jobs, are required to walk many stream miles. These folks
can provide expert opinions on the location of potential reference sites.
In urban and other highly altered environments, it is often difficult to identify true
reference reach sites that meet the criteria above. Often, urban streams have been highly
modified, either by direct manipulation or through modified hydrology from increased
impervious surface runoff. While it is often difficult to identify a stable urban reference
reach, it is not uncommon to find short segments of stable urban channel that can be used
to evaluate stable bankfull dimensions. Such a stream segment is ideally located just
upstream or downstream of the study reach, allowing for direct correlations to proper
bankfull dimensions for the design. Finding an applicable reach can be a time-consuming
process, and a thorough investigation should be completed to ensure a suitable reference
reach is located.
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Physicochemical and Biology Reference Reaches (Levels 4-5)
Selecting reference streams that represent high-quality Physicochemical and Biology
functions is similar to selecting sites for Geomorphology functions (Levels 1-3) with one
large exception. It is possible to have a stable channel with proper bed form diversity in a
watershed with point and non-point sources of pollution. However, reference streams
used to determine the reference condition for Physicochemical and Biology functions
require a healthy upstream watershed with limited point and non-point sources of pollution.
Therefore, additional site selection criteria are needed. Additional recommended criteria
for reference streams used for Physicochemical and Biology functions are provided below:
1. Most of the watershed is at the natural climax vegetative community, e.g., forested,
scrub shrub, grassland.
2. Adequate/comparable flow duration for species of interest.
3. No point sources of pollution (preferable) or point sources that have not impacted
aquatic life.
In addition to the tools provided for the Geomorphology section above, the tools listed
below may be helpful in identifying Physicochemical and Biology reference reach streams.
1. Choose from state designated sites. Most state water protection agencies have designated hundreds of reference sites based on robust region-specific reference site criteria
for assessing aquatic-life use attainment.
2. Check water quality designations. Investigate state water quality designation lists and
look for High Quality Waters (HQW), Outstanding Resources Waters (ORW) or
similar designations.
3. Search on public land. Look for reference streams in national/state parks, national/
state forests and designated wilderness areas.
Many of these streams will not be pristine due to historical impacts; however, they
may represent the highest level of functionality that is achievable. This is an important
consideration when selecting a site for Physicochemical and Biology functions. Some
projects may strive to restore functions to a pre-disturbance, pre-European settlement
condition — a worthy, but very difficult goal. Most projects try to restore functions to the
highest level possible given the constraints of human development. If so, a reference
stream should be selected that reflects this condition, i.e., healthy but not pristine. This is
one of the most difficult and controversial issues related to determining the reference
condition. Stoddard et al. (2006) and Miller et al. (2011) provide guidance for determining
the reference condition type, e.g., historical condition, best attainable condition, and reference condition approach that may best fit with geographic constraints and legacy impacts.

5.4

»

ASSESSING REFERENCE REACHES

There are dozens of ways to assess reference reaches, many of which can also be used
to assess impaired reaches. However, assessment methods vary greatly in what and how
they assess stream functions. Some methods are rapid and others are very time intensive
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and costly. Some methods focus on physical
However, assessment methfunctions and others focus on biological
ods vary greatly in what and
functions; few assess all functions. Therefore,
how they assess stream funcit is critically important to know the reason
for conducting a reference reach assessment
tions. Some methods are
prior to the assessment or survey. Having
rapid and others are very
clear project goals and objectives will serve as
time intensive and costly.
an aid in selecting the proper type of referSome methods focus on
ence reach.
Building on the discussion above about the physical functions and others
uses of reference reach streams, the following
focus on biological functions;
list of assessment methods is provided for
few assess all functions.
Hydrology, Hydraulic and Geomorphology
references (Levels 1-3), and assessment
Therefore, it is critically immethods that focus on Physicochemical and/ portant to know the reason
or Biology conditions (Levels 4-5). The title
of the assessment method, a brief description for conducting a reference
reach assessment prior to the
and Web link to the source document is
provided. Refer to Somerville and Pruitt
assessment or survey. Having
(2004) and Somerville (2010) for a description
clear project goals and objecof additional assessment methodologies.
tives will serve as an aid in
These reports can be downloaded, respectively, from the EPA website at: water.epa.gov/ selecting the proper type of
lawsregs/guidance/wetlands/upreference reach.
load/2004_09_01_wetlands_PhysicalStreamAssessmentSep2004Final.pdf and water.epa.gov/lawsregs/guidance/wetlands/upload/StreamProtocols_2010.pdf. USACE is currently developing reference assessment approaches for
reference stream condition built upon their Hydrogeomorphic (HGM) Approach that was
initially applied to wetlands. The approach has been applied to intermittent streams in
the Appalachian region (USACE, 2010), but not to perennial streams at this time. Pruitt et
al. (2012) further describes a proposed Reference Condition Index (RCI) that could be
used to guide the application of reference condition to an assessment of environmental
benefits in aquatic ecosystems.
Pyramid Level 1-3 Methods for Assessing Reference Stream Condition
The following list highlights assessment methods that focus on Pyramid Level 1-3 functions.
Therefore, these methods are more physically based than biological. Some are used more
for natural channel design and others for assessing sediment supply and channel stability.
Title: Stream Channel Reference Sites: An Illustrated Guide to Field Technique
Description: Provides basic overview of surveying procedures (differential leveling) for
channel cross sections and profiles. Also provides methods for conducting pebble counts,
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staff gauge installation, discharge measurements and pebble count procedures.
Link: www.stream.fs.fed.us/publications/PDFs/RM245E.PDF
Title: The Reference Reach — A Blueprint for Natural Channel Design
Description: A Proceeding paper that describes the Rosgen method for collecting and
using reference reach survey data. Primarily used for natural channel design and comparing the geomorphology of reference streams to impaired streams.
Link: www.wildlandhydrology.com/assets/The_Reference_Reach_II.pdf
Title: Rosgen Geomorphic Channel Design
Description: Part 654, Chapter 11 in the NRCS Stream Restoration Design National
Engineering Handbook. Provides a detailed description of how these reference reaches are
used in natural channel design processes.
Link: directives.sc.egov.usda.gov/viewerFS.aspx?id=3491
Title: Proper Functioning Condition
Description: A rapid qualitative approach that uses a checklist to determine channel and
riparian condition. Checklist includes questions about hydrology, vegetation and erosion/
deposition. The final result places the stream into one of three categories: Proper Functioning Condition, Functional-at-Risk and Nonfunctional.
Link: ftp.blm.gov/pub/nstc/techrefs/Final%20TR%201737-9.pdf
Title: Watershed Assessment of River Stability and Sediment Supply
Description: A geomorphological approach for quantifying the effects of land uses on
sediment supply and channel stability. Provides sub-watershed rankings and prioritizes
stream reaches based on broad-level screening approaches, but also provides more detailed assessment procedures.
Link: water.epa.gov/scitech/datait/tools/warsss/index.cfm
Title: Size Class Pebble Count Analyzer
Description: A spreadsheet tool that is used to identify shifts in the fine gravel and
smaller portions of the grain size distribution, rather than the median. It can be used to
compare grain size distributions at an impaired site and determine if the distribution is
statistically different than a reference site. It can also be used for before and after restoration comparisons.
Link: www.stream.fs.fed.us/publications/software.html
Title: Channel Evolution Models/Stream Type Succession Scenarios
Description: These two methodologies illustrate how streams evolve after a disturbance.
They would rarely be used as a standalone assessment method, but are a valuable addition to most other assessment methodologies. A reference stream would typically function at an evolutionary endpoint; however, an impaired stream may be moving towards
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or away from a reference condition.
Link: Simon Channel Evolution Model: www.nrcs.usda.gov/wps/portal/nrcs/detailfull/
national/technical/alphabetical/water/restoration/?&cid=stelprdb1043448 (Chapter 7)
Link: Rosgen Stream Type Succession Scenarios: water.epa.gov/scitech/datait/tools/warsss/
successn.cfm
Title: Regional Curves
Description: Many of the assessment methodologies used to evaluate Pyramid Level 1-3
functions require an estimate of the bankfull discharge and corresponding stage. Regional
curves, while not an assessment methodology, are excellent tools for validating field
estimates of the bankfull stage.
Link: water.epa.gov/lawsregs/guidance/wetlands/upload/Appendix-A_Regional_Curves.pdf
Pyramid Level 4-5 Methods for Assessing Reference Stream Condition
A wide variety of stream assessment protocols that focus on Physicochemical and
Biology functions are available, probably more than for the Hydrology, Hydraulic and
Geomorphology functions. Since both of these functions vary greatly across the country,
most state water quality programs have developed their own assessment methods.
However, many of these are based on the Rapid Bioassessment Protocol or Index of Biotic
Integrity that are discussed below. Like the discussion above about assessing the reference
condition of Pyramid Level 1-3 functions, selecting the correct reference reach assessment
method for Pyramid Levels 4-5 will depend on the project goals and objectives. Some of
the more common assessment methods are listed below; however, many projects may
require a tailored approach.
Title: EPA Rapid Bio-assessment Protocol (RBP)
Description: A rapid assessment method that provides basic aquatic life data for water
quality management purposes such as problem screening, site ranking and trend monitoring. The RBPs are a synthesis of existing methods from state water resource agencies and
include three aquatic assemblages (periphyton, benthic macroinvertebrates, fish) and
habitat assessment methodologies.
Link: water.epa.gov/scitech/monitoring/rsl/bioassessment/index.cfm
Title: Index of Biotic Integrity (IBI)
Description: The original version included 12 metrics that were used to evaluate stream
health based on fish data. The metrics and scoring have been modified over time and
expanded to include an IBI for macroinvertebrates.
Link: www.epa.gov/bioiweb1/html/ibi_history.html
Title: NRCS Stream Visual Assessment Protocol
Description: A simple assessment of stream condition that includes qualitative observations of Pyramid Level 1-5 parameters. It is intended to be a first approximation of stream
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condition rather than an intensive assessment of stream function.
Link: www.nrcs.usda.gov/wps/portal/nrcs/detailfull/national/technical/alphabetical/water/rest
oration/?&cid=stelprdb1043249
Title: Monitoring Wilderness Stream Ecosystems
Description: This document is a manual that presents a protocol for monitoring a variety
of Pyramid Level 1-5 parameters and includes measures of structure and function. The
document also includes guidance on setting monitoring goals and objectives, selecting
sampling location and analyzing data.
Link: www.fs.fed.us/rm/pubs/rmrs_gtr70.pdf
Title: US 301 Environmental Stewardship Study
Description: The US 301 Environmental Stewardship Study is a green infrastructure
study that included a stream assessment component. The stream assessment component
consists of a GIS-based course stream stability assessment and a rapid stream habitat and
stability assessment and restoration feasibility methods. The rapid assessment methods
provide a numerical score which can be used for ranking and prioritization purposes.
Link: www.fws.gov/chesapeakebay/streampub.html

5.5

»

MONITORING APPROACHES

The above methodologies can be used to assess reference streams that can then be
used as a comparison against an impaired stream. However, it is important that reference
streams are in the same hydro-physiographic region and ecoregion as the project site for
Physicochemical and Biology function assessments. In addition, some reference reach and
project reach assessments may need to focus on a few select parameters, rather than an
overall assessment of channel condition or function that is typically provided by “canned”
methodologies. For example, one project may have a goal to increase the grain size
distribution in a gravel bed stream to referThe above methodologies can ence conditions. Another project may want
be used to assess reference to improve dissolved oxygen, temperature
and nutrient levels to reference conditions.
streams that can then be There are two common monitoring apused as a comparison against proaches that can be used to help show
an impaired stream. However, statistical differences in a project reach
versus a reference reach: upstream/downit is important that reference stream and paired watershed monitoring.
streams are in the same However, determining the correct statistical
hydro-physiographic region approach to use within these two sampling
and ecoregion as the project regimes is critical and should often be
provided by a trained statistician. The EPA
site for Physicochemical and provides a statistical primer with a variety
Biology function assessments. of examples at http://www.epa.gov/bioindica-
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tors/statprimer/statistical_testing.html. USEPA (1997a) also provides instruction on how to
statistically evaluate the effectiveness of best management practices, like stream restoration, on improving water quality.
Upstream/Downstream Monitoring
The ideal scenario for performance standards that use reference reach data is for the
reference reach to be located upstream of the project reach. This makes it much easier to
have a goal of restoring a project reach to a reference condition. The parameters and
measurement methods are selected, again based on project goals and the potential to
restore those functions. The monitoring must occur upstream of the project reach and
downstream of the project reach and before and after restoration, lasting long enough to
complete the statistical analysis. The purpose in this approach is to show that, over time,
the downstream monitoring station becomes statistically similar to the upstream monitoring station. Upstream/downstream monitoring can also be used if the reach upstream
of the project is not of reference condition. However, in this case, it is more likely that the
project will show improvements to Pyramid Level 3 parameters like lateral stability
(sediment supply from bank erosion) than to Pyramid Level 5 parameters like macroinvertebrate communities.
Paired Watershed Monitoring
If a reference stream cannot be found upstream of the project reach, a paired watershed approach may be practical, especially for small headwater catchments. This monitoring approach compares monitoring/assessment results from a stable watershed to the
impaired watershed. However, for this approach to work, the stable watershed must
remain stable throughout the life of the project. Both sites must be monitored before and
after restoration for a long enough time to show statistical differences. The Size Class
Pebble Count Analyzer discussed above under Pyramid Level 1-3 Method for Assessing
Reference Condition provides an example of using a paired watershed approach.
Monitoring Guidance for Determining the Effectiveness of Nonpoint Source Controls (USEPA,
1997a) is a good resource for designing monitoring plans that use statistical techniques to
show that stream improvements were caused by a best management practice, in this case
stream restoration.
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The study of hydrology, especially by engineers, quantifies the transport of water that
is contributed from the watershed and delivered to a stream channel. Hydrology functions are the base of the Stream Functions Pyramid (Level 1) and therefore support all
other functions. Common ways to assess and quantify this hydrologic function include
channel-forming discharge, precipitation/runoff relationships, flood frequency and flow
duration. Table 6.1 provides a list of parameters discussed in this chapter along with the
measurement methods. There are other measures of Hydrology; however, the ones
provided here are most closely associated with stream assessment and restoration techniques. Appendix Ac includes a list of all the Hydrology measurement methods along
with information about the method’s type, level of effort, level of complexity, and whether it is a direct or indirect measure of the function-based parameter. The criteria used to
make these determinations are provided in Chapter 4.
TABLE 6.1 HYDROLOGY PARAMETERS, MEASUREMENT METHODS AND AVAILABILITY OF
PERFORMANCE STANDARDS
PARAMETER

MEASUREMENT METHOD

PERFORMANCE
STANDARD

Channel-Forming Discharge

1. Regional Curves

No

Precipitation/Runoff Relationship

1. Rational Method
2. HEC-HMS
3. USGS Regional Regression
Equations

No
No
No

Flood Frequency

1. Bulletin 17b

No

Flow Duration

1.
2.
3.
4.

No
No
No
No

Flow Duration Curve
Crest Gage
Monitoring Devices
Rapid Indicators

For most stream restoration projects, Hydrology parameters are independent variables,
meaning that the restoration practitioner cannot change them as part of the design
process. They are primarily used to characterize the watershed and as input parameters
for Hydraulic assessments; therefore, the Hydraulics Chapter in this document discusses
their importance and associated performance standards. There can be exceptions, how-
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ever, especially if the stream restoration project is part of a larger watershed management
plan. It may be possible to use stormwater BMPs, or other practices to reduce runoff. In
these cases, a performance standard could be established for the reduction in runoff.
Other scenarios include highly modified headwater systems, such as impacts associated
with mining through springs and headwater streams. Here, restoring flow duration is a
critical component of the restoration project and should include the development of
performance standards. Hydrology parameters are included even without performance
standards because of their importance in supporting the higher-level functions. Without
an assessment of these parameters, many of the higher-level computations cannot be
completed; therefore, it would be remiss to not include them.

6.1

»

PARAMETER: CHANNEL-FORMING DISCHARGE

Description
Channel-forming discharge theory suggests that a unique flow over an extended
period of time would yield the same channel morphology that is shaped by the natural
sequence of flows. Inglis (1947) stated that at this discharge, equilibrium is most closely
approached and the tendency to change is least. This condition may be regarded as the
integrated effect of all varying conditions over a long period of time. Channel-forming
discharge theory is often described as dominant discharge, effective discharge and the
bankfull discharge (Knighton, 1998). Dominant discharge is simply a synonym for
channel-forming discharge theory. Effective discharge is the product of the flow duration
curve and the sediment transport rating curve; therefore, it is the discharge that moves
the most sediment over time and is a key parameter in determining channel size (Wolman and Miller, 1960). Bankfull discharge fills a stream channel to the elevation of the
active floodplain, thereby delineating the break between erosional (channel forming) and
depositional features in a floodplain (Dunne and Leopold, 1978; FISRWG, 1998). Since
this discharge leaves a geomorphic indicator, it has become the method used most often
to describe channel-forming discharge theory. It is also the design discharge for natural
channel designs.
Measurement Method
1. Regional Curves
The identification of bankfull stage and its associated dimensions and discharge are
often used in stream assessment and restoration projects using natural channel design
techniques. The identification of the bankfull stage is one of the first measurements made
during a geomorphic assessment because the Rosgen stream classification system and
stability assessments (vertical and lateral) are all dependent on knowing the bankfull
stage. In addition, many of the Hydraulic and Geomorphic parameters, such as floodplain
connectivity, are dependent on being able to identify and verify the bankfull stage and its
corresponding dimensions (especially cross-sectional area). There are several documents
that discuss how to field identify and verify bankfull. Rosgen (2006), as part of the
Watershed Assessment of River Stability and Sediment Supply (WARSSS), provides a
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detailed description of field methods for identifying and calibrating the bankfull stage.
(WARSSS is available on the EPA website at www.epa.gov/warsss.) Harrelson et al. (1994)
provides a more concise summary of field methods for identifying bankfull (www.stream.
fs.fed.us/publications/PDFs/RM245E.PDF ). Harman (2000) provides methods for identifying
bankfull in North Carolina streams, which also include a detailed description of how to
measure and calculate the bankfull cross-sectional area (www.bae.ncsu.edu/programs/
extension/wqg/srp/rv-crs-3.pdf ).
All of these references rely on regional curves as the primary method for verifying the
bankfull stage. These curves are tools that can be used to verify the bankfull stage in
projects prior to restoration, as a design aid and as a tool for assessing performance.
Regional curves relate bankfull discharge and channel dimensions (i.e., width, depth and
cross-sectional area) to drainage area. (See Figure 6.1 for an example regional curve.)
Regional curves are empirically derived, primarily from USGS gauge stations, and can be
developed for a single watershed or multiple watersheds in the same hydro-physiographic
region (FISRWG, 1998). Developing watershed-specific regional curves requires a moderate level of effort; however, developing regional curves for an entire physiographic region
is an intensive level of effort. If existing regional curves are used, then the level of effort
required to use the curve is considered rapid. Likewise, using an existing regional curve is
not complex and is categorized as simple in Appendix Ac; however, developing a regional
curve is complex, requiring experience and expertise.
Regional curves were first developed by Dunne and Leopold (1978). In recent years,
regional curves have been developed across many regions to assist in geomorphic assessments and natural channel design (Cinotto, 2003; Keaton et al., 2005; Miller and Davis,
2003; Harman et al., 1999; Harman et al., 2000; McCandless and Everett, 2002; McCandless, 2003a and 2003b; Sweet and Geratz, 2003; Castro and Jackson, 2001; Chaplin, 2005;
Doll et al., 2002; Dudley, 2004; Dutnell, 2000; Mulvihill et al., 2005; and Metcalf, 2004).
Somerville (2010) provides a comprehensive list of regional curves published throughout
the United States.
When using existing regional curves, care should be taken to determine that the
regional curves are appropriate for the project site, i.e., that they are in the same hydrophysiographic region and that the curves were created through unbiased surveys of
bankfull indicators. The dimensions (area, width and depth) should come from crosssectional surveys taken at stable riffles. There have been cases where the 1.5-year return
interval was used as bankfull, rather than a physical assessment of the geomorphic
indicator. There are other cases where the terrace was used as the bankfull stage, which
often results in a return interval that is greater than two.
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FIGURE 6.1 REGIONAL CURVE EXAMPLE
North Carolina Mountain Regional Curve (Harman et al., 2000) overlaid with a watershed specific
curve within the same region. The blue line is lower because it is in a region of the mountains with
lower rainfall. The red line represents the entire mountain region of NC, including high and low
rainfall areas. Note that while the magnitude of the cross-sectional area is different between the two
curves, the slope of the two lines is similar.

NC Mountain Regional Curve data by Harman
et al., (2000)
Watershed Specific Regional Curve data
from Michael Baker Corporation
NC Mountain Regional Curve regression line
Watershed Specific Regional Curve
regression line

Source: Reproduced with permission from Michael Baker Corporation

Design Standard
As mentioned above, the bankfull discharge is the design flow for a natural channel
design project. The design review process should be used to determine that the appropriate bankfull discharge was selected. The easiest way to determine if the bankfull discharge was used in the design is to compare the design value with the results from a
regional curve. However, this does not ensure that the project was constructed properly,
i.e., that the design bankfull cross-sectional area was constructed. Therefore, performance standards should be developed to determine that the as-built and subsequent
monitoring results prove that the appropriate bankfull cross-sectional area was constructed. This will require a field determination of the bankfull stage, as discussed above. The
bankfull cross-sectional area from the as-built survey or monitoring report should show
that the channel is not incised (too deep), or that it is not too small. Therefore, the best
performance measure for determining this is the bank-height ratio, which is discussed in
detail in the Hydraulics Chapter under Floodplain Connectivity.
It should be noted, however, that in some cases the design may include a design
discharge that is less than the bankfull discharge. If the sediment supply is low, this could
result in a stream with greater functionality due to better floodplain connectivity and
more riparian wetlands. But if sediment supply is high, it could result in channel aggradation and bank erosion. Therefore, caution should be used when assigning functional
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performance standards based solely on the bankfull discharge. An example of a project
that used a design discharge that was less than the bankfull discharge is shown below in
Figure 6.2. The result is a channel that is much smaller than a typical channel size designed using the bankfull discharge (Art Parola, 2011, personal communication).
FIGURE 6.2
Photos of a project near Lexington, KY that was sized using a discharge smaller than the bankfull
discharge. The channel has remained stable after numerous floods. Flow duration has significantly
improved due to improved groundwater/surface water interaction, converting an intermittent channel
into a perennial channel. This approach works because, among other things, the sediment supply is
fairly low, grade control is used in the channel and beneath the floodplain, and vegetation is allowed
to establish before the stream flow is moved to the new channel. This approach should not be used in
streams with a large sediment load that must be transported through the reach.

Photo by Will Harman

6.2

»

PARAMETER: PRECIPITATION/RUNOFF RELATIONSHIP

Description
The amount of precipitation that does not soak into the ground and instead “runs off”
the ground surface is a critical component in determining the size of a stream channel.
Regions that have high precipitation and runoff (precipitation/runoff) rates often have
larger channels than areas with lower precipitation/runoff rates. In humid areas like the
Southeastern United States, perennial channels form in watersheds with drainage areas
considerably less than one-half of a square mile. In arid regions, however, ephemeral
channels exist in watersheds with drainage areas that are hundreds of square miles. This
has a major effect on functions in Pyramid Levels 4 and 5.
The effect of precipitation/runoff variability can be seen in comparisons of regional
curves of bankfull discharge and cross-sectional area versus drainage area. Regional
curves are power function regression equations. Regions with higher precipitation/runoff
rates have higher y-intercept values than regions with lower precipitation/runoff relation-
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ships; however, the slope of the regression line for all these curves is remarkably consistent. In other words, while the processes that create channel shape and size are similar
across regions, variations in the precipitation/runoff relationship create different size
channels. An example of this is shown above in Figure 6.1.
Measurement Method
1. Rational Method
The most rapid and simplest method for calculating runoff is the Rational Method or
Rational Equation, which is used to estimate peak runoff in small drainage basins. This
equation uses a runoff coefficient (C) that is taken from a table, like the one published by
the American Society of Civil Engineers (1970) and is most suited for watersheds with a
drainage area less than 250 acres. The Rational Equation shows that if it rains long
enough, the peak discharge from the drainage area will be the average rate of rainfall
times the drainage basin area, which is then reduced by multiplying by the runoff coefficient. The time of concentration is the length of time that it takes water to flow from
the beginning of the watershed to the point where runoff (discharge) occurs (Fetter,
1994). The Rational equation is:
Qp = CiA, where
Qp = the peak runoff rate in cubic feet per second.
C = the runoff coefficient
i = the average rainfall intensity in inches/hour, and
A = the size of the drainage in acres.
The Rational Method has evolved through time with the use of computer models. The
Natural Resources Conservation Service (NRCS) has developed two computer models that
are based on the Rational Method: WinTR55 and WinTR20 (USDA, 2009a and 2009b).
These models have been used extensively to design small farm ponds and even large flood
control reservoirs. Since it is better to build a dam that is slightly too large rather than
one that is too small, these models often give conservatively high estimates of runoff.
2. HEC-HMS
The USACE Hydrologic Engineering Center has developed a more sophisticated and
complex model called the Hydrologic Modeling System (HEC-HMS). This model simulates precipitation and runoff processes from a wide range of dendritic watersheds, including small and large watersheds, as well as rural and urban conditions. More information and a free download of the software can be found at the HEC-HMS website (www.
hec.usace.army.mil/software/hec-hms). However, only experienced hydrologists should use
the model.
3. USGS Regional Regression Equations
The United States Geological Survey (USGS) uses their network of gauging stations to
provide “regional regression equations” that typically estimate discharge for the 2-, 5-,
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10-, 25-, 50- and 100-year flood events. These empirical relationships are often developed
for each physiographic region and stratified by rural and urban basins. The results are
published in reports, often by state, that can be obtained from the USGS website (water.
usgs.gov/software/NFF ). Since the return interval for the bankfull discharge is less than
the 2-year return interval, regional regression equations from the 1-to 2-year range are
needed for stream restoration applications. The USGS in West Virginia has prepared
regional regression equations from the 1.0- to 3.0-year range. In addition, they created
equations in 0.1-year increments, from the 1.0- to 2-year return interval, e.g., 1.1, 1.2, etc.
(Wiley et al., 2002). Ideally, more curves for these lower return intervals will be developed for other regions.
Design Standard
The precipitation/runoff relationship is an important variable in determining channel
size and is a vital part of the design process. It was mentioned that the discharge produced by the watershed is often an independent variable in the natural channel design,
with the exception of watershed scale projects that might reduce runoff through stormwater BMPs. Therefore, there isn’t a performance standard associated with this parameter. A natural channel should carry the appropriate amount of water to maintain dynamic equilibrium and appropriate streambed formations. However, channels that are
designed to carry larger storm events, such as the 100-year event, would not function as a
natural channel. This type of performance can be assessed below in the Hydraulic Chapter under Floodplain Connectivity.

6.3

»

PARAMETER: FLOOD FREQUENCY

Description
Flooding is the periodic, natural occurrence of high flows that exceed the depth of the
channel. Flood frequency defines the magnitude and frequency of a given flood and is
often analyzed as part of the precipitation/runoff analysis described above. However,
these parameters are sometimes assessed for different reasons because “flooding” is
defined differently by different disciplines. For example, the geomorphologist defines
flooding as the flow that leaves the channel and spreads onto a floodplain that was built
by a meandering river, sometimes called a geomorphic floodplain. A traditional water
resources engineer might define flooding as the flow that would impact personal property,
such as a home. In both cases, flood frequency can be used to predict the probability that
a flow will reach a certain elevation (active floodplain or house) within a given timeframe.
The geomorphologist typically associates the flood frequency of the active floodplain as
the discharge with a 1.5-year return interval (on average). The water resources engineer
typically delineates floodplains by the elevation of the 100-year return interval discharge.
These two return intervals can also be expressed as an exceedence probability, which is
simply the reciprocal of the return interval. Therefore, in the case of the 1.5- and 100year return intervals, the exceedence probabilities are 67% and 1%, respectively.
While the smaller floods are important for channel formation and maintenance, large
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floods are important geomorphic agents as well. They are important in developed areas
because large floods can damage homes, roads and other structures. For stream restoration projects, it is typically most important to know the flood frequency of the bankfull
discharge and the 100-year flood event. It is important to know the frequency of bankfull
to help ensure that the channel is not carrying more water than is necessary to maintain
dynamic equilibrium. In addition, many stream restoration projects are located in Federal
Emergency Management Agency (FEMA) regulated floodplains. In these cases, a no-rise
certification is required to show that the project is not increasing the 100-year flood
elevation. If the project is designed to increase flooding, and it is acceptable to the landowner, a Letter of Map Revision will be required. More information about working in
FEMA regulated floodplains can be found at: www.msc.fema.gov.
Measurement Method
1. Bulletin 17b
The standard for estimating flood frequency in the United States is published by USGS
(1981) in Bulletin 17b (water.usgs.gov/osw/bulletin17b/bulletin_17B.html). The most common
method for estimating flood frequency is the Log-Pearson Type III distribution, which is
also described in the bulletin. This method uses the annual peak discharge over many
years to calculate the probability of occurrence. The technique is complex and should be
performed by experienced hydrologists. However, for most regions of the United States,
flood frequency analysis has already been completed and can be downloaded by state
from the USGS website.
Some areas of the country are starting to use partial duration analysis to determine
the flood frequency of bankfull. This technique is often preferred over Log Pearson
because it uses more data points per year than the single peak discharge used by Log
Pearson. Partial duration analysis sets a discharge of interest and then includes all the
discharges that exceed that value. Therefore, gauge stations with continuous data are
required for this analysis.
Design Standard
Flood frequency analysis is often performed in conjunction with the precipitation/
runoff analysis. For flood control projects, a flood discharge with a certain return interval,
e.g., the 100-year or 1% probability storm event, is used as the design discharge. A channel
size is then designed to carry the 100-year discharge. In natural channel design, however,
the channel is sized to carry the bankfull discharge. Methods to determine the bankfull
discharge are described above, but the return interval for bankfull is only used as a guide.
As mentioned before, the average is 1.5 years and the range is from 1 to 2 years. This
range can be used as a guide to develop performance standards, along with other parameters like floodplain connectivity. Therefore, the specific performance ranges for Functioning, Functioning-at-Risk and Not Functioning are described in the Hydraulics Chapter.

A Function-Based Framework » May 2012

90

Chapter 6: Hydrology, Flow Duration

6.4

»

PARAMETER: FLOW DURATION

Description
Flow duration is the percentage of time that a discharge is above or below a given
value. It is often expressed as a flow duration curve that plots discharge on the y-axis and
probability (percent of time) on the x-axis. In some parts of the country, especially the
West, improving flow duration is an important stream restoration goal. It is also an
important functional goal for stream restoration after landscape alterations, such as
surface mining through streams.
When flows are critical to maintain a particular species of fish, mussel or macroinvertebrate, flow duration curves can allow one to denote the percent of time a river will
exceed that critical value. Alternatively, flow duration curves can be used to determine
the discharge that occurs a certain percentage of time. Flow duration can also be generalized to focus on the simple presence versus absence of flow over time — in other words,
perennial, intermittent or ephemeral streams. For most projects perennial, intermittent or
ephemeral flow will be an independent variable. For more specific information on the
importance of flow duration, see Dahm et al. (2003), Humphries and Baldwin (2003), and
Stromberg et al. (2007).
Measurement Method
1. Flow Duration Curve
Long-term records from gauge stations are needed in order to develop flow duration
curves. From the historical records, the data are ranked in order from highest to lowest.
The probability that a discharge can be equaled or exceeded can be calculated as follows:
P = 100 M / (n+1), where
P = the probability that a flow will be equaled or exceeded (% of time)
M = the ranked position of the peak discharge values (dimensionless)
n = the number of peak discharge values in the record (dimensionless).
The discharge and corresponding probability are then plotted on probability paper. A
step-by-step example of how to create a flow duration curve is provided by Watson and
Burnett (1993). An example of a flow duration curve is shown in Figure 6.3. If gauge data
are not available, computer models like HEC-HMS can be used to predict a flow duration
curve using information from the closest gauge.
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FIGURE 6.3 FLOW DURATION CURVE EXAMPLE

Source: Adapted from original graph by Michael Baker Corporation

Flow duration can also be directly measured at the project site. For perennial streams
and large intermittent and ephemeral channels, a gauge station can be established with
an automatic stage recorder. These recorders will measure stage and time. A stage/discharge relationship would have to be developed in order to plot discharge. Dingman
(2008) provides instructions on how to establish a stream gauge for short-term studies.
For this reason, the level of effort can range from moderate (for modeling) to intensive
(for measuring flow over time). The level of complexity can also vary; however, it is often
more complex to model flow duration than to measure flow duration. A measured flow
duration curve is a direct measure of the flow duration function-based parameter; whereas, a modeled curve is an indirect measure (Appendix Ac).
2. Crest Gauge
A simpler and more common approach is to establish a crest gauge at the project site. A
crest gauge records the highest elevation of the peak flow, usually without electronic
instrumentation. A crest gauge does not provide information about the duration of the
peak flow; however, it will provide information about flow occurring between site visits.
Crest gauges are most often used in stream restoration projects to determine if bankfull
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events occurred between monitoring surveys. Harrelson et al. (1994) provides a simple
description of how to build a crest gauge.
3. Monitoring Devices
A monitoring device developed by Flowline Products is being used on small ephemeral
and intermittent drainages in the Coastal Plain of North Carolina to document the
duration and relative magnitude of flow events. The device is based on the principles of a
variable area flow measurement, and consists of a vertical baffle mounted on an axis
inside a protective housing. Flow passing through the housing causes the baffle to tilt on
its axis, and the degree of tilt is recorded by the internal electronics and logging device.
The device is capable of recording flows as low as 0.5 gal/min (Tweedy, 2010, personal
communication). Other monitoring devices are also available and can be used for a
variety of conditions (Blasch et al., 2002; Adams et al., 2004; Goulsbra et al., 2009; Fritz
et al., 2006).
4. Rapid Indicators
Measuring general flow duration rapidly in the field on a non-gauged stream, whether
the stream is perennial, intermittent or ephemeral, can be done using indicators of flow
duration. Specific indicator-based methods have been developed by the North Carolina
Department of the Environment and Natural Resources; EPA Region 10, Oregon Department of State Lands and the Portland Corps District; New Mexico Environment Department; and others that are currently under consideration. Links to select manuals are
provided below.
North Carolina Department of Environment and Natural Resources, Division of Water
Quality. Raleigh, NC. V.4. portal.ncdenr.org/web/wq/swp/ws/401/waterresources/streamdeterminations)
Oregon Streamflow Duration Assessment Method Interim Version, Public Notice
release date, 6 March 2009. www.oregonstatelands.us/DSL/PERMITS/docs/osdam_
march_2009.pdf?ga=t
New Mexico Environment Department/Surface of Water Quality Bureau (NMED/
SWQB) Hydrology Protocol for the Determination of Ephemeral, Intermittent, and
Perennial Waters — DRAFT. Released August 2009. ftp.nmenv.state.nm.us/www/swqb/
MAS/Hydrology/NMHydroProtocol-PublicCommentDraft08-2009.pdf
Performance Standards
Performance standards for flow duration will be unique to every stream. Therefore,
functional categories are not assigned to this parameter. However, local practitioners can
develop performance standards based on flow needs of fish, mussels or other needs. For
stream restoration projects on highly manipulated sites, such as surface mining, restoring
the general flow duration may be used as a performance standard to help ensure that the
suite of functions lost is being replaced.
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Hydraulic functions transport water in the channel, on the floodplain and through
sediments. Fischenich (2006) describes these functions as surface water storage processes,
maintenance of surface and subsurface connections and processes, and the general hydrodynamic balance, which describes the flow conditions in the channel and on the floodplain throughout the year. Here, three broad-level parameters are used to describe the
Hydraulic functions. These include floodplain connectivity, flow dynamics and groundwater/surface water exchange. A variety of measurement methods are provided for each
parameter, and performance standards are provided when available, as shown in Table
7.1. Appendix Ac includes a list of all the Hydraulic measurement methods along with
information about the method’s type, level of effort, level of complexity, and whether it is
a direct or indirect measure of the function-based parameter. The criteria used to make
these determinations are provided in Chapter 4.
Three different methods are provided for measuring floodplain connectivity and
respective performance standards. Performance standards are not provided for shear
stress and stream power; however, these are important measures of flow dynamics that
are used in the sediment transport competency and capacity discussion in Geomorphology (Level 3). Performance standards are also not provided for groundwater/surface water
exchange. This parameter and methods for measuring it are included because of its
importance to Physicochemical (Level 4) functions and Biology (Level 5) functions. A
discussion is provided under Design Standards that illustrates how this parameter can be
used in a stream restoration design. Ultimately, as more reference research and project
surveys are completed, a better understanding of this parameter will emerge that may
allow for development of performance standards.

7.1

»

PARAMETER: FLOODPLAIN CONNECTIVITY

Description
Floodplain connectivity describes how often streamflows access the adjacent floodplain. Fischenich (2006) included floodplain connectivity as part of the hydrodynamic
character function, which was considered the most important of the 15 functions addressed. In high-functioning alluvial valleys, all flows greater than the bankfull discharge
spread across a wide floodplain. In humid environments, streams that are well connected
to the floodplain also have relatively high water tables, encouraging the development of
riparian wetlands. In these systems, the channel is just deep enough to maintain sediment transport equilibrium and to create diverse bed forms and habitats.
Channelization is the primary impact that has directly disconnected streams from
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their adjacent floodplain. Schoof (1980) defines channelization as the widening, deepening and straightening of channels to increase their capacity for transporting flood flows
and to decrease flooding on adjacent land. Schoof (1980) estimates that over 200,000
miles of stream channels in the US have been modified over the past 150 years. He also
estimates that the primary effects of channelization have included draining of wetlands;
reduction in stream length through straightening; clearing of floodplain hardwoods;
lowering of groundwater levels; reduction of groundwater recharge from stream flow;
increase in erosion and sedimentation; and increase of downstream flooding. In a more
recent study, Kroes and Hupp (2010) evaluated the effect of channelization on floodplain
deposition and subsidence in a Maryland watershed. They found that the sediment
storage function of the river had been dramatically altered by channelization. Finally,
channelization has been found to reduce the size, number and species diversity in
streams (Schoof, 1980). Indirect impacts, like urbanization and increases to impervious
cover, also contribute to channel enlargement and incision through increased runoff. The
extra runoff often causes an increase in stream power, which leads to headcuts and
incision. The combination of increased runoff and channelization can lead to rapid
destabilization and adjustment of stream channels.
TABLE 7.1 HYDRAULIC PARAMETERS, MEASUREMENT METHODS AND AVAILABILITY OF
PERFORMANCE STANDARDS
PARAMETER

MEASUREMENT METHOD

PERFORMANCE
STANDARD

Floodplain Connectivity

1. Bank Height Ratio
2. Entrenchment Ratio
3. Stage Versus Discharge

Yes
Yes
Yes

Flow Dynamics

1. Stream Velocity
2. Shear Stress
3. Stream Power

Yes
No
No

Groundwater/Surface Water
Exchange

1. Piezometers
2. Tracers
3. Seepage Meters

No
No
No

Therefore, reconnecting streams to the floodplain is a major goal when working in
watersheds that have channelized/incised streams. Floodplain connectivity is a driving
force for many of the geomorphic and ecologic functions (Wohl, 2004; Shields et al.,
2010). It is also a parameter that can easily be assessed, modified as part of a design and
evaluated through monitoring, making it an excellent parameter for including a performance standard.
Floodplain Connectivity by Stream Type
Floodplains are associated with streams in alluvial valleys. Alluvial valleys are typi-
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cally many times wider than the stream channel with longitudinal valley slopes less than
2%. Floodplain material is mostly comprised of alluvium (sand, silt and clay) that is
deposited from frequent overbank flooding and long-term channel migration (Bridge,
2003). Rosgen C, E and DA stream types are common in these alluvial valleys, with the
C and E stream types common as natural
Therefore, reconnecting
channel design targets. The DA stream type
is associated with wetland/swamp systems
streams to the floodplain is a
in coastal plain settings where flows are often
major goal when working in
braided and diffuse. Restoring DA stream
watersheds that have
types in coastal plain settings has become a
more common restoration approach in recent channelized/incised streams.
years (USACE Wilmington District and
Floodplain connectivity is a
NCDENR, 2005).
driving force for many of the
Colluvial valleys do not have wide, wellgeomorphic and ecologic
developed floodplains and are naturally
confined between hillslopes. Colluvial valleys functions (Wohl, 2004;
have bowl-shaped cross sections and typiShields et al., 2010). It is also
cally have valley slopes greater than 2%.
a parameter that can easily
Colluvium is angular and poorly sorted
material that eroded from adjacent hill slopes be assessed, modified as part
and then deposited on the valley floor or even of a design and evaluated
the channel (Easterbrook, 1999; Leopold et
through monitoring,
al., 1992). The Rosgen B stream type is often
found in colluvial valleys. However, colluvial/ making it an excellent
confined valleys do exist with valley slopes
parameter for including
that are less than 2%. The Rosgen Bc stream
a performance standard.
type is found in these low-gradient, but
confined valleys. Floodplain connectivity, therefore, is limited to a bankfull bench or
flood-prone area because the true definition of a floodplain is not relevant for these
settings. These features are much narrower than a fully developed floodplain; however,
they do dissipate flood energy and provide a flat depositional feature, which allows
riparian vegetation to become established.
Rosgen stream types A, G and F do not have floodplains. The A stream type is associated
with v-shaped valleys, which typically have longitudinal slopes greater than 4%. They
are rarely associated with stream restoration projects; however, they are often impacted
by surface mining activities in the Appalachian Mountains. The A stream types do not
have a floodplain, but can have small bankfull benches like the B stream type (Rosgen,
1996). When the drainage area for these stream types becomes very small and the channel is ephemeral, there may not be a bankfull discharge that represents channel formation.
The F and G stream types can exist in natural, stable environments like gorges. However, they are most often associated with unstable environments due to channelization
and urbanization (Rosgen, 1996). These stream types are very common targets for
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stream restoration because they are disconnected from the floodplain and have often
evolved from C or E stream types through degradation and lateral erosion processes.
Therefore, the functional lift of reconnecting the stream to a floodplain is greatest in
these scenarios.
D stream types are associated with glacial outwash plains, alluvial fans and other
environments where sediment supply exceeds sediment transport capacity (Rosgen,
1996). D stream types in alluvial valleys are sometimes caused by land use changes and
can be restored to single-thread channels, often to a C stream type. This is more common in the arid West. However, in many other cases, D stream types are natural (glacial
outwash plains and alluvial fans) and should not be altered. Regardless, D stream types
are not incised and have access to a very active floodplain.
The descriptions above offer a general discussion of the three most common valley
types and their associated stream types. There are many subtle differences and changes
to valley morphology based on climate and geology, and a good description of the various
valley types can be found in Bridge (2003), Easterbrook (1999) and Rosgen (1996).
Measurement Method
There are simple to moderately complex methods for measuring floodplain connectivity. Simple methods include the bank height ratio and entrenchment ratio, both of which
require that the bankfull stage be determined. A more complex method is the use of
HEC-RAS, which can show the stage versus discharge relationship for a wide range of
return intervals, e.g., from base flow through the 100-year flood event. A brief description
of each method is given below.
1. Bank Height Ratio
The bank height ratio (BHR) is a direct measure of channel incision. This ratio is
calculated as follows:
BHR = Dtob /Dbf, where
Dtob = the depth from the top of the lowest bank to the thalweg
Dbf = the depth from the bankfull elevation to the thalweg.
A BHR of 1.0 means that all flows greater than bankfull are spreading onto a floodplain (C and E stream types) or bankfull bench/floodprone area (A and B stream types). A
BHR of 2.0 means that it takes a stage of two times the bankfull stage to access the
floodplain and the stream is highly incised. The bank height ratio can be measured from
a cross section or longitudinal profile if the profile includes the stream bed and both
banks (left and right) or the lowest profile of the two banks. Generally, it is preferable to
measure BHR from riffles along the profile because riffles represent the natural grade
control feature for a river. In this application, the BHR is not measured in the pool. An
example of measuring the BHR from a longitudinal profile and cross section is shown in
Figures 7.1 and 7.2, respectively.
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FIGURE 7.1 MEASUREMENT OF BANK HEIGHT RATIO FROM A LONGITUDINAL PROFILE
Bank Height Ratio Measurements on Longitudinal Profiles
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It should be noted that the BHR can be measured differently for other purposes. For
example, the Bank Erosion Hazard Index, developed by Rosgen (2001), calculates the
BHR by measuring the depth near the study bank, rather than the thalweg, and may
include measurements from a pool feature.
Measuring the bank height ratio from a profile or cross section is considered a moderate level of effort and moderate level of complexity (see Appendix Ac) because of the time
and skill required to make the survey measurements. A rapid and simpler approach is
available for assessing the bank height ratio, which is often preferred by regulatory
agencies or others who quickly want to determine if a stream (pre- or post-restoration) is
incised. A rapid approach is best used if a regional curve is available. If it is, the riffle
mean depth from the curve can be used as an estimate for the bankfull max depth. Next,
measurements are made along the stream reach from the top of the bank to the bottom
edge of the channel, along riffle sections. This measurement is typically made with a
pocket rod or standard survey rod. The measurement can quickly be divided by the
bankfull depth to get the bank height ratio. If a regional curve is not available, at least one
measurement from a bankfull indicator is required, measuring from the indicator to the
edge of the water surface.
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FIGURE 7.2 MEASUREMENT
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2. Entrenchment Ratio
The entrenchment ratio (ER) is a measure of the floodprone area width in relation to
the bankfull width (Rosgen 1994). The floodprone area width is measured at a stage of 2
times the bankfull max depth. Therefore, it is possible to have a stream that is incised,
e.g., BHR of 1.8, but not entrenched if the floodplain is wide. The ER is calculated in a
riffle cross section as follows:
ER = FW / BW, where
FW = floodprone width, measured at a stage of 2 times the bankfull max depth
BW = bankfull riffle width.
The BHR and ER work well together to quantify floodplain connectivity. For all
stream types, a BHR of 1.0 indicates that the stream is not incised and has access to a
floodplain or floodprone area. However, the ER will naturally vary by stream type.
Streams in v-shaped valleys (A stream types) and colluvial valleys (B stream types) will
have lower entrenchment ratios than streams in alluvial valleys (C, E and DA stream
types). Therefore a C or E stream type with a bank height ratio of 1.0 and an entrenchment ratio of 10 is not incised and has a wide floodplain that will minimize flood depths,
thereby encouraging flood storage, floodplain accretion and other floodplain processes. C
or E stream types that have a BHR of 1.0 and an ER of 2.5 are also not incised, but are
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more entrenched than the previous example, meaning that flood flows do not have as
large a floodplain to dissipate energy and provide wetlands.
FIGURE 7.3 MEASUREMENT OF ENTRENCHMENT RATIO
Entrenchment Ratio (ER)
ER = Floodprone Width / Bankfull Width
Floodprone Width (FW)
Two Times the
Bankfull Depth
Bankfull Width (BW)

3. Stage Versus Discharge
HEC-RAS (Hydrologic Engineering Center, River Analysis System) is a one-dimensional stream flow model developed by the USACE and is the most common analytical
tool for completing hydraulic analysis associated with stream assessment and restoration
projects. Regarding floodplain connectivity, HEC-RAS can be used to predict the stage of
various flood return intervals, e.g., bankfull, 2-year, 10-year, etc. A separate analysis of
Hydrology is used to determine the discharge for bankfull and the various return interval
floods (See Hydrology Chapter). Therefore, HEC-RAS can be used to show if the channel
carries the bankfull discharge, the 100-year discharge, or something in between. Obviously, if the channel carries the 100-year discharge, it is very incised; if it carries the
bankfull discharge, it is not incised. An example of using HEC-RAS to determine how
much water the channel will carry is shown in Figure 7.4. In this example, the channel
will carry the 5-year discharge. The bankfull discharge is shown as a dashed line and is
between the 1.1- and 1.5-year discharge. The bankfull stage came from the Geomorphic
assessment and was entered into HEC-RAS.
Dunne and Leopold (1978) created a dimensionless rating curve for gauge stations in
the Eastern US by plotting the measured flood depth divided by the bankfull depth (d/
dbkf), versus the measured flood discharge divided by the bankfull discharge (Q/Qbkf).
This relationship is shown below in Figure 7.5 and includes data from streams with
alluvial valleys. Relationships like this can be used to determine if stream restoration
projects have channels that are connected to an active floodplain. It does, however,
require an estimate of the bankfull discharge and knowledge that the curve represents
the hydro-physiographic region of the project. If the bankfull discharge is unknown, then
a return interval discharge of 1.5 can be used (as an estimate only) in the denominator.
Rosgen (1996) created similar curves by stream type. The G stream type is shown on
Figure 7.5 representing streams that are not connected to a floodplain. In the absence of
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bank height ratios and entrenchment ratios, these two curves can be used to assess
floodplain connectivity. Performance standards related to the use of these curves is
provided in the section below.
Performance Standard
Performance standards for floodplain connectivity metrics are shown in Table 7.2. The
BHR performance standards are adapted from Rosgen (2006), which include a graph
showing the relationship between BHR and a qualitative stream stability rating using the
following categories: stable, slightly incised, moderately incised and deeply incised.
These values relate to channel stability; however, to assess floodplain connectivity the
values were recategorized as Functioning, Functioning-at-Risk or Not Functioning.
FIGURE 7.4 HYDRAULIC ANALYSIS BY THE HEC-RAS STREAM FLOW MODEL
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FIGURE 7.5 DIMENSIONLESS RATING CURVE FOR GAUGE STATIONS IN THE EASTERN
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TABLE 7.2 FLOODPLAIN CONNECTIVITY PERFORMANCE STANDARDS
MEASUREMENT METHOD

FUNCTIONING

FUNCTIONINGAT-RISK

NOT FUNCTIONING

Bank Height Ratio (BHR)

1.0 to 1.2

1.3 to 1.5

> 1.5

Entrenchment Ratio (ER) for
C and E Stream Types

> 2.2

2.0 to 2.2

< 2.0

Entrenchment Ratio (ER) for
B and Bc Stream Types

> 1.4

1.2 to 1.4

< 1.2

Project site Q/Qbkf
plots above the
curve

Project site Q/Qbkf
of 2.0 plots above
1.6 for d/dbkf

Dimensionless rating curve* Project site Q/
Qbkf plots on
the curve

* See Figure 7.5 for dimensionless rating curve from Dunne and Leopold (1978).

The entrenchment ratio performance standards are also based on Rosgen (2006). The
Functioning category represents the minimum value for that stream type, e.g., a 2.2 for C
and E stream types. The Functioning-at-Risk category represents the amount that the
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ratio can vary and remain in the same stream type. For example, a C and E stream can
have an entrenchment ratio of 2.0 and still be a C or E stream type based on what Rosgen
calls the “continuum of physical variables”. However, a decreasing entrenchment ratio is a
negative trend because it indicates that the valley is becoming more confined and floodplain processes are diminishing.
Between the BHR and ER, the BHR is the most important for achieving functional lift
because it is a direct measure of incision and, therefore, floodplain connectivity. It does
not, however, provide information about how far water can spread onto the floodplain.
The ER is a nice complement to the BHR because it accounts for the width of the floodplain/valley once floodwaters leave the channel. The ER becomes more critical for restoration projects that include floodplain excavation. It would be extremely rare for this type
of project to have an ER of 10, for example. Instead, minimum ER values will be used to
lower construction cost and meet landowner constraints. These minimums should not
exceed the values listed in 7.2. In addition, an excavated floodplain should be relatively
straight with the fall line of the valley and should not simply follow the pattern of the
channel using a constant floodplain width to achieve the targeted ER. An example is
shown below in Figure 7.6.
It is more difficult to use discharge as a performance standard because the discharge
rating curve varies by the shape of the channel (Leopold, 1994) and the degree of incision.
However, rating curves from different gauge stations become quite similar when the
values are converted to a dimensionless form (Leopold, 1994). If the d/dbkf versus Q/Qbkf
plots on the curve, then the stream is connected to the floodplain. If data from the project
site plot above the curve, it means that stage is increasing at a higher rate than the nonincised streams used to create the curve. This is likely caused by a deeper channel, and
the additional discharge is not spreading onto an active floodplain as quickly. If the
project site plots near the curve, it may still be functioning similar to reference reach
streams, but it is Functioning-at-Risk. As the project site plots further from the curve, the
risk of channel incision increases.
Rosgen (1996) shows a dimensionless discharge rating curve stratified by stream type.
This relationship shows that the G stream type at a Q/Qbkf of 2.0 has a d/dbkf of 1.6.
The breakpoint for Not Functioning floodplain connectivity was therefore set at a d/dbkf
of 1.6 for a Q ratio of 2.0, indicating a potential stream type change of a C or E to a G.
Again, it would be easier to use the BHR and ER (and then stream type) to make this
determination. However, a practitioner or reviewer could use gauge station data or published dimensionless discharge rating curves and the 1.5-year Q for bankfull to make an
estimate of floodplain connectivity performance.
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FLOODPLAIN EXCAVATION PROJECTS

FIGURE 7.6 PROPER VERSUS IMPROPER FLOODPLAIN EXCAVATION DESIGN
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PARAMETER: FLOW DYNAMICS

Description
The water flowing in a stream channel moves downhill because of gravity and slope.
The flow is then retarded by resistance applied by the stream bed and banks. The interaction of flowing water against the stream bed and banks creates dynamic flow conditions,
termed here as flow dynamics. The morphology of natural channels is dependent on
these flow dynamics. In intermittent and perennial streams, the discharge of groundwater and the overall surface/subsurface interaction creates additional functions, especially
as they relate to and support Physicochemical and Biology functions.
There are many resources that describe flow dynamics in stream channels and floodplains. A few include Knighton (1998), Leopold et al. (1992), Fetter (1994) and Bridge
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(2003). Flow dynamics have a major role in shaping the geometry of the channel. Therefore, restoration practitioners spend a considerable amount of time determining the
proper flow dynamics for a restoration project. Assessing flow dynamics for establishing
a baseline functional capacity or determining functional lift could include a wide range of
measurements, ranging from surface/subsurface interactions, stage versus discharge
relationships, velocity distributions, shear stress or tractive force, and stream power.
Many of these metrics relate to the ability of the stream to “do work” by transporting
sediment that is delivered to the channel from upstream sources, the stream bed, and
streambanks. Sediment transport parameters (sediment transport capacity and competency) are discussed in the Geomorphology Chapter because they describe the Geomorphology function of transporting sediment.
Three important measures of flow dynamics are described here: stream velocity, shear
stress and stream power. However, they are also applied in the Geomorphology Chapter
for assessing channel stability and sediment transport. These Hydraulic parameters
influence channel stability and sediment transport by providing the force and power
needed for Geomorphic functions to occur, e.g., transport of organic material and sediment to create diverse bed forms and dynamic equilibrium.
Measurement Method
1. Stream Velocity
Stream velocity is a vector that has magnitude and direction. Knighton (1998) describes stream velocity as one of the most sensitive and variable properties of open-channel flow because it is dependent on a wide range of factors. Knighton (1998) describes the
variability in four different ways, including distance from the stream bed, across the
stream channel and downstream, as well as with time. It is the character of this variation
that is important because of its influence on erosion, sediment transport and deposition.
Stream velocity is also important at baseflow and flood flow conditions. Baseflow velocities that are too high prevent upstream fish movement, and high stream velocities during
flood flows can cause stream bed and bank erosion if the flow force exceeds the resisting
forces. Therefore, stream velocity is a widely used parameter to help assess channel
stability, create stable channel designs and help support aquatic life.
The bankfull discharge and other flow magnitudes, e.g., the 100-year discharge, are
determined as part of the Hydrology assessment discussed in Chapter 6. The average
bankfull velocity is calculated as the bankfull discharge divided by the cross-sectional
area, which can be measured during an assessment of the pre- or post-restoration condition. In other words, the bankfull discharge is a design element and will not change after
restoration construction, but the cross-sectional area may change after construction, and
this change can be positive or negative. Dunne and Leopold (1978) noted that the average
bankfull velocity is approximately 4 feet/sec. Published regional curves, however, show
bankfull velocities varying by stream type.
Velocity can also be measured in the field; this is easier to do during baseflow conditions
than bankfull or flood conditions. Velocity may be measured in the field to assure that
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baseflow velocities will allow for fish passage and to measure discharge (discharge = velocity
x the cross-sectional area). This may be important for stream restoration projects that
include culvert removal or other barriers to fish passage. Dingman (2008) and Harrelson
et al. (1994) provide detailed methods on a variety of ways to measure stream velocity and
discharge. A single velocity measurement as described above is considered a rapid level of
effort with moderate complexity. However, taking velocity measurements for a range of
flow conditions to develop a stage versus discharge rating curve requires multiple trips
and more expertise and is considered an intensive level of effort and complex (Appendix Ac).
2. Shear Stress
Shear stress is a hydraulic force that is often used to predict sediment entrainment
(sediment transport competency). Regarding the Pyramid, shear stress is a Hydraulic
parameter (Level 2) that is used to quantify a Geomorphology function (Level 3), the
entrainment and transport of bed material. Most stream beds consist of unconsolidated,
cohesionless grains of sand and gravel. As flow increases, the force of the water over
these particles increases. At some threshold, the particles begin to move. This initial
movement is commonly defined as the critical shear stress (tcr ) or mean boundary shear
stress (t0 ) (Knighton, 1998). The mean boundary shear stress is calculated as:
t0 = gRs, where
t0 = mean boundary shear stress in lbs/ft 2
g = the specific weight of water (typically 62.4 lbs/ft 3)
R = hydraulic radius in ft
S = average channel slope in ft/ft.
There are many ways to calculate critical shear stress, and it is beyond the scope of
this document to review them all here. However, Knighton (1998) and Wilcock et al.
(2009) provides a description of the different ways to calculate critical shear stress,
including a variety of graphs and equations that can be used to predict erosion, transport
and deposition. Moreover, Rosgen (2006) provides an application of Andrews (1983 and
1984) equations for estimating the depth needed to maintain bed equilibrium during a
bankfull event, and Wohl (2000) provides a description of entrainment processes in
mountain rivers. Rosgen (2006) also created a relationship between particles transported
at near bankfull flows versus the boundary shear stress. These procedures are described
in more detail in the Geomorphology Chapter. Simple calculations of shear stress and its
use with existing graphs is considered a moderate level of effort and moderate complexity
because sufficient expertise is required to know when to use this method over other
methods. The level of effort and complexity becomes intensive if shear stress curves are
developed for a certain region, which requires bedload/material samples for a range of
flow conditions (Appendix Ac).
3. Stream Power
Stream power is the ability of the stream to do work, where work is defined as the
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conversion of potential energy (elevation change) to kinetic energy. Most of the kinetic
energy is dissipated through friction from the bed and banks. However, a small portion is
available to accomplish geomorphic work like the entrainment and transport of sediment
(Bagnold, 1960). Phillips (1989) provides a cross-sectional stream power calculation,
which is a physically based measure of sediment transport capacity. Thus, cross-sectional
stream power can be written as:
Ω = gQS, where
Ω= stream power per unit length (Watts/meter)
g = specific weight of water (1 g/m3)
Q = discharge (m3 /s)
S = slope (m/m).
Mean stream power is related to competence and can be expressed as:
ω = γRSV = Ω/W = τV (Lecce, 1997)
ω = unit or mean stream power (W/m2)
R = hydraulic radius (m)
V = velocity (m/s)
W = width (m).
As a functional assessment tool for stream restoration projects, mean stream power is
more useful than cross-sectional stream power. This is because mean stream power is
normalized by channel width and can be compared across various streams of different
size. Mean stream power is also the product of shear stress and velocity, which were each
discussed above. In this regard, mean stream power is probably the most important
parameter for describing flow dynamics. It is also a vital input parameter for sediment
transport functions, as described in the Geomorphology Chapter. Similar to shear stress,
if stream power is calculated and compared to literature values or existing graphs, the
level of effort and complexity is moderate. However, if stream power curves (sediment
transport rate versus stream power) are developed the level of effort and complexity is
complex (Appendix Ac).
Nanson and Croke (1992) used stream power to classify floodplains into three classes:
High-energy non-cohesive floodplains with bankfull ω greater than 300 W/m 2 ; mediumenergy non-cohesive floodplains with bankfull ω between 10 and 300 W/m 2 ; and lowenergy cohesive floodplains with bankfull ω below 10 W/m2. To further divide the
classes into orders and suborders, nine discriminatory fluvial geomorphic factors are
added. These factors include: (1) Valley Confinement, (2) Channel Cutting and Filling, (3)
Braid-channel Accretion, (4) Lateral Point Bar Accretion, (5) Overbank Vertical-accretion,
(6) Annabranching, (7) Scroll-bar Formation, (8) Counterpoint Accretion and (9) Organic
Accumulation. The first six factors are used to divide the classes into orders, and the
remaining three are used to divide the floodplains into suborders.
This is one example of how stream power can be used to assess the functional capacity
of a potential steam restoration site. For example, there are many low energy floodplains
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(ω less than 10 W/m 2 ) in the Piedmont and Coastal Plain regions of the eastern United
States. But these floodplains lack many of the processes (factors) described above due to
channelization, floodplain aggradation, deforestation and other direct and indirect disturbances. The Nanson and Croke (1992) floodplain classification provides restoration practitioners with a framework of processes that can be incorporated into restoration goals and then
quantified during design and monitoring as functional lift. It also provides guidance to
help ensure that the right type of stream channel is designed given the valley morphology.
Performance Standard
The measurement methods used to describe flow dynamics include stream velocity,
shear stress and stream power. Shear stress and stream power are important input parameters for assessing sediment transport; however, there are other Geomorphology parameters and measurement methods that are better for developing performance standards.
Stream velocity can be used as a flow dynamics performance standard, especially for
evaluating the appropriate bankfull discharge (and flow area) and for fish passage. Bankfull velocity performance standards should be based on local regional curves stratified by
stream type and the bankfull cross-sectional area measured in the field. Example performance standards by stream type are provided below in Table 7.3.
TABLE 7.3 FLOW DYNAMICS PERFORMANCE STANDARDS
MEASUREMENT METHOD

FUNCTIONING

FUNCTIONINGAT-RISK

NOT FUNCTIONING

Bankfull Velocity for C and E 3 to 6
stream types (ft/s)

6 to 7

>7

Bankfull Velocity for Cc(ft/s)

<3

3 to 4

>5

Bankfull Velocity for B
stream types (ft/s)

4 to 6

6 to 7

>7

Bankfull velocities typically should not exceed the range of velocities provided by
gauge sites used to develop regional curves. For C and E stream types with slopes between 0.005 and 0.02 ft/ft, the average bankfull velocity is 4 ft/s (Dunne and Leopold,
1978). However, these values only provide general guidance and are not the best performance standard for stream restoration projects. Values outside of the range shown can
indicate a potential problem (usually with stability), but the bank height ratio parameter
and other parameters in the Geomorphology Chapter are probably better suited for
stream restoration performance standards.
A wide range of velocity performance standards may be applied to projects with fish
passage issues and should be based on the fish species and site conditions, e.g., open channel
or culvert crossing. Stream assessments and restoration projects often deal with culvert
crossings and associated fish passage issues. The FishXing (pronounced “fish crossing”)
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software is a free tool that can be used to design culvert crossings for passage. The FishXing website includes references and supporting materials that could be used for assessing
velocity thresholds for a variety of fish species (www.stream.fs.fed.us/fishxing/index.html).

7.3

»

PARAMETER: GROUNDWATER AND SURFACE WATER EXCHANGE

Description
Surface water in streams interacts with groundwater in three basic ways: groundwater
discharging into the stream through the stream bed (gaining stream), surface water
flowing through the bed and into groundwater (losing stream), or a combination of both
(Winter et al., 1998). This document describes the processes of groundwater and surface
water exchange as it relates to stream assessments and restoration. An overview of
groundwater hydrology is not provided; however, Fetter (1994) and Winter et al. (1998)
are good sources for background information.
Figure 7.7 shows examples of a gaining and losing stream. Gaining streams are characterized as zones where the water table is higher than the stream bed. Losing streams are
the opposite — areas where the water table is below the elevation of the stream bed.
Losing streams can be connected to the water table by a continuous zone of saturation or
by an unsaturated zone (Fetter, 1994; Winter et al., 1998).
In some environments, stream reaches are almost always gaining or losing. However,
in other environments, surface and groundwater exchange is more variable, e.g., headwater streams. Flow direction toward or away from the stream bed can change quickly,
based on flood events that cause recharge near the streambank, short-term flood peaks or
transpiration of groundwater by riparian vegetation. A very common type of groundwater and surface water interaction during storms is called bank storage, which occurs
during a rapid rise in stream stage (depth). As the stage increases, water flows from the
channel into the unsaturated portion of the streambank. If the storm does not overtop
the streambank and spread onto the floodplain, water stored in the banks (bank storage)
typically returns to the channel within a few days or weeks. If the storm does overtop
the bank and spread onto the adjacent floodplain, widespread recharge to the water table
occurs as water seeps through the unsaturated zone (Winter et al., 1998). The timeframe
for this water to return to the channel through groundwater flow may take weeks, months
or even years. Depending on the frequency, magnitude and intensity of storms in a given
region, the stream and adjacent aquifer may be continuously readjusted based on these
processes (Winter et al., 1998). This is another reason that floodplain connectivity is so
important. Streams that overtop the streambank frequently (all flows greater than bankfull) have more opportunity to store and slowly return flood flows to the channel. Figure
7.8 illustrates these two processes (bank storage and recharge) as stream stage increases.
The processes described above occur during storm events; however, many gaining
streams have reaches that lose water to the aquifer during baseflow conditions. The direction and rate of seepage through the bed is often related to abrupt changes in bed slope
and meander bends. This subsurface zone where stream water flows through short
segments of the bed and banks is called the hyporheic zone. The hyporheic zone is a
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FIGURE 7.7 GAINING AND LOSING STREAM EXAMPLES
(In the illustration, A shows gaining stream and B shows a losing stream with an unsaturated zone.)
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Source: Adapted from Winter et al. (1998)

subsurface area of porous sediments where surface water and groundwater mix, thereby
creating an environment that is different from the stream or the groundwater (Figure 7.9).
This unique environment can have a large effect on the types and numbers of organisms (Level 5 – Biology) found in the stream. The importance of the hyporheic zone is
increasingly being recognized in stream and watershed assessments. As such, restoration
approaches that help to encourage the development of a hyporheic zone are being identified and implemented. These restoration techniques include adding meanders, creating
bed form diversity (steep riffles and flat pools), adding gravel layers beneath the ground
surface of the floodplain and sometimes step structures like cross vanes. Since these design
elements must be included as part of a sediment transport analysis and overall stable
geometry, it is included in Pyramid Level 3 (Geomorphology) rather than Level 2 (Hydraulic).
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FIGURE 7.8
(In the figure, A shows gaining stream, B shows bank storage and C shows groundwater recharge
associated with overbank flooding.)
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FIGURE 7.9 HYPORHEIC ZONE
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Source: Adapted from Waterencyclopedia.com

Measurement Method
There are many ways to measure groundwater/surface water interactions; however,
mapping the extent of the hyporheic zone is challenging. Kalbus et al. (2006) provides a
thorough review of methods to measure groundwater discharge into streams, stream
recharge of groundwater and the interactions between the two. This document only
highlights three methods described by Kalbus et al. (2006), piezometers, tracers and
seepage meters, because they are the most likely methods to be used by stream professionals. However, refer to Kalbus et al. (2006) for a more thorough review of methods.
1. Piezometers
A piezometer is a small diameter well with a short screen or section of slotted pipe at
the bottom end. It is used to measure hydraulic head (Fetter, 1994) and can usually be
installed by hand. As such, it is probably the most common method for measuring the
hyporheic zone. Piezometers are typically installed in the stream bed. This type of
installation shows if the stream is gaining or losing by comparing the water elevation in
the piezometer to the adjacent water elevation of the stream. If the water elevation in the
piezometer is lower than the adjacent stream elevation, the stream is losing water to the
hyporheic zone and vice versa. Transects of piezometers are installed throughout the
stream reach to delineate gaining and losing areas. Additionally, water samples can be
collected and the chemistry compared between the stream and the piezometer. This can
be compared to results from piezometers installed in the floodplain to delineate the
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lateral extent of the hyporheic zone, thus providing the depth and lateral extent.
2. Tracers
Tracers, or dye, can also be used to measure flow velocity in the hyporheic zone. A
known concentration of the tracer is injected into the sediments below the stream bed.
Water samples are then collected downstream to determine the concentration of the dye.
Tracer studies are often used in combination with computer models to estimate the flow
dynamics in the stream channel and hyporheic zone.
3. Seepage Meters
Bag-type or automatic seepage meters are also used to measure groundwater/surface
water interaction. There have been problems with using the bag-type meter in stream
systems, many of which have been overcome by the automatic seepage meter. The
automatic meter records velocities using a heat pulse, an ultrasonic device or an electromagnetic flow meter.
Design Standard
The development of a hyporheic zone is critically important to support Physicochemical and Biological processes. There are stream restoration techniques that can be used to
support the development of a hyporheic zone. Some examples include adding meanders,
creating step-pools or steep gradient riffles, adding bed form complexity, and creating
porous subsurface sediments. As stream restoration technologies advance, there is an
increase in working with bed sediments, and even loosening sediments that have been
previously compacted in the floodplain. However, developing performance standards for
groundwater/surface water exchange is difficult. The science is emerging, but currently
there are no quantitative standards to say that a hyporheic zone is Functioning, Functioning-at-Risk or Not Functioning. The best opportunity for developing a performance
standard would be cases where a reference reach is upstream or downstream of the
project. In this case, the design goal could be to have a hyporheic zone that is similar in
depth and width to the reference reach, which could be assessed using piezometers.
Another option is to use Level 5 parameters like macroinvertebrate communities, since
many of these organisms rely on the hyporheic zone as a critical habitat.
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Level 3 on the Pyramid represents the Geomorphology functions, which transport and
store organic matter (wood) and sediment to create diverse bed forms and dynamic
equilibrium. These functions include the interaction of flowing water with the stream
bed, streambanks and upstream sediment supply. Therefore, the assessment and restoration of Geomorphology functions come after an assessment of the Hydrology (Level 1)
and Hydraulic (Level 2) functions, as the Geomorphology functions integrate both of
these preceding functions.
The interaction between flowing water and sediment transport creates bed forms like
riffles, runs, pools and glides, which provide the critical habitats for macroinvertebrates,
fish and other organisms. Streams that are in balance with Hydraulic and Geomorphology functions are said to be in dynamic equilibrium. This means that the stream bed is not
aggrading nor degrading over time, and that lateral adjustments do not change the crosssectional area, even though its position on the landscape may change (Hack, 1960).
Table 8.1 provides a list of the parameters included in Level 3, along with methods for
measuring the parameters. An indication of whether or not a measurement method
includes a performance standard is also provided. A description of each parameter,
measurement method and performance standards are provided below. Appendix Ac
includes a list of all the Geomorphology measurement methods along with information
about the method’s type, level of effort, level of complexity, and whether it is a direct or
indirect measure of the function-based parameter. The criteria used to make these determinations are provided in Chapter 4.

8.1

»

PARAMETER: SEDIMENT TRANSPORT COMPETENCY

Description
The ability of the stream to transport its sediment load can be determined through
sediment transport competency and capacity analyses. Sediment transport competency is
the ability of a stream to move particles of a given size and is a measurement of force,
often expressed in units of pounds per square foot (lbs/ft 2). A description of shear stress is
provided in the Hydraulics Chapter. Sediment transport competency is a common parameter used to determine the vertical stability of a gravel bed stream. Competency analysis
is typically not completed in sand bed channels because all particle sizes are mobile.
Sediment transport competency is used more during the stream restoration design
phase than for evaluating performance during the post-restoration monitoring phase.
Other parameters, such as bed form diversity, are easier to measure during the monitor-
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TABLE 8.1 GEOMORPHOLOGY PARAMETERS, MEASUREMENT METHODS AND AVAILABILITY
OF PERFORMANCE STANDARDS (CONT.)
PARAMETER

MEASUREMENT METHOD

PERFORMANCE
STANDARD

Channel Evolution

1. Simon Channel Evolution Model
2. Rosgen Stream Type Succession
Scenarios

Yes
Yes

Bank Migration/Lateral
Stability

1.
2.
3.
4.
5.
6.

Meander Width Ratio
BEHI / NBS
Bank Pins
Bank Profiles
Cross-Sectional Surveys
Bank Stability and Toe Erosion Model

Yes
Yes
Yes
Yes
Yes
Yes

Riparian Vegetation

1.
2.
3.
4.
5.
6.
7.
8.

Buffer Width
Buffer Density
Buffer Composition
Buffer Age
Buffer Growth
Canopy Density
Proper Functioning Condition (PFC)
NRCS Stream Visual Assessment
Protocol
9. Rapid Bioassessment Protocol
10. Watershed Assessment of River
Stability and Sediment Supply
(WARSSS)
11. USFWS Stream Assessment Ranking
Protocol (SAR)

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes

Bed Form Diversity

1.
2.
3.
4.

Percent Riffle and Pool
Facet Slope
Pool-to-Pool Spacing
Depth Variability

Yes
Yes
Yes
Yes

Bed Material
Characterization

1. Bevenger and King (1995)
2. Riffle Stability Index (RSI)

Yes
Yes

Sediment Transport
Competency

1. Shear Stress Curve
2. Required Depth and Slope
3. Spreadsheets and Computer Models

No
No
No

Sediment Transport
Capacity

1. Computer Models
2. FLOWSED and POWERSED
3. BAGS

No
No
No

Large Woody Debris
Transport and Storage

1. Wohl et al. (2009)
2. Large Woody Debris Index

No
Yes
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ing phase to determine if sediment transport processes are working properly. For example, if the stream is aggrading, excessive bar development, e.g., mid channel bars, will be
obvious. If the stream is degrading, headcuts and the lack of pool features will be obvious.
Therefore, the measurement methods described below are typically used to assess reference reach and project reach streams. Design standards are discussed after the measurement methods; however, performance standards are not included for this parameter.
Measurement Methods
1. Shear Stress Curve
There are a variety of methods for assessing sediment transport competency in gravel
bed streams, most of which are based on tractive force or shear stress calculations. Rosgen (2006) measured bedload from Colorado Rivers and combined this data set with the
high outliers from a Leopold, Wolman and Miller (1964) data set. This form of boundary
shear stress is used by Rosgen (2006) to predict particle sizes that may be transported
during a bankfull event. It is therefore a rapid assessment tool that does not require detailed
modeling or intensive field work, only a cross section, average slope measurement and
grain size distribution of the bed material. The result is shown below in Figure 8.1.
FIGURE 8.1 GRAIN SIZE ENTRAINED AS A FUNCTION OF SHEAR STRESS

Source: US EPA Watershed Assessment of River Stability and Sediment Supply (WARSSS) v1.0
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The upper line represents data measured in natural rivers at or near the bankfull
discharge, along with upper outliers from the Leopold, Wolman and Miller (1964) curve.
The upper curve is used more often to assess sediment transport competency in stream
restoration projects. However, it is an empirical tool and data from the project reach
should be representative of the data used to create the curve (Rosgen, 2009). If it is not,
then local curves should be developed in order to use the curve for design or assessment
purposes. The development of a local curve requires an intensive level of effort and
should only be developed by qualified scientists or engineers (Appendix Ac).
2. Required Depth and Slope
Rosgen (2006) also describes a much more detailed procedure that involves sampling
bed material from the riffle pavement (surface layer) and the riffle subpavement, or
material from the point bar. The material is sieved and a grain size distribution for the
pavement and subpavement or point bar is developed. A series of calculations are then
made using equations from Andrews (1984) and Andrews and Erman (1986) to determine
the depth and slope required to move the largest particle from the subpavement or bar.
From past monitoring, Rosgen has determined that the largest particle from the subpavement or point bar closely matches the largest particle sampled during a bankfull event.
The required depth and slope can then be compared to the project reach depth and slope
(could be a pre- or post-restoration condition as well). If the required depth and slope is
greater than the project depth and slope, then there is a potential for stream bed aggradation because more shear stress is needed to move the bed. If the required depth and slope
is less than the project depth and slope, then there is risk of bed degradation because
there is more shear stress than is necessary to move the bed, e.g., all particle sizes may be
transported rather than the largest size from the sub-pavement or bar sample.
3. Spreadsheets and Computer Models
Several computer models can be used to assess vertical stability, including those
ranging from rapid/simple spreadsheet programs like BAGS to one-dimensional models
like HEC-RAS, as well as the more sophisticated two-dimensional models. These models
typically compute competency and capacity with more emphasis placed on capacity. A
description of these techniques is provided below.
Design Standard
Sediment transport competency and capacity are often assessed together. Therefore,
design standards for both parameters are discussed in the following section (Parameter:
Sediment Transport Capacity).

8.2

»

PARAMETER: SEDIMENT TRANSPORT CAPACITY

Description
Sediment transport capacity is the ability of a stream to move a quantity of sediment
through a riffle cross section. It is typically assessed using stream power, and is often
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expressed as units of watts/square meter (W/m 2 ). A description of stream power is
provided in the Hydraulics Chapter. Sediment transport capacity is often shown as a
sediment transport rating curve, which provides an estimate of the quantity of total
sediment (load) transported through a cross section per unit time. The curve is provided
as a sediment transport rate versus discharge or stream power. An example of a sediment
transport rating curve is shown below in Figure 8.2.

Sediment Discharge (lb/s)

FIGURE 8.2 A MODELED SEDIMENT RATING CURVE FOR A PROJECT IN NC

Discharge (cfs)

Source: Reproduced with permission from Michael Baker Corporation

The total sediment load transported through a cross section can be divided by type of
movement into bedload and suspended load fractions. Bedload is generally composed of
larger particles, such as course sand, gravel and even cobbles or boulders, which are
transported by rolling, sliding or hopping (saltating) along the bed. Suspended load is
normally composed of fine sand, silt and clay particles transported in the water column.
Measurement Method
As mentioned previously, sediment transport capacity is often characterized by calculating stream power and developing rating curves, such as sediment transport in lbs/sec
versus discharge or stream power. A common approach is to calculate the sediment
transport capacity of a reach immediately upstream of the project, called the supply
reach. Sediment transport capacity is also calculated for the project reach. The two are
compared, and if the project reach has a similar transport rate as the supply reach, the
project reach is assumed to be in equilibrium. If the project reach is transporting more
sediment than the supply reach, there is a risk of bed degradation. Conversely, if the
project reach is transporting less sediment than the supply reach, then there is a risk of
aggradation. It is preferable that the upstream supply reach is stable, i.e., not aggrading or
degrading. However, this approach can be used even if the upstream reach is unstable, as
the goal is to transport the load of sediment that is delivered to the project reach, whatever that value may be. The problem is that an unstable supply reach will likely change
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significantly with time and, therefore, the sediment supply to the project reach will
change. This is one reason that it is preferable to select restoration reaches downstream of
stable reaches. Another complicating factor is that a restoration design may have a goal to
store sediment rather than have a transport reach. Furthermore, projects with a low
sediment supply may not need a quantitative sediment transport analysis. Innovative
design approaches like those shown on Figure 6.2 are redefining approaches for assessing
sediment transport.
1. Computer Models
There are several computer models that can be used to quantify sediment transport
capacity. HEC-RAS Version 4.1 has a sediment transport feature that can easily be run if a
hydraulic model has already been developed for the project and bed material data are
available. Another option is SAMWin, which is a single cross-section analyzer using a
variety of sediment transport capacity equations. The software then predicts a stable
cross-sectional geometry based on a Copeland stability curve and other methods (Thomas et al., 2002). More information about SAMWin, as well as a free download of the
software and supporting documents, can be found at chl.erdc.usace.army.mil/chl.
aspx?p=s&a=SOFTWARE;2.
Two-dimensional models are also becoming more prevalent for assessing channel
hydraulics and sediment transport capacity. Two examples of commercially available 2-D
models with hydraulic and sediment transport modeling capabilities are provided below.
RiverFLO-2D www.flo-2d.com/products
Mike 21 www.mikebydhi.com
2. FLOWSED and POWERSED
Rosgen (2006) developed an empirical approach to assessing sediment transport
capacity. This approach is used to develop dimensionless bedload and suspended rating
curves by normalizing the measured transport rates by the bankfull value. Dimensionless
rating curves are developed for the project reach and as a reference reach for comparison.
Sediment supply often increases in unstable streams, which will cause the curve to shift
toward finer sediment sizes. This shift can then be compared to the reference curve to
determine if the shift is significantly different.
This approach has been automated and further advanced through the FLOWSED and
POWERSED models (Rosgen, 2006). FLOWSED is a model that is used to estimate annual
sediment supply/loading, and it is often used to determine functional capacity by comparing results of a project reach to a reference reach, or pre-restoration conditions to postrestoration conditions. FLOWSED is also used to input sediment supply into POWERSED,
which is used in conjunction with FLOWSED to determine channel stability. POWERSED
includes a hydraulic analysis in order to calculate sediment transport capacity. FLOWSED
and POWERSED are included in the RIVERMorph software program (www.rivermorph.com).
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3. Bedload Assessment in Gravel-bedded Streams (BAGS)
A simpler spreadsheet-based program called Bedload Assessment in Gravel-bedded
Streams (BAGS) was developed by Pitlick et al. (2009). BAGS predicts sediment transport
using six different bedload transport equations developed for gravel bed streams. A
sediment transport primer by Wilcock et al. (2009), a user manual, and the BAGS program is available from www.stream.fs.fed.us/publications/bags.html. The primer is a good
document for those who want to learn more about the fundamentals of sediment transport processes.
Design Standard
Sediment transport competency and capacity are two of the most important design
elements for stream restoration projects located in transport zones. Transport zones are
stream reaches that receive significant sediment supply from upstream and adjacent
sources. The project reach must be able to transport this load in order to maintain equilibrium. If a project is located in a reach where there is not significant sediment supply, like a
small headwater stream or perhaps an urban channel, sediment transport competency
and capacity analyses are less important.
In either case, sediment transport calculations are probably more useful as a design and
assessment parameter than for determining post-restoration performance. If sediment
transport calculations are wrong and the design is flawed as a result, stability problems
will be obvious without the need for recalculating competency and capacity (although
calculations may help to understand why a project is not properly transporting the
sediment load). Indicators of sediment transport problems include excessive bar development
(aggradation) and head-cutting (degradation), among others. Harman and Starr (2011)
provide a checklist that can be used to help assess whether a natural channel design
included the appropriate sediment transport analyses. The checklist is available for free
download at http://water.epa.gov/lawsregs/guidance/wetlands/wetlandsmitigation_index.cfm
under Technical Resources for Mitigation or www.stream-mechanics.com.
In addition, Rosgen (2006) provides a comprehensive method for assessing vertical
stability using a wide range of quantitative and qualitative methods. Other parameters
from the Pyramid, like depth variability, percent riffle and pool, and lateral stability
provide better performance standards because they represent the result of proper sediment
transport. If the channel is in equilibrium, there is a greater probability that the appropriate bed features will form and the streambanks will have low erosion rates (rates that are
comparable to reference reaches).

8.3

»

PARAMETER: LARGE WOODY DEBRIS TRANSPORT AND STORAGE

Description
In addition to sediment, streams also transport, store and breakdown organic matter.
Of course the type of organic matter and the rates of transport, storage and breakdown or
decomposition vary greatly across the US, with the greatest rates being in forested headwater streams. A forested riparian buffer delivers many types of organic matter to the

A Function-Based Framework » May 2012

121

Chapter 8: Geomorphology, Large Woody Debris Transport and Storage

stream, including leaves, large woody debris (LWD), dissolved organic compounds, feces
and even dead animals (Richardson et al., 2005). LWD includes logs, limbs and whole
trees that are sometimes transported or stored in the channel and oftentimes stored on
the floodplain and floodprone area (Wohl, 2000).
The minimum size for organic matter to be classified as LWD is often reported as 10
cm in diameter (Wohl, 2000). Davis et al. (2001) defines LWD as having a 10-cm diameter
at one end and is over 1 m in length. There is no maximum size for LWD, and it can
include parts of trees (limbs), entire trees or groups of trees. Particulate organic matter
(POM — leaves, needles and small pieces of wood) transport can be considered a Geomorphology (Level 3) parameter, at least in terms of recruitment and transport; however,
since POM breaks down much faster than LWD, it fits better under organic processing,
which is a Physicochemical (Level 4) parameter. The distinction made here is that LWD is
a structural control and often included in geomorphology assessments, whereas, the
transport and processing of POM is often part of ecological assessments. For this reason,
LWD measurements are included in this section and methods for measuring organic
processing are included in the Physicochemical Chapter (Level 4).
Large woody debris is most prevalent in mountain streams (Rosgen stream types A
and B) and provides an important form of boundary roughness and flow resistance.
Additionally, LWD can increase localized bank erosion and, therefore, sediment supply;
produce a stepped channel profile where large pieces span the channel width; create
sediment and organic matter storage areas; provide cover for fish; and increase substrate
diversity (Wohl, 2000). In this role, LWD has a major influence on bed forms, sediment
transport and channel stability — clearly a Pyramid Level 3 parameter. It also provides
structure that is important for the processing of organic matter (Level 4 – Physicochemical) and supporting macroinvertebrate and fish health (Level 5 – Biology).
Measurement Method
There is an increasing amount of literature about the role and importance of LWD in
rivers. Montgomery et al. (2003) provides a good overview of the geomorphic effects of
wood in rivers with a global and historical overview. Abbe and Montgomery (1996) describe the role of LWD jams on channel hydraulics and habitat formations in large rivers
of the Pacific Northwest. Webster et al. (1999) describes the transport and breakdown of
allochthonous material at the Coweeta research forest, a Southeastern US watershed.
1. Wohl LWD Assessment
Wohl et al. (2009) published a recommended list of parameters and methods of measurement to create a more standardized approach to measuring LWD. This list may be
more suited for stream assessments that are associated with research projects than those
for stream restoration. However, as noted in this document, many of these parameters
can be measured rapidly. Unfortunately, there have not been enough studies or assessments completed using this method, and especially on high-quality streams, to create a
reference reach database and, therefore, a basis for developing performance standards.
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Hopefully, that information will be available in the near future. A list of parameters and
measurement methods from Wohl et al. (2009) are provided at stream.fs.fed.us/publications/documentsStream.html. Level I lists metrics that the authors propose should be included in all studies; Level II lists those metrics that are more applicable to a research project.
2. Large Woody Debris Index (LWDI)
While the research continues to evolve, Davis et al. (2001) provides a moderately rapid
and simple method of measuring LWD that includes a Large Woody Debris Index
(LWDI), making it a useful technique for comparing LWD functionality at a project reach
to a reference reach. Two stages of assessment of LWD and debris dams are described by
Davis et al. (2001). Stage 1 involves simply counting all LWD pieces and debris dams
within a reach and standardizing the count, based on reach length or sample area. In
addition to total counts of LWD and debris jams, stage 2 includes the single LWD piece
and debris dam size, compared to stream size, its position in the channel and the overall
stability of the LWD. The data collected in stages 1 and 2 are used to compute the LWDI.
Davis et al. (2001) also provide guidance on how to set up a monitoring program to
collect and evaluate the data, which generally include multiple samples that are statistically compared to a reference stream.
Performance Standard
Many restoration projects are beginning to incorporate LWD into their designs. This is
most prevalent in the Pacific Northwest, where practitioners are using engineered log
jams to restore floodplain connectivity, pool habitat and substrate diversity, as well as
reduce streambank erosion (Abbe et al., 2003). Rosgen (2010) is also incorporating more
wood into natural channel designs through the use of a toe-wood structure. Harman
(2004) shows techniques for using root wads and cover logs to increase wood in the
outside of meander bends. In these cases, performance may be measured based on the
stability of the structures post-restoration and flows that exceed the bankfull discharge.
To determine the overall performance of LWD on creating bed form diversity, organic
matter and nutrient retention, and channel stability, the LWDI index can be used. A
Functioning stream would have a LWDI that statistically has the same score as the
reference reach. A Not Functioning stream would have statistically significant lower value
than the reference stream with no evidence that the stream is trending towards a Functioning condition, e.g., no buffer along the study reach or upstream. A Functioning-atRisk stream would also be statistically lower than the reference condition; however, the
trend is toward a Functioning condition, e.g., a buffer has been planted or is already
established and/or a wood supply exists upstream (Table 8.2).
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TABLE 8.2 LARGE WOODY DEBRIS PERFORMANCE STANDARDS
MEASUREMENT
METHOD

FUNCTIONING

FUNCTIONINGAT-RISK

NOT FUNCTIONING

Large Woody Debris
Index (LWDI)

LWDI of project
reach equals
LWDI of
reference reach

LWDI of project reach
does not equal
reference reach, but is
trending in that
direction.

LWDI of project reach
does not equal LWDI
of reference reach
and is not trending in
that direction.

8.4

»

PARAMETER: CHANNEL EVOLUTION

Description
Channel evolution occurs when a stream system begins to change its morphology
from one condition or stream type to a new condition or stream type. Channel evolution
can be a negative or positive trend. As described by Leopold (1994), a stream system is a
“transporting machine” for water and sediment. An open system, such as a stream, will
attempt to work toward two end goals: (1) to perform a minimum amount of work and (2)
to expend energy uniformly. A stream system that is in equilibrium is one where these
goals are balanced (Leopold, 1994).
Channel evolution can be the result of a channel changing to a more stable or efficient
form. This is commonly seen in stream restoration where new channel geometry is
altered to a more stable form. Restored channels are typically constructed so that they
can improve (evolve) their functional capacity over time. In a meandering stream, this
generally corresponds to an evolution from a Rosgen C stream type to an E. An example
of this process is shown below in Figures 8.3 and 8.4. Figure 8.3 is a 2002 photo of a riffle,
taken a few months after construction and a bankfull event. Note the deposition on the
right bank (left side of photo). Figure 8.4 is a photo of the riffle in 2006 after the vegetation has become more established.
The channel evolved from a C stream type with a bankfull width/depth ratio of 14 in
2003 to an E stream type in 2007, with a bankfull width/depth ratio of 9. The cross section
in Figure 8.5 (below) represents the riffle. The deposition on the right bank is a natural
levee that was formed between the upstream point bar and the riffle section. There was
toe erosion along the left bank; however, the riffle evolved in a positive direction as
shown by the decrease in bankfull width/depth ratio, while maintaining a BHR near 1.0.
Channel evolution can also be the result of a disruption to the stream or watershed. If
a disruption to either the amount of stream power (such as from a change in slope or
discharge) or to the work to be done (such as a change in the amount of sediment supply),
the stream’s equilibrium may be disturbed, and the stream channel may begin evolving
to meet the new conditions. This relationship was first described by Lane (1955). Lane’s
diagram states that the sediment size multiplied by the sediment load is proportional to
the stream discharge multiplied by the slope (Figure 8.6).
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FIGURE 8.3 RESTORED RIFFLE IN 2002

Source: Reproduced with permission from Michael Baker Corporation

FIGURE 8.4 RESTORED RIFFLE IN 2006

Source: Reproduced with permission from Michael Baker Corporation
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FIGURE 8.5 EVOLUTION OF THE RIFFLE CROSS SECTION FROM 2003 TO 2007

Source: Reproduced with permission from Michael Baker Corporation and Wildland Hydrology

A common sequence of physical adjustments (channel evolution) has been observed in
many streams following disturbance. Disturbance can result from channelization, which
is an increase in runoff due to build-out in the watershed, removal of streamside vegetation or other changes that negatively affect stream stability. These disturbances occur in
both urban and rural environments. Several models have been used to describe this
process of physical adjustment for a stream.
The channel evolutionary stage conveys important information about the pressures on
stream systems and the stream channel’s response. Stream and river restoration projects
often have an end goal of stabilizing the stream system, i.e., bringing the system into
equilibrium. In order to prevent or correct stream stability issues the current evolutionary
stage of the channel, and the pressures acting upon it must be understood.
Measurement Method
Understanding channel evolution is helpful during geomorphic assessments, restoration goal setting and project evaluation. Channel evolution can be used during the geomorphic assessment phase to determine whether the stream reach is trending towards
stability or instability. This determination helps to establish better goals. If the stream is
trending towards stability (late stage of evolution), then the restoration goals can be more
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FIGURE 8.6 GRAPHIC REPRESENTATION OF LANE’S DIAGRAM
The sediment size and load is shown on the left, and discharge and slope (power) is shown on the right. When
one of these parameters changes, there is often a change in streambed elevation. For example, an increase in
channel slope from channelization often leads to degradation.

Source: Reproduced with permission from Michael Baker Corporation

passive. These passive approaches often include land use management changes or simply
re-establishing a wide riparian buffer. If the stream is stable but is showing signs of
instability (early stage of channel evolution)
like the early signs of a headcut, then the goal If the stream is trending
may be to simply stabilize the headcut to pretowards stability (late stage
vent further upstream damage. Full-scale
restoration goals are often needed for streams of evolution), then the
that have been disturbed and are evolving
restoration goals can be
towards increasingly unstable conditions or
more passive.
reaches that will require many years of
adjustment before reaching equilibrium. Channel evolution can then be used after restoration to help show that the stream is moving from a newly constructed condition to a
reference condition, e.g., a C evolving to an E.
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Channel evolution can be assessed using Simon’s Channel Evolution Model, Rosgen’s
Stream Type Succession Scenarios or both. Both methods involve assessing the stream in
its current condition and determining its evolutionary endpoint.
1. Simon Channel Evolution Model
The Simon (1989) Channel Evolution Model (Figure 8.7) characterizes evolution in six
steps, including:
1.		Sinuous, pre-modified
2.		Channelized
3.		Degradation
4.		Degradation and widening
5.		Aggradation and widening
6.		Quasi-equilibrium
The channel evolution process is initiated once a stable stream that is well connected
to its floodplain is disturbed. Disturbance commonly results in an increase in stream
power that causes degradation, often referred to as channel incision (Lane, 1955). Incision
eventually leads to over-steepening of the banks; and when critical bank heights are
exceeded, the banks begin to fail. Incision and widening continue as headcutting moves
upstream. Eventually the bed slope is reduced, and sedimentation from bank erosion
begins to fill the channel (aggradation). A new, low-flow channel begins to form in the
sediment deposits. By the end of the evoluFull-scale restoration tionary process, a stable stream geometry,
similar to those of undisturbed channels,
goals are often needed for forms in the deposited alluvium. The new
streams that have been channel is at a lower elevation than its
disturbed and are evolving original form, with a new floodplain constructed of alluvial material (FISRWG, 1998).
towards increasingly unstable
The first step toward determining the
conditions or reaches that channel evolution using this method is to
will require many years characterize the channel in its current
of adjustment before condition. This may involve using similar
morphological indicators to determine
reaching equilibrium. vertical and lateral stability, as well as
reviewing sediment transport calculations,
as described in the Rosgen (2006) method. Then an evolutionary stage from Simon’s
model can be selected. For example, a newly channelized stream corresponds to Stage 2
of the Simon model. If an active headcut is observed in this channelized stream, it indicates vertical instability, which corresponds to Stage 3 of the Simon model. If BHRs are
high, indicating incision, the stream may begin to have rotational and slab bank failure
from the changes in bank hydrostatic pore pressure caused by the drop in the water table.
This will cause the channel to widen, which would indicate that the stream is in Stage 4
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FIGURE 8.7 SIMON CHANNEL EVOLUTION MODEL
hc = critical bank height
= direction of bank or bed movement

Class I, Sinuous, Premodified
h<hc
h

Class II, Channelized
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Class III, Degradation
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h

h

slumped material

Class V, Aggradation and Widening
h>hc

Class VI, Quasi Equilibrium
h<hc

terrace

terrace
bank

h

h

bankfull

slumped
material
aggraded material

aggraded material

Class I

Class III
precursor
nickpoint

precursor
nickpoint

oversteepened reach

Class IV
plunge
pool
direction

Class V
of flow

top bank

secondary
nickpoint

aggradation zone

Class VI

aggradated material

Source: Adapted from FISRWG(1998) and Simon (1989)
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of the Simon model. Stage 4 also corresponds to an increase in width to depth ratios. As
the stream continues to widen the slope decreases from down-cutting, the channel loses
the capacity to transport the sediment received. Depositional features, such as mid-channel and transverse bars, begin to develop, which force velocity vectors towards streambanks and cause increased bank erosion or widening. This is Stage 5 of the Simon model.
The level of effort and complexity for using the Simon Channel Evolution Model
varies depending on a qualitative versus a quantitative assessment. An experienced
practitioner can predict the stage of evolution by simply observing the channel, making
the level of effort “rapid” and level of complexity “simple.” If field measurements are
taken, the level of effort and complexity increase to moderate (Appendix Ac).
2. Rosgen Stream Type Succession Scenarios
Rosgen (2006) uses changes in stream type to illustrate channel evolution. These
changes were measured in streams throughout the US. Nine different stream type succession scenarios are shown in Rosgen (2006). Since that publication, three more scenarios
have been added, and all 12 are shown below in Figure 8.8 (Rosgen, 2010, personal
communication). Scenario 5 most closely matches the Simon (1989) approach.
The first step toward determining the channel evolution with this method is to classify the channel using the Rosgen (1994) methodology. After determining the stream
type, observations should extend to the valley to determine what the naturally forming
stream type is for the given valley. Rosgen (1996) provides information regarding which
stream types occur naturally in certain valleys. Knowing the naturally occurring, stable
stream type provides the potential evolutionary starting and/or end point for the stream.
The next step in determining the channel evolution is to determine if the stream is
already at its evolutionary end point, or if it is in one of the stages of evolution. Morphological indicators can give clues as to whether a channel is vertically unstable, laterally
unstable or both. These include the presence (or absence) of features such as headcuts and
depositional bars; the presence and location of bank erosion; and geomorphic channel
measurements, such as bank height ratio, entrenchment ratio and width to depth ratio.
These indicators provide insight into whether the channel is aggrading or degrading.
These observations are then compared to sediment competency calculations to determine
whether the bankfull flows have the force to entrain the sediment delivered by the watershed, or if they have excessive force and may mobilize the entire bed. Rosgen (2006)
provides a detailed assessment method, which includes a series of geomorphology-based
worksheets used to determine channel stability. After the geomorphic and stability data
are gathered, the appropriate evolutionary sequence can be selected from one of the 12
scenarios shown in Figure 8.8. These determinations can be made visually by an experienced practitioner and can, therefore, be completed rapidly. However, they can also be
measured, which increases the level of effort and complexity to moderate (Appendix Ac).
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FIGURE 8.8 ROSGEN EVOLUTION MODEL BY STREAM TYPE

Source: Reproduced with permission from Wildland Hydrology
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Performance Standard
Channel evolution as a performance standard is different than most of the other
parameters in that it is a summary condition that integrates several parameters and
processes. As such, it may be tempting to
Channel evolution as a use channel evolution as the only perforperformance standard is mance standard in the Hydraulic and Geomorphology categories, stating for example
different than most of the that a Rosgen C stream type is Functioning
other parameters in that it is and therefore meets the performance stana summary condition that dard. This approach is strongly discouraged
because stream type alone does not provide
integrates several parameters stability and functional capacity informaand processes. As such, it tion. There are many C and E stream types
may be tempting to use that are Functioning-at-Risk or Not Funcchannel evolution as the tioning. Keep in mind that a channel could
have a bank height ratio of 1.8, a very
only performance standard incised channel, and still classify as a C or E.
The reason for including channel evoluin the Hydraulic and
Geomorphology categories. tion is to show the current channel condition and how it could change over time. The
This approach is strongly federal mitigation rule suggests that perfordiscouraged because stream mance standards be based on data from
type alone does not provide reference reach streams. One reason for this
stability and functional is to show the natural range of variability
that exists in stable, functioning streams.
capacity information. The rule also states that performance standards should show the expected stages of
the aquatic resource development process, in order to allow early identification of potential problems and appropriate adaptive management. Channel evolution can be used
along with other parameters to show the expected stages of development in a restoration
project. For example, many projects are designed and built as a C stream type. Over
time, the channel evolves to an E stream type. Showing this evolution indicates that the
stream is trending towards a higher degree of functionality. A restored channel that is
built as a C stream type but begins to evolve to a Gc stream type represents a negative
trend, one that leads to instability and a loss of function. This project would require
immediate attention.
Tables 8.3 and Table 8.4 summarize the various stages for each measurement method
and whether they are Functioning, Functioning-at-Risk or Not Functioning. The arrow
() means that the stream type is changing from the former to the latter. For example, a
CGc means that the current stream type is a C, and the stream is trending towards a
Gc. This table can be used as an aid in performing geomorphic assessments, goal setting
and for evaluating stream restoration projects.
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TABLE 8.3 PERFORMANCE MEASUREMENT FOR ROSGEN’S STREAM TYPE
EVOLUTIONARY STAGES
MEASUREMENT METHOD

FUNCTIONING

FUNCTIONINGAT-RISK

NOT FUNCTIONING

Rosgen’s Stream Type Succession Scenarios
1. ECGcFCE

E, C

CGc and FC

Gc, F

2. CDC

C

CD and DC

D

3. CDGcFC

C

CD and FC

D, Gc, F

4. CGFBc

C, Bc

CG and FBc

G, F

5. EGcFCE

E, C

EGc and FC

Gc, F

6. BGFbB

B

BG and FbB

G, Fb

7. EbGB

Eb, B

EbG and GB

G

8. CGFDC

C

CG and DC

G, F, D

9. CGFC

C

CG and FC

G, F

10. EAGFCE

E

EA and FC

A,G, F

11. CFCFC

First and last C

CF

F

12. CGFCCC

First and last C

CG and CC

G,F, Fourth C

TABLE 8.4 PERFORMANCE MEASUREMENT FOR SIMON’S CHANNEL EVOLUTION STAGES
Simon (1989) Channel Evolution Model Stages

FUNCTIONING
1. Sinuous, pre-modified

FUNCTIONINGAT-RISK

NOT FUNCTIONING



2. Channelized



3. Degradation



4. Degradation and widening



5. Aggradation and widening
6. Quasi-equilibrium

*


* Only late Stage 5 of the Simon model, where the stream has begun to construct a new floodplain at a lower elevation, is
considered to be Functioning-at-Risk.

In addition to the performance standards provided above, Table 8.5 may be helpful in
illustrating the effects of stream type changes on habitat parameters. These parameters
are provided by Rosgen and do not directly correspond to parameters on the Pyramid.
This table is provided by Rosgen (2010, personal communication) and shows how each
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variable (parameter) responds to the change in stream type. An up arrow means that there
is an improvement, a down arrow means that there is a functional loss, and a sideways
arrow indicates no change. The green shading indicates that these two stream type
evolutionary changes are positive or, using Performance Standard terminology, Functioning-at-Risk. Once they evolve to a C or E stream type, they will be Functioning.
TABLE 8.5 THE EFFECTS OF STREAM TYPE CHANGES ON HABITAT PARAMETERS

Source: Reproduced with permission from Wildland Hydrology

8.5

»

PARAMETER: BANK MIGRATION/LATERAL STABILITY

Description
Lateral stream migration commonly occurs on rivers that flow through alluvial valleys.
A channel migrates within the floodplain through lateral erosion on the outside of meander bends and subsequent deposition on the interior bend, or point bar. In order to understand bank migration and lateral stability, energy expenditure in a stream system should
be addressed first. Streams and rivers are open systems, which have a continual source of
potential energy supplied by topographic elevation and precipitation (the hydrologic
cycle). The potential energy supplied by the rain and elevation is transformed to kinetic
energy as water flows downhill. The kinetic energy carries sediment downstream (sediment transport) and causes some erosion from turbulence and friction along the channel
boundary. In an alluvial valley where the boundary conditions (bank materials) are
erodible, meanders will form and continue to erode until the stream achieves a plan form,
where energy is expended uniformly and the least amount of work possible is accomplished (Leopold, 1994). Once this equilibrium is achieved, a stream may continue to
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migrate but will deposit materials in bars to maintain the bankfull cross-sectional area.
Bank migration and lateral stability are as much a function of the bank materials and
bank cover as they are the in-stream hydraulic forces acting upon them. This is because
bank materials and vegetative cover resist hydraulic forces, such as shear stress. A barren
bank composed primarily of sand, for example, is more susceptible to erosion than a
densely vegetated clay bank. In addition, some stream types are naturally more susceptible to bank erosion than other stream types. Stream types A and B are less likely to
experience extreme bank migration because of their confined valleys and steep vertical
profiles, often controlled by bedrock or colluvium. Stream types C and E are more likely
to experience bank migration since these stream types are by nature sinuous, meandering
stream channels, which actively migrate across floodplains. Stream types F and G are
often associated with excessive bank erosion because they are entrenched. Bank erosion
within these stream types can be extreme in disturbed systems where the former stream
type was a C or E (see section on Channel Evolution). However, F and G stream types
associated with bedrock-controlled gorges may be stable. Rosgen (1994) provides a table
(Table 8.6) showing the sensitivity to lateral adjustment and recovery potential. In this
example, recovery potential means the ability of the stream to return to a laterally stable
condition without human intervention.
TABLE 8.6 Rosgen (1994)
Illustrates the sensitivity to disturbance, recovery potential, typical sediment supply conditions, streambank
erosion potential and the influence of bank vegetation on stability for a wide range of stream types.
Stream Type

Sensitivity to
disturbancea

Recovery
potentialb

Sediment
supplyc

Streambank
erosion
potential

Vegetation
controlling
influenced

A1
A2
A3
A4
A5
A6

Very low
Very low
Very high
Extreme
Extreme
High

Excellent
Excellent
Very poor
Very poor
Very poor
Poor

Very low
Very low
Very high
Very high
Very high
High

Very low
Very low
Very high
Very high
Very high
High

Negligible
Negligible
Negligible
Negligible
Negligible
Negligible

B1
B2
B3
B4
B5
B6

Very low
Very low
Low
Moderate
Moderate
Moderate

Excellent
Excellent
Excellent
Excellent
Excellent
Excellent

Very low
Very low
Low
Moderate
Moderate
Moderate

Very low
Very low
Low
Low
Moderate
Low

Negligible
Negligible
Moderate
Moderate
Moderate
Moderate

C1
C2
C3
C4
C5
C6

Low
Low
Moderate
Very high
Very high
Very high

Very good
Very good
Good
Good
Fair
Good

Very low
Low
Moderate
High
Very high
High

Low
Low
Moderate
Very high
Very high
High

Moderate
Moderate
Very high
Very high
Very high
Very high
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TABLE 8.6 Rosgen (1994) (CONT.)
Illustrates the sensitivity to disturbance, recovery potential, typical sediment supply conditions, streambank
erosion potential and the influence of bank vegetation on stability for a wide range of stream types.
Stream Type

Sensitivity to
disturbancea

Recovery
potentialb

Sediment
supplyc

Streambank
erosion
potential

Vegetation
controlling
influenced

D3
D4
D5
D6

Very high
Very high
Very high
High

Poor
Poor
Poor
Poor

Very high
Very high
Very high
High

Very high
Very high
Very high
High

Moderate
Moderate
Moderate
Moderate

Da4
DA5
DA6

Moderate
Moderate
Moderate

Good
Good
Good

Very low
Low
Very low

Low
Low
Very low

Very high
Very high
Very high

E3
E4
E5
E6

High
Very high
Very high
Very high

Good
Good
Good
Good

Low
Moderate
Moderate
Low

Moderate
High
High
Moderate

Very high
Very high
Very high
Very high

F1
F2
F3
F4
F5
F6

Low
Low
Moderate
Extreme
Very high
Very high

Fair
Fair
Poor
Poor
Poor
Fair

Low
Moderate
Very high
Very high
Very high
High

Moderate
Moderate
Very high
Very high
Very high
Very high

Low
Low
Moderate
Moderate
Moderate
Moderate

G1
G2
G3
G4
G5
G6

Low
Moderate
Very high
Extreme
Extreme
Very high

Good
Fair
Poor
Very poor
Very poor
Poor

Low
Moderate
Very high
Very high
Very high
High

Low
Moderate
Very high
Very high
Very high
High

Low
Low
High
High
High
High

a
b
c
d

Includes increases in streamflow magnitude and timing and/or sediment increases.
Assumes natural recovery once cause of instability is corrected.
Includes suspended and bedload from channel derived sources and/or from stream adjacent slopes.
Vegetation that influences width/depth ratio-stability.

Measurement Method
Bank migration can be measured a variety of ways, ranging from rapid and simple
methods to intensive and complex. This document provides examples from simple
interpretations of aerial photographs to complex computer models. These measurement
methods are listed in progressive order, from simple to complex.
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1. Meander Width Ratio
Meander width ratio is the ratio of stream belt width divided by stream bankfull
width. The belt width is the distance from the apex of one meander bend to the next
meander bend, measured perpendicular to the fall line of the valley (Figure 8.9). To
compare belt widths between different size streams, the belt width is divided by the
bankfull width to create a dimensionless ratio. The minimum meander width ratio for
meandering streams (C and E stream types) is between 3.0 and 3.5; this ratio is required
to create a sinuosity of at least 1.2, the most common break point between meandering
and non-meandering streams (Rosgen, 1996; Leopold and Wolman, 1957). If a straightened stream is eroding on both banks and readjusting its pattern, the bankfull width
(measured from the aerial) can be multiplied by 3.5 (conservatively) to estimate the
amount of lateral erosion that will likely occur.
Meander width measurements can rapidly be taken from existing engineering plans,
topographic maps and aerial photographs. Aerial photography, unlike other methods providing
information about lateral stability and bank erosion on a local, short-term scale, can be
used to determine lateral stability over a much longer time frame and over great distances. Historic aerial photography can be overlaid with current photography to determine
the degree of lateral migration that has occurred between the dates of the photographs.
Digital orthophotos can usually be purchased from local or state governments and are
preferred over some free Web services that do not provide geo-corrected photographs.
Using aerial photography to determine lateral stability has its benefits. For relatively
low cost and time expenditure, aerial photography affords long-term views of the stream
channel position in the floodplain. It can also provide information about whether the
channel migrated rapidly or slowly in the past, and whether a local or watershed disturbance, such as deforestation, is correlated to the channel migration changes. A limitation
to aerial photography is that it only provides plan view information, i.e., it is not possible
to calculate the volume of eroded sediment without a field measurement of the bank
height or more advanced techniques for reading aerial photos. Aerial photograph analysis
combined with reference reach surveys can be used to determine the ultimate belt width
of an unstable C or E stream type.
2. BEHI/NBS
Rosgen’s Bank Erosion Hazard Index (BEHI) and Near Bank Stress (NBS) rating methods can be used to estimate the annual amount of lateral erosion/migration. These
methods involve collecting relatively simple measurements and visual observations of
streambanks, including bank cover, depth of root mass, channel composition and bank
slope; then a BEHI risk rating is assigned, from very low to extreme. Observations of
channel flow characteristics, including water-surface slope, direction of velocity vectors
and other methods, are used to assess the NBS risk rating, which can range from very
low to extreme. These ratings can be used with a streambank erodibility rating curve,
appropriate for the area, to derive a predicted annual linear footage of bank erosion per
year. A detailed description of this method is in Rosgen (2009). The BEHI/NBS assess-
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ment can be completed with a moderate level of effort if the practitioner is not quantitatively measuring every bank, but rather makes qualitative predictions with periodic
measurements for calibration. If the practitioner is using bank pins and cross sections (see
below) to develop BEHI/NBS curves, the level of effort increases to intensive (Appendix Ac).
3. Bank Pins
Another method for measuring lateral stability or bank erosion/migration is through
the installation of bank pins. Bank pins are usually long steel rods (rebar) installed flush
with the streambank. The pins are installed at known intervals from the toe of the bank
to the top of the bank. Each time the site is visited, the length of exposed rebar is measured and can be combined with the distance between pins to provide a square-footage
of bank material lost.
Using bank pins to perform annual monitoring of bank erosion is beneficial due to the
relatively low cost and time required. Unfortunately, this method provides information
about the eroding bank only and fails to capture information about developing bars (if
any). Although visual observations of developing bars can be made, it is difficult to
determine whether the erosion and deposition are balanced, and whether the channel is
maintaining dimension, despite erosion. More information about banks pins can be
found in Harrelson el al. (1994).
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4. Bank Profiles
Bank profiles provide detailed information about lateral stability and bank erosion at a
particular bank. These profiles involve installing permanent cross-section markers, as
discussed in Cross-Sectional Surveys (below), as well as a permanent toe pin marker. The
toe pin should be installed at the base of the study bank to ensure that the bank profile is
taken in the same location each time. Surveys of the bank are conducted each time the
site is visited. Detailed instructions about performing bank profiles are provided by
Rosgen (2009).
One benefit to conducting a bank profile survey, as opposed to installing and measuring bank pins, is that a survey captures more detailed information about the bank, allowing for a more precise measurement of bank material lost due to erosion. A bank profile
also causes virtually no disturbance to the bank, as opposed to bank pins that require
hammering rods into the bank. Some researchers believe that bank pin installation
compromises the integrity of the bank, resulting in more erosion than would typically
occur if the bank were undisturbed.
FIGURE 8.10 OVERLAY OF TWO BANK PROFILES FROM WATTS BRANCH

Surveys were taken near the same date, one year apart. Note that the 2005 profile shows an overhang at the top of the bank. Overhangs and undercuts are easier to measure with a bank profile than
a cross section.
Source: Reproduced with permission from US Fish and Wildlife Service
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An example of two bank profiles measured at the same location and overlaid with each
other is shown in Figure 8.10. The figure shows a lateral erosion rate of 1.4 feet, which
was calculated as the difference in area between the two curves, divided by the bank
height. To measure the total amount of bank erosion in ft 3 /year, the lateral erosion rate
can be multiplied by the bank height and length that is representative of the profile.
5. Cross-Sectional Surveys
Lateral stability and bank erosion/migration can also be measured and monitored
through cross-sectional surveys. Cross sections should be defined through installation of
permanent markers denoting the beginning and end point of the survey to ensure the section
is repeated in the same place each time. Cross sections from year to year can be overlaid
and the distance of bank migration can be measured. Unlike bank pins and bank profiles,
cross sections provide information about the channel bed and the opposite bank, so deposition
or erosion across the entire section can be observed. This can be very useful in helping
determine whether lateral erosion is a result of a stable but active and dynamic channel,
or if it is the result of a stream out of equilibrium. Also useful is the ability to determine
if there has been a change in cross-sectional area, width or depth, as a result of lateral
erosion and/or deposition within the section. This provides insight into whether the bank
migration is a result of natural migratory processes, or whether it is a result of stream
disequilibrium. Detailed information on performing cross-sectional surveys can be found
in Harrelson et al. (1994) and Rosgen (2009). An example of two cross sections measured
at the same location one year apart is shown below in Figure 8.11. The overlay shows that
the right streambank has laterally eroded 15 feet. The point bar location has remained the
same, indicating that the bankfull channel width and cross-sectional area is increasing.
FIGURE 8.11 CROSS-SECTIONAL SURVEYS OF AN ERODING STREAMBANK

Source: NC State University, Stream Restoration Program
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6. Bank Stability and Toe Erosion Model
Andrew Simon and Eddy Langendoen (2006) developed a computer model that can be
used to estimate the potential for bank failure — or lateral instability — from horizontal
layer, vertical slice with tension crack, or cantilever failures. The model requires detailed
input information about the streambank, including the various soil layers and profile, the
water table and stream level, the bank profile, and vegetation present on the bank. The
model outputs a factor of safety that corresponds to the potential for bank failure. Due to
the amount of data that needs to be collected and entered into the model, this is one of
the more complex methods of predicting lateral stability.
Performance Standards
Thresholds for determining whether a stream is Functioning from a bank migration or
lateral stability standpoint should be considered with stream channel type and channel
evolutionary stage in mind. In general, it is good to compare what is observed in the field
with what is known about stable reference reach conditions. There are several different
methods for measuring lateral instability; therefore, the performance standards for each
are broken down by measurement method. The performance standards provided below
are most applicable to Bc, C, E, F and Gc stream types.
1. Meander Width Ratio (MWR)
The Meander Width Ratio (MWR), described above, can be used to determine whether a stream channel is Functioning from a lateral stability perspective. Each stream type
has an accepted range of MWRs, as determined from reference reach surveys. MWRs
determined from aerial photography can then be compared to known ranges for stable
reference reach streams to establish whether the stream is Functioning. Typical ratios for
C and E stream types are shown in Table 8.7.
A minimum MWR of 3.0 to 3.5 is critical
A minimum MWR of 3.0 to 3.5
for stream restoration projects that include
is critical for stream restoranew channel construction. If a C or E stream
tion projects that include new
type is designed and constructed with a
channel construction. If a C or
MWR below 3.0, there is a high risk of bank
erosion and reach wide instability. In these
E stream type is designed and
cases, the restoration practitioner is trying to
constructed with a MWR
force a meandering channel in a confined
below 3.0, there is a high risk
corridor. Confinement is usually caused by
land availability rather than geologic controls. of bank erosion and reach
These streams typically have sinuosity less
wide instability.
than 1.2 and do not classify as meandering
streams. The result is that the stream begins to straighten through bank erosion that
extends from the outside of the meander bend downstream to the next point bar. A range
of 3.0 to 3.5 is used in the Functioning-at-Risk category because a sinuosity of 1.2 can
typically be achieved with this range. For example, W/D ratios less than 12 can often
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achieve the minimum sinuosity of 1.2 with a MWR of 3.0. Higher W/D ratio streams
need a MWR of 3.5. Generally, higher MWRs lead to higher functionality (longer riffles
and more stream length), as long as the sinuosity does not lower the slope to a point
where the channel aggrades.
2. Lateral Erosion (BEHI/NBS)
BEHI and NBS scores can be used to determine thresholds for Functioning, Functioning-at-Risk and Not Functioning. However, a reach wide assessment of bank erosion
should be conducted to determine overall functionality from a bank stability perspective.
For example, a large tree could fall into a stream creating an unstable bank, perhaps with
a high BEHI score and an Extreme NBS score; this would cause the bank to fall into the
Not Functioning category. But if the buffer width is sufficient and the banks are well
vegetated upstream and downstream of the unstable bank, it is unlikely that the bank
erosion will worsen. It will likely heal over time because the overall reach is stable and
Functioning. If the buffer is not well established, it is possible that the bank will erode for
a long time before it becomes stable and could lead to pattern adjustment and instability
for a longer portion of the reach.
The thresholds shown in Table 8.7 came from a review of the erosion rate curve
provided by Rosgen (2001). This curve was developed in Colorado (Figure 8.12), so these
ranges could be modified based on locally developed curves. The Rivermorph software
package provides erosion rate curves for other parts of the US.
Table 8.7 shows the BEHI categories/curves as rows and the NBS rating in the individual columns for Functioning, Functioning-at-Risk and Not Functioning. The Colorado
erosion rate curve shown in Figure 8.12 was used as a guide to determine the level of
functionality. In general, if the curve predicted below 0.1 ft/year, a Functioning category
is shown. If the erosion rate fell between 0.1 and 0.5 ft/yr, a Functioning-at-Risk category
was shown. Not Functioning categories were assigned to curves that predicted above 0.5
ft/yr. This curve was only used as a guide, however, as some curves deviate from this
range based on the slope of the curve and its relationship to other curves. Again, these
classifications can be modified based on locally generated curves and their comparison to
reference reach data.
3. Lateral Erosion (Bank Profile)
Bank profiles provide an actual measurement of erosion in feet/year. Therefore, performance standards can be created based on those measurements as long as several years of
data are available that represent varying weather conditions, including bankfull events.
The performance standards should be developed from reference streams for the Functioning category, moderately eroding streambanks for Functioning-at-Risk, and highly eroding for Not Functioning. These values are then compared to the erosion rates from project
streams, providing an estimate of functional capacity. Typical values for Functioning,
Functioning-at-Risk and Not Functioning are provided in Table 8.7. These values are
based on the Colorado erosion rate curve shown in Figure 8.12 and data collected by the
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FIGURE 8.12 EROSION RATE CURVES BASED ON BEHI AND NBS SCORES IN COLORADO

Source: Reproduced with permission from Wildland Hydrology
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authors in North Carolina streams. They are typical values and can be adjusted based on
local site conditions.
It should also be noted that these values came from an assessment of a short length of
streambank and are not representative of the overall reach length. Many reference reach
streams that would be considered laterally stable will have varying levels of bank erosion.
Most of the streambanks will be stable with erosion rates similar to what is shown in
Table 8.7; however, there may be short sections that have higher erosion rates. If the
erosion is localized and will not lead to further instability or reach wide instability, the
overall reach should still be considered Functioning.
4. Lateral Erosion (Cross Sections)
Cross-sectional data can give a broader perspective of functionality than the bank
profiles, and they are often used together to assess lateral erosion and instability. Crosssectional data can be used to calculate bankfull cross sectional, area, width and mean
depth. From these data, the bankfull width/depth ratio can be calculated as the bankfull
width divided by mean depth (W/D). Increases in the W/D ratio are often associated
with accelerated bank erosion rates and bed aggradation (Rosgen, 2006). This information is not provided by the bank profile. Rosgen (2009) developed a comparison of project
W/D ratios to reference reach W/Dref by simply dividing the W/D by the W/Dref. As the
ratio increases, the risk of bank erosion and bed aggradation increases. These values are
shown below in Table 8.7 and are used to determine functionality. The values are most
applicable to C stream types in Western states. In the Southeastern US, the values can
likely be increased slightly because most streams in alluvial valleys are E stream types. It
will take bigger changes in the W/D before bank erosion leads to aggradation.
5. Bank Stability and Toe Erosion Model
Simon and Langendoen’s (2006) model calculates a Factor of Safety (Fs) value to
determine the lateral stability of a bank. The Factor of Safety can be used to establish the
functionality for the bank; however, the previous comments still apply. The overall reach
should be assessed to determine if the bank erosion is simply a localized problem or
symptomatic of a larger, system-wide problem.
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TABLE 8.7 LATERAL STABILITY PERFORMANCE STANDARDS
MEASUREMENT
METHOD

FUNCTIONING

FUNCTIONINGAT-RISK

NOT FUNCTIONING

Meander Width Ratio
for C and E stream
types

≥ 3.5 (based on
reference reach
surveys)

3.0 to 3.5 as long
as sinuosity is
≥ 1.2

< than 3.0

Lateral Erosion rate –
Low BEHI Curve

Very low to
Moderate NBS

Moderate to Very
High NBS

Extreme NBS

Lateral Erosion rate –
Moderate BEHI Curve

Very low to Low
NBS

Low to High NBS

High to Extreme NBS

Lateral Erosion rate –
High and Very High
BEHI Curve

N/A

Low to Moderate
NBS

Moderate to Extreme
NBS

Lateral Erosion rate
– Extreme BEHI Curve

N/A

Low NBS

Low to Extreme NBS

Lateral Erosion Rate
(Bank Pins and Bank
Profiles)

Erosion rate is
0.1 to 0.5 ft/yr
similar to
reference reach
values, generally
< 0.1 ft/yr

> 0.5 ft/yr

Lateral Erosion Rate
Potential for C4 streams
(W/Dproj / W/Dref*

1.0 to 1.2

1.2 to 1.4

= > 1.4

Bank Stability and Toe
Erosion Model

Fs > 1.3

1.0 < Fs > 1.3

Fs < 1.0

* W/Dproj = Bankfull width divided by bankfull mean depth from the project reach
W/Dref = Bankfull width divided by bankfull mean depth from the reference reach

8.6

»

PARAMETER: RIPARIAN VEGETATION

Description
The lateral migration parameters discussed above primarily focus on maintaining
streambank stability and do not evaluate the overall condition of the riparian buffer. The
BEHI/NBS method for predicting streambank erosion, for example, does include assessments of streambank vegetation, but is only for the purpose of providing bank stability.
Riparian buffers or zones are the vegetated region adjacent to streams and wetlands that
are critical to providing channel stability, cover/shade, wood recruitment to the channel,
and a source of carbon (Sweeney, 1993; Hession et al., 2000; Sweeney et al., 2004; Hoffman, 2006; Sweeney and Blaine, 2007). Therefore, the restoration of riparian vegetation
as part of a Level–3 assessment and design approach provides the vegetative structure to
support many of the Level 3, 4 and 5 functions.

A Function-Based Framework » May 2012

145

Chapter 8: Geomorphology, Riparian Vegetation

Research has shown that a well-managed restored buffer can trap and/or convert up to
75% of nitrogen and 70% of phosphorus from nonpoint source runoff, if the source is
from land uses that are adjacent to the stream corridor (Orzetti et al., 2010; Claussen et
al., 2000; Lee et al., 2003; Schoonover and Williard, 2005). Additional research has shown
50% to 80% reductions in sediment loads from adjacent nonpoint source pollution
(Orzetti et al., 2010; Cooper et al., 1987; Daniels and Gilliam, 1996; Lowrance and Sheridan, 2005; Schoonover and Williard, 2005; Tomer et al., 2007). Orzetti et al. (2010) went
on to show that habitat, water quality and benthic macroinvertebrate parameters improved with the age of the restored buffer. In their study of 30 streams in the Piedmont of
Maryland and Virginia, habitat scores (measured using EPA Rapid Bioassessment Protocols) stabilized between 10 and 15 years after restoration. In addition to habitat improvements, the study showed improvements to water quality and macroinvertebrate communities within 5-10 years post-restoration, leading to conditions similar to mature buffers
within 10-15 years post-restoration. Mayer et al. (2005) provides a broader review of the
science and regulation of riparian buffers. This literature review focused primarily on
research related to nitrogen removal by riparian buffers. The study found that buffers
greater than 150 feet wide more consistently removed significant portions of nitrogen
entering the riparian zone. The study also found that in order to maintain buffer effectiveness, buffer integrity should be protected against soil compaction, loss of vegetation
and stream incision. Stream incision is a key point because a lot of the dentrification
occurs through subsurface flow interacting with the root zone of the buffer. If the stream
becomes incised and the water table drops, the subsurface flow essentially bypasses the
buffer, not allowing dentrification to occur. The assessment of stream incision is part of
the Level 2 assessment of Hydraulic functions and the floodplain connectivity parameter.
It is important to note that buffer composition, density and function vary across the
country based on climatic and geologic differences. Many of the studies listed above
focus on hardwood forests in the Eastern US; however, bottomland hardwoods would
not be expected in prairie lands of the Great Plains and Midwest, or arid areas of the
Southwest. Reference reach analyses should be completed to determine the functional
capacity for a given region. Nevertheless, riparian buffers are important for providing
channel stability and supporting Level 4 and 5 functions, regardless of their setting.
For stream assessments and restoration projects, it is also important to identify the
potential impacts from land use and other stressors that may exist within and surrounding the riparian buffer area. Watershed disturbances, including livestock grazing, agriculture and urbanization may have affected the soils and hydrology of the buffer and may
continue to be a challenge after restoration. Soil compaction and loss of soil fertility can
hinder riparian vegetation establishment and growth along with lowered water table
elevations. Land disturbance activities also increase the potential for invasive species
populations to affect the native vegetation and limit the riparian buffer function. Herbivory and beaver activities can also add pressure on riparian vegetation during establishment and growth in certain watersheds. Although impacts and stressors may be difficult
to control outside the buffer area, stream restoration design should always consider these
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factors when selecting vegetative species, specifying methods to improve soil conditions
and by attempting to reconnect the groundwater table to the riparian buffer root zone.
Vegetation maintenance plans are desirable that address these impacts and stressors for
the estimated duration of buffer function development.
Overall benefits provided by riparian buffers include:
1. Shade cover, which reduces both air and water temperature fluctuations due to sun
exposure within the riparian zone (Barton et al., 1985);
2. Organic matter contributions, including leaf litter that supports macrobenthos food
webs and woody debris that creates more diverse bed form and additional organic
matter (Dolloff and Warren 2003, Quinn et al., 2007, Opperman et al., 2004);
3. Dissipation of energy and capturing of sediment from upslope overland flow and
floodwater (Magette et al., 1989);
4. Nutrient uptake by roots of the riparian vegetation from groundwater moving
downslope, acting as a sink to limit what reaches the stream (Lowrance et al., 1984);
5. Stabilization of the streambank by roots that extend throughout the bank (Wynn et
al., 2004); and
6. Landscape connectivity for animals traveling along the stream corridor, connecting
patches of riparian habitats across the landscape (Fisher et al., 1998).
These are just some of the key benefits that a functioning riparian zone provides; more
details can be found in Knight and Bottorff (1984), and Naiman and Decamps (1997).
Measurement Method
Riparian buffers are often assessed by measuring the width, vegetation density, vegetation composition, age-class distribution, and growth and canopy density. Air and
water temperature may also be included as a method for assessing buffer functionality,
but these measurements are made as part of the Physicochemical assessment (Level 4).
Methods for measuring each of these parameters are described below. In addition, rapid
methods called the Proper Functioning Condition (PFC), EPA Rapid Bioassessment Protocol (RBP), NRCS Rapid Visual Assessment Protocol (RVAP), and USFWS Stream Assessment Ranking (SAR) are described that can be used to determine the overall functionality
of the riparian corridor.
1. Buffer Width
Buffer width is measured from the top of the streambank (bankfull for restored reaches), perpendicular to the fall line of the valley and moving away from the channel. Buffer
width is sometimes expressed as an average width or a minimum width. An average
width is often used in meandering streams to keep the riparian corridor relatively
straight. The average width includes shorter distances at the meander bends and longer
distances from the point bar. Each measurement is added together and divided by the
total to get the average. The minimum width approach creates a buffer that meanders
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with the channel and can be a challenge for establishing conservation easements or
fencing requirements.
An alternative approach for meandering streams is to measure the buffer width from
the belt width, rather than the top of the bank. The belt width is the distance from one
meander bend to the next, measured perpendicular to the fall line of the valley. In this
case, a best-fit belt width would be used to establish a straight corridor. The riparian
buffer width would be added to the belt width (Figure 8.13).
FIGURE 8.13 BUFFER WIDTH MEASURED FROM BELT WIDTH
BUFFER WIDTH LIMIT
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FALL LINE
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NOTE
The buffer width limit is established as a parallel line to the belt width.
The minimum belt width is 3.5 times the bankfull width.
The minimum width from the belt width limit to the buffer width limit is 15 feet.

2. Buffer Density
Buffer density is defined as the number of stems per unit area, e.g., stems/acre. Density
is typically measured by establishing rectangular monitoring plots within the riparian
corridor. The total area of the plots should be statistically representative of the entire
buffer and should be well distributed throughout the buffer. Plots are surveyed annually
and include the total number of trees (stems) within the plot. The level of effort varies
from moderate to intensive depending on how the results are used. If the results are
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compared to a reference condition so that additional measurements are not required, the
level of effort is moderate. If measurements are made annually and compared against
each other, then the level of effort is intensive (Appendix Ac).
3. Buffer Composition
In conjunction with determining the planted stems surviving year to year, the same
plot should be used to determine how species change within the plot. All trees that begin
growing in the plot should be identified and counted each year. A size should be determined above which the volunteer stems will be counted, in order to avoid the many
individuals that can start each year but will die before the next sample period. This data
should be expressed as total stems per area, percent planted and percent volunteer. This
data should also indicate if undesirable species are developing, such as exotic species.
Exotic species should be removed and not allowed to continue growing until the next
growing season. Like buffer density, the level of effort varies from moderate to intensive
depending on how the results are used. If the results are compared to a reference condition so that additional measurements are not required, the level of effort is moderate. If
measurements are made annually and compared against each other, then the level of
effort is intensive (Appendix Ac).
4. Buffer Age
The age-class distribution of vegetative cover should be evaluated to determine the
opportunity for recruitment, maintenance and recovery following flooding or other
disturbance. A diverse age-class distribution may also limit invasive species establishment
and their ability to out-compete native species. This distribution is particularly important
for shrub and tree species. Although recently established riparian buffers associated with
restoration projects will have minimal age-class distributions initially, the riparian buffer
should develop this characteristic over time to more resemble a reference condition for
the particular vegetative species established. The age of vegetative cover can be recorded
within similar monitoring plots used to determine buffer density and species composition. Buffer age and growth (below) are almost always measured periodically (typically
annually) and compared to previous measurements. Therefore, the level of effort is
intensive (Appendix Ac).
5. Buffer Growth
Buffer growth can be sampled by measuring stem diameter and height using the
methods of Lee et al. (2008). For stems less than 1.37 m in height, measure height (in cm)
and ddh (diameter at one decimeter height above the ground) to the nearest mm of the
thickest stem. For stems between 1.37 and 2.5 m in height, ddh and height are measured
as above, and stem DBH (Diameter at Breast Height or 1.37 m above the ground) is also
measured. For stems in excess of 2.5 m in height, DBH and height are measured, but not
ddh. These measurements can be used to express the basal area of woody stems that are
maturing within the riparian zone.
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6. Canopy Density
The angular canopy density, which is an index of cover or shading by the foliage of
riparian trees, can be measured using a densiometer. The densiometer consists of a
convex mirror divided into grids that allows a visual estimate of the percent of the stream
or soil shaded by surrounding vegetation. The canopy density should be taken at the
same location and same height above ground each year, and multiple sample locations
should be used to provide an estimate of the entire restored riparian zone. The density of
the canopy should become greater each year, after about year five when trees begin to get
large enough to shade the stream and riparian zone. The level of effort varies from
moderate to intensive depending on how the results are used. If the results are compared
to a reference condition so that additional measurements are not required, the level of
effort is moderate. If measurements are made annually and compared against each other,
then the level of effort is intensive (Appendix Ac).
7. Proper Functioning Condition (PFC)
The Bureau of Land Management, with the assistance of other federal agencies, developed a quantitative rapid assessment method for evaluating proper functioning condition
for lotic areas. The document was prepared by Prichard et al. (1998) and is available
online at ftp.blm.gov/pub/nstc/techrefs/Final1737-15.pdf. Proper Functioning Condition (PFC)
is both an assessment methodology and a condition that describes riparian-wetland areas.
As an assessment methodology, PFC evaluates hydrology, vegetation and erosion/deposition processes. A checklist is used to assess these functions and to determine the overall
health of the streambanks and riparian-wetland area. Therefore, PFC can be used to
assess lateral stability (Geomorphology functions), as well as the overall health of the
riparian corridor (Biology functions). As a condition, PFC describes how well the physical
processes are functioning in order to provide stability and habitat. A stream corridor that
is in a Proper Functioning Condition will remain stable during high flow events. This
resiliency allows an area to produce desired conditions over time, such as fish habitat,
neo-tropical bird habitat or forage. Riparian-wetland areas that are not functioning
properly cannot sustain these conditions.
PFC is less quantitative than bank profiles, cross sections or the bank stability toe
erosion model. However, it is the only method described here that assesses the stream
channel and the riparian buffer to determine bank stability. As such, it is more than a
bank stability assessment. According to the manual, a riparian-wetland area is functioning properly when there is adequate vegetation, landforms or woody debris to:
• Dissipate stream energy associated with high flows;
• Filter sediment, capture bedload and aid in floodplain development;
• Improve floodwater retention and groundwater recharge;
• Develop root masses that stabilize streambanks;
• Develop diverse channel characteristics to provide habitat; and
• Support greater biodiversity.
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8. NRCS Rapid Visual Assessment Protocol
The NRCS Stream Visual Assessment Protocol (SVAP) is another rapid assessment
method that includes the riparian zone as a variable in an overall stream health evaluation. This protocol can be found at www.nrcs.usda.gov/technical/ecs/aquatic/svapfnl.pdf.
The SVAP riparian zone assessment is based on the natural vegetation width, its function
as a surface flow filter and its potential for vegetative regeneration.
9. The EPA Rapid Bioassessment Protocol (RBP)
The EPA Rapid Bioassessment Protocol (RBP, Barbour et al., 1999) includes riparian
areas as part of Habitat Assessment and Physicochemical Parameters (Chapter 5 of the
RBP manual). This method includes an index for rating natural vegetation buffer function
based on buffer width on each side of the stream, and based on human impacts to the
buffer function (Barton et al., 1985).
10. USFWS Stream Assessment Ranking (SAR)
The USFWS Stream Assessment Ranking (SAR) is a component of the US 301 Environmental Stewardship Study, which is a green infrastructure study. The stream assessment
component consists of a GIS-based stream stability assessment method and a rapid
stream habitat and stability assessment method. It also includes restoration feasibility
protocols. The rapid assessment protocols have both office and field components. The
office component requires the use of a regional curve to determine bankfull channel
width, depth, and cross-sectional area based on the drainage area of the proposed project
site. This information is required for the field assessment portion of the protocol since
several of the assessment parameters evaluate bankfull channel conditions. The field
component of the protocol contains four sections: stream stability assessment; restoration
potential, cost and feasibility; existing riparian/instream habitat assessment; and proposed riparian/instream habitat assessment. The stream stability assessment section
consists of four parts: lateral stability, vertical stability, stability trend and stream classification. The parameters of the restoration potential, cost and feasibility include construction access, constraints, potential success/risk, and restoration potential description. The
existing and proposed riparian/instream habitat assessments consist of the same assessment parameters to allow for comparison between the existing site condition and the
proposed site condition, based on the potential restoration solution. The parameters of
the riparian/instream habitat assessment include instream cover, epifaunal substrate,
velocity/depth regimes, shading, water appearance, nutrient enrichment, riparian vegetation, riparian zone, and sediment supply potential.
11. Watershed Assessment of River Stability and Sediment Supply (WARSSS)
The Rosgen (2009) Watershed Assessment of River Stability and Sediment Supply
(WARSSS) includes assessment of riparian vegetation in the Prediction Level Assessment
(PLA) Index as part of its overall channel stability analysis procedure. The existing riparian vegetation composition and density along the impacted reach is compared to the
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potential vegetation that would be present along a reference reach. The riparian buffer
species composition and density are used to interpret the potential for streambank erosion
and channel instability. The assessment is a qualitative description recorded using worksheets (See Worksheet 14 and 15, water.epa.gov/scitech/datait/tools/warsss/pla_box07.cfm)
and should be performed by a trained biologist. There are no performance standards
developed for this assessment at this time.
Performance Standard
1. Buffer Width
There are several performance standards established for buffer width measurements.
Two standards are listed in Table 8.8. The average width performance standard for C and
E stream types is based on the literature review by Mayer et al. (2005). This research
primarily focuses on the effects of buffer width and other parameters on reducing nitrogen. The results showed that while some buffers with widths less than 45 feet did remove nitrogen, buffers that were wider than 150 feet more consistently removed nitrogen. The results also showed that, in general, buffers were effective as nitrogen filters
with widths between 30 and 150 feet. Buffer widths for A and B stream types can probably be narrower given that their valleys are narrower; however, the literature does not
provide recommendations on buffer widths for these stream types. The second standard
is the buffer width to meander belt width as shown in Figure 8.13. This is a new approach that is being introduced in this document for those who want to create a straight
riparian corridor with easy to manage conservation easements (if required). A minimum
meander width ratio of 3.5 is used because this is typically the minimum average value
required to yield a sinuosity of 1.2, the break between meandering and non-meandering
streams. The additional 15 feet has more to do with constructability issues for restoration
projects that include excavated floodplains. This width and the meander width ratio can
be increased if necessary to meet other project goals; however, they should not be decreased to meet a Functioning performance standard.
2. Buffer Density, Composition, Age, Growth and Canopy Density
Other measurement parameters, including buffer density, species composition, ageclass distribution, growth, and canopy density do not have published performance
standards established at this time. A suitable reference reach from the same region and at
the same successional stage, however, can be used to compare riparian buffer function.
Performance decisions should be made by a trained biologist or botanist with experience
in the region. For this framework, a Functioning riparian buffer would have a measurement method result similar to the reference reach. A Functioning-at-Risk would have a
measurement method result that is not functioning at the level of the reference buffer, but
has existing potential for this to occur over time or with minimal additional maintenance. Maintenance may include additional plantings, soil amendment or invasive species
control. Not Functioning would designate a riparian buffer that does not resemble the
reference buffer and that does not have reasonable potential to develop riparian function
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over time without significant restoration efforts. These buffers may have limited establishment of intended vegetative species due to environmental conditions (drought, poor
soils, disease or flooding) occurring after planting, or they may be inundated with invasive species encroaching from the surrounding landscape. A Not Functioning buffer
determined by reference reach parameters may need to be completely re-established with
more frequent maintenance to function properly.
3. Rapid Assessment Methods
The rapid assessment methods described above all have associated performance
standards with the exception of the WARSSS method. The performance standards have
been recategorized as Functioning, Functioning-at-Risk or Not Functioning. The Proper
Functioning Condition (PFC) method components for Functioning are listed above in an
order relative to how processes work to achieve a proper Functioning condition. If the
riparian-wetland is not in PFC, it is placed into one of three categories (two for this
document: Functioning-at-Risk and Not Functioning). The PFC manual uses the term
Functional-at-Risk, which is defined as being functional but with an existing soil, water
or vegetation attribute that makes them susceptible to impairment. Nonfunctional or Not
Functioning means that the riparian-wetland area clearly does not provide adequate
vegetation, landform or woody debris to dissipate stream energy associated with high
flows, and thus is not reducing erosion or improving water quality. The PFC manual adds
a third category, called Unknown, which means that the riparian-wetland manager lacks
sufficient information to make a functional determination.
The NRCS Stream Visual Assessment Protocol (SVAP)score ranges from 1 (Not Functioning) to 10 (Functioning) based on natural vegetation riparian buffer width and coverage. The EPA Rapid Bioassessment Protocol (RBP) index values range from optimal (10) to
poor (0) based on riparian buffer widths on each side of the stream. The USFWS Stream
Assessment Ranking (SAR) scores each assessment parameter with a numerical range of 1
to 10, with 10 being the best score. Since the assessment protocol has four separate
sections, a variety of scoring combinations can be created for ranking purposes. Each of
the assessment section scores can be used individually or tallied together for ranking and
prioritization purposes.

8.7

»

PARAMETER: BED FORM DIVERSITY

Description
Natural streams rarely have flat uniform beds (Knighton, 1998). Instead, the hydraulic
and sediment transport processes described above shape the stream bed into myriad forms,
depending on channel slope, type of bed material (sand, gravel, cobble, boulder, bedrock)
and other factors. These bed forms are symptomatic of local variations in the sediment
transport rate and represent vertical fluctuations in the stream bed (Knighton, 1998),
dissipating energy and creating habitat diversity. These vertical fluctuations are essentially a
form of meandering, but in the vertical direction rather than horizontal (like sinuosity).
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TABLE 8.8 RIPARIAN BUFFER PERFORMANCE PARAMETERS
MEASUREMENT
METHOD

FUNCTIONING

FUNCTIONINGAT-RISK

NOT FUNCTIONING

Average Buffer Width
(Ft) from Top of Bank
C and E Stream Types

> 150 ft

30 to 150 ft

< 30 ft

Buffer Width (Ft) from
Meander Belt Width

Meander belt
width at least 3.5
times the bankfull
width plus ≥ 15
feet from outside
meander bend

Meander belt width
at least 3.5 times the
bankfull width plus
10 to 15 feet from
outside meander
bend

Meander belt width
≤ 3.5 times the
bankfull width and/
or ≤ 10 feet from
outside meander
bend

Buffer Density (Stems/
ac)
Buffer Composition
Buffer Age
Buffer Growth
Canopy Density

Parameter is
similar to
reference reach
condition, with no
additional
maintenance
required.

Parameter deviates
from reference
reach condition,
limiting function;
but the potential
exists for full
functionality over
time or with
moderate additional
maintenance.

Significantly less
functional than
reference reach
condition; little or
no potential to
improve without
significant
restoration efforts

Proper Functioning
Condition (PFC)

Proper
Functioning
Condition

Functional-at-Risk

Nonfunctional

NRCS Stream Visual
Assessment Protocol
(SVAP)

Natural vegetation
extends at least
one to two active
channel widths on
each side; or if
less than one
width, covers
entire floodplain
(8-10)

Natural vegetation
extends at least
one-half to one-third
active channel
widths on each side,
or filtering function
moderately
compromised (3-5)

Natural vegetation
less than a third of
the active channel
width on each side,
or lack of
regeneration, or
filtering function
severely
compromised (1)

EPA Rapid
Bioassessment
Protocol (RBP) Habitat
Assessment

Width of riparian
zone > 18 meters
on each side;
human activities
have not impacted
zone (Optimal,
9-10)

Width of riparian
zone 12-18 meters
on each side; human
activities have
impacted zone only
minimally (SubOptimal, 6-8); width
of riparian zone 6-12
meters on each side;
human activities
have impacted zone
a great deal
(Marginal, 3-5 )

Width of riparian
zone <6 meters on
each side; little or
no riparian
vegetation due to
human activity
(Poor, 0-2)
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TABLE 8.8 RIPARIAN BUFFER PERFORMANCE PARAMETERS (CONT.)
MEASUREMENT
METHOD

FUNCTIONING

FUNCTIONINGAT-RISK

NOT FUNCTIONING

USFWS Stream
Assessment Ranking
(SAR)

All three zones of
vegetation exist;
runoff is primarly
sheet flow;
hillslopes < 10%;
hillslopes >200 ft
from stream;
ponding or
wetland areas and
litter or debris
jams are well
represented.

Only Zone 2 of
vegetation is well
represented; runoff
is equally sheet and
concentrated flow
(moderate gully and
rill erosion);
hillslopes 20-40%;
hillslopes 50-100 ft
from stream;
ponding or wetland
areas and litter or
debris jams are
minimally
represented.

No zones of
vegetation well
represented; runoff
is primarily
concentrated flow
(extensive gully
and rill erosion);
hillslopes >40%;
hillslopes <50 ft
from stream;
ponding or wetland
areas and litter or
debris jams are not
well represented or
completely absent.

Numerous classifications of bed form exist, many of which are described in Knighton
(1998). At a broad level, bed form diversity can be grouped into three categories: sand bed
forms (ripple, dunes and antidunes), gravel/cobble bed forms (riffle, run, pool and glide)
and step-pool channels. These different bed forms are important because they provide
the environmental conditions that a variety of aquatic organisms need for survival. For
example, macroinvertebrates often colonize in riffle habitats and fish tend to stay in
pools. Without the diversity of riffles and pools, there is also a loss of diversity in macroinvertebrates and fish. A brief description of each bed form category is described below.
Sand Bed Forms
While gravel bed streams have riffle-pool sequences, with riffles composed of gravelsize particles, sand bed channels are characterized by median bed material sizes less than
2 mm in diameter (Bunte and Abt, 2001). Bed material features called ripples, dunes,
planebeds and antidunes characterize the sand bed form. Although sand bed streams
technically do not have riffles, the term is often used to describe the crossover reach
between pools. (“Riffle” is used in this document as an equivalent to crossover.) The size,
stage and variation of sand bed forms are created by changes in unit stream power, as
described below. These bed forms are symptomatic of local variations in the sediment
transport rate and cause minor to major variations in aggradation and degradation (Gomez, 1991). Sand bed forms can be divided between low-flow regimes and high-flow
regimes, with a transitional zone between the two (Figure 8.14).
Ripples occur at low flows where the unit stream power is just high enough to entrain
sand size particles. This entrainment creates small wavelets from random sediment
accumulations that are triangular in profile, with gentle upstream and steep downstream
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slopes. The ripple dimensions are independent of flow depth, and their heights are less
than 0.02 meters.
As unit stream power increases, dunes eventually replace ripples. Dunes are the most
common type of sand bed form and have a larger height and wavelength than ripples.
Unlike ripples, dune height and wavelength are proportional to flow depth. The movement of dunes is the major cause of variability in bedload transport rates in sand bed
streams. Dunes are eventually washed out to leave an upper-flow plane bed characterized
by intense bedload transport. This plane bed prevents the patterns of erosion and deposition required for dune development. This stage of bed form development is the transitional flow regime between the low-flow features and the high-flow regime features
(Knighton, 1998).
As flow continues to increase, standing waves develop at the water surface, and the
bed develops a train of sediment waves (antidunes) that mirror the surface forms. Antidunes migrate upstream by way of scour on the downstream face and deposition on the
upstream face, a process that is opposite of ripples and dunes. Antidunes can also move
downstream or remain stationary for short periods (Knighton, 1998).
Gravel/Cobble Bed Forms
Meandering gravel bed streams in alluvial valleys have sequences of riffles, runs, pools
and glides that help maintain channel slope, bed stability and habitat diversity (Figure
8.15). The riffle is a bed feature composed of gravel or larger-size particles. During lowflow periods, the water depth at a riffle is relatively shallow, and the slope is steeper than
the average slope of the channel, so water moves faster over riffles. Riffles control the
stream bed elevation and are usually found between meander bends. Runs are a transitional bed form between the riffle and the pool. The pool is located along the outside of a
meander bend and is much deeper than the riffle. The slope of the pool is also much
flatter than the riffle. Pools can also be found in riffle settings if scour is created by a flow
obstruction, like a boulder or large woody debris, further improving the overall diversity.
The inside of the meander bend is a depositional feature called a point bar. A glide is the
transitional bed form between the pool and the next riffle and is the only bed form that
slopes uphill (i.e., if a person was walking through the pool in a downstream direction,
he/she would have to walk uphill to reach the next riffle). The glide serves as a spawning
area for many species of fish because oxygen is forced up through the sediments, as the
water from the deep pool is forced up through the gravel to reach the riffle.
As stage increases, water and sediment transport character changes as they travel over
riffles and through pools. At low flows, pools are depositional features, and riffles are
scour features. At high flows, the water surface becomes more uniform, i.e., the water
surface slope increases at a faster rate over the pools than the riffles. The pools, therefore,
have a slope that is similar to the riffle but a much greater depth. This means that the
shear stress is greater in the pool than the riffle. With a relative increase in shear stress,
pools scour; a decrease in shear stress occurs over the riffle during the falling limb of the
hydrograph, causing bed material deposits (Knighton, 1998).
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FIGURE 8.14 SAND BED FORMS (after Knighton, 1998)
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Step-Pool Channels
A step-pool bed profile is characteristic of steep streams formed within colluvial
valleys, with valley slopes typically greater than 2% or 3% (Wohl, 2000). Steep mountain streams demonstrate step-pool morphology as a result of episodic sediment transport
mechanisms. Because of the high energy associated with the steep channel slope, the
substrate in step-pool streams contains significantly larger particles than streams in
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flatter alluvial valleys. Steps form from accumulations of boulders and cobbles that span
the channel, resulting in a backwater pool upstream and a plunge pool downstream.
Smaller particles collect in the interstices of steps, creating stable, interlocking structures
(Knighton, 1998). An example is shown in Figure 8.15.
In contrast to meandering streams that dissipate energy through meander bends,
step-pool streams dissipate energy through drops and turbulence. Step-pool streams have
relatively low sinuosity, and pattern variations commonly result from debris jams, topographic features and bedrock outcrops.
FIGURE 8.15 TYPICAL RIFFLE-POOL AND STEP-POOL PROFILES
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Measurement Method
Bed form diversity is relatively simple to assess. A longitudinal profile of a stream
channel provides detailed information about the bed form and can be used to quantify
diversity (Harrelson et al., 1994). Parameters that quantify bed form diversity include:
percent riffle and pool, facet slope, pool-to-pool spacing and depth variability. A description of each parameter is provided below.
1. Percent Riffle and Pool
This parameter measures the percentage of riffles and pools for a stream reach. Runs
and glides, although important habitat features, are included under the riffle and pool
percentage, respectively. The percentages can be determined by comparing the thalweg
profile to the water-surface profile, and measuring the length of the feature from the
stationing. This approach requires a moderate level of effort and complexity because a
profile must be surveyed to collect the data. A rapid approach can be used where the
feature lengths are simply measured using a tape, rather than taken from the profile
(Appendix Ac). The facet length (riffle or pool) is then divided by the total reach length to
calculate the percentage.
Riffles are identified on the profile as the sections of channel that are steeper than the
average channel slope. The water surface over the riffle should also be steeper than the average
slope. Beware of channel blockages, such as beaver dams, that create flat water-surface
slopes (backwater) over previously established riffles. An example is shown at station 760
on the profile in Figure 8.16. The upstream riffles have been “drowned out” to station 550
and are now classified as a pool.
After the riffles and pools have been identified on the longitudinal profile, they can be
plotted on the plan view as shown of Figure 8.17. The location of the riffles and pools can
now be compared with the meander geometry. Ideally for C and E stream types, the
pools will be located at meander bends, and the riffles will be between meander bends.
Figure 8.17 shows a riffle at station 2+00, which is the outside of an eroding meander bend.
The erosion is partly caused by the steep slope and, therefore, high shear stress associated
with the riffle. Pools that are located in meander bends help dissipate energy by having a
lower slope, among other things, such as a greater cross-sectional area and depth.
Figures 8.16 and 8.17 show that overall the stream reach has 43% riffle and 57% pool
bed forms. Rosgen C and E reference reach streams in the Southeastern US generally have
riffle-pool percentages from 60:40 to 80:20, so more riffle bed form than pool. In this
example, the bed form is predominately pool because of the beaver dam. The riffles that
are present are in unstable locations (meander bend) or very short; the longest riffle is
near the end of the reach. The determination of whether a bed form was a riffle or pool
was made from an analysis of the bed and water-surface profile (Figure 8.17).
2. Facet Slope
Facet or feature slopes help to identify riffles and pools as described above. In addition,
facet slopes can be used to measure the quality and stability of the bed form, e.g., steep
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FIGURE 8.16 EXISTING (PRE-RESTORATION) LONGITUDINAL PROFILE SHOWING THALWEG,
WATER SURFACE, BANKFULL STAGE, LEFT TOP OF BANK (LTOB) AND RIGHT TOP OF BANK (RTOB)

Source: Adapted from original graph by Michael Baker Corporation

FIGURE 8.17 PLAN VIEW MAP SHOWING RIFFLES IN BROWN AND POOLS IN BLUE
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riffles are often comprised of coarser bed material because the finer sediments are transported
downstream. However, if the riffle gets too steep, larger particles will be transported and
the riffle could degrade. Riffle slope stability can be assessed with competency equations
by comparing the riffle slope ratio to reference reach ratios. The riffle slope ratio is the
riffle slope divided by the average channel slope (Rosgen, 2009). Pool slopes are also
important descriptors of quality and stability and should be much flatter than the overall
water surface slope to minimize erosional forces acting on the outside bank. However, if
the pool slope is zero, the pool does tend to fill and stagnate at low-flow stages.
3. Pool-to-Pool Spacing
Pool-to-pool spacing measures the frequency of pools in the stream reach and is the
distance measured along the stream centerline or thalweg, between the deepest point of
two pools. It is most often measured from the longitudinal profile; however, it can be
estimated rapidly by simply using a tape. A rapid approach may be used by regulatory
agencies to estimate the pool-to-pool spacing of a restored reach. The value is often
converted into a dimensionless ratio by dividing the result by the bankfull riffle width.
Dimensionless ratios can then be compared to known reference reach ratios of the same
channel type to determine if the spacing is within the normal range.
For C and E stream types, stability problems often occur when the pool-to-pool spacing becomes too low. Monitoring studies in North Carolina showed that severe bank
erosion occurred when the pool-to-pool spacing ratio was less than 3.0 to 3.5. In these
cases, erosion was observed from the outside meander bend to the downstream point
bar. For streams in colluvial valleys (B stream type), it is the opposite. Generally, closer
pool-to-pool spacing leads to more stable and diverse bed forms. Pool-to-pool spacing
ratios greater than 5 often have minor to major headcut problems, especially in areas
where the channel was reconstructed (Harman and Starr, 2008). (See Figure 8.18.)
4. Depth Variability
Depth variability can be assessed by measuring the bankfull pool depth at each pool
along the stream reach, and then dividing these depths by a representative mean riffle
bankfull depth. For this assessment, the pool depths can be measured from the longitudinal profile. The bankfull riffle mean depth can be measured at a representative riffle cross
section. The mean depth is then calculated as the cross-sectional area divided by the
bankfull width. This dimensionless ratio is referred to as the Pool Max Depth Ratio
(Rosgen, 2009). When looking at a stream reach, the variability between Pool Max Depth
Ratios provides information on how the stream is processing sediment. If all the ratios
are near the same value, it indicates that the pools are all the same depth and are likely
filling with sediment. However, this does vary by geologic setting and stream type. It is
most desirable to have a range of Pool Max Depth ratios, as it indicates a wide variety of
pool depths and high pool habitat diversity.
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FIGURE 8.18 TYPICAL POOL-TO-POOL SPACING MEASUREMENTS
BANKF

ULL ST
AGE /

MEAN

BASE FLOW

RIF

GRADIE

NT

FL

E
RUN

POOL

E

GLID

RIF

FLE

RU

N

POOL

GLIDE

RIFFLE

POOL TO POOL SPACING (P-P)

POOL TO POOL SPACING RATIO = pool to pool spacing (P-P)/bankfull riffle width
Source: Reproduced with permission from Michael Baker Corporation

Performance Standard
Performance standards for determining whether a stream is Functioning from a bed
form diversity standpoint should be considered with stream channel type and expected
habitat diversity in mind. In general, it is good to compare what is observed in the field
with what is known about stable, reference reach channel conditions.
1. Percent Riffle and Pool
Reference reach streams in alluvial valleys, like C and E stream types, typically have
more riffles than pools. It is generally agreed that having more riffles than pools is one
important factor to support healthy fish populations; however, it is difficult to find literature that provides guidance on ideal percentages for riffles and pools. In NC, projects that
had 60-70% riffle and 30-40% pool seemed to be preferred over streams that were riffle
or pool dominated. As the percentage increased to 70-80% riffle, the quality of fish
habitat was diminished due to a lack of pool habitat. Streams with greater than 80%
riffle often resemble the bed form of a channelized stream.
A stream reach dominated by pool bed forms in C and E stream types also lacks the
necessary diversity for varied aquatic species, especially macroinvertebrates. If 60-70% of
the reach is riffle (Functioning), then 30-40% of the reach should be pool. As the percentage of pools increase, bed form diversity goes down (Table 8.9). Once the reach exceeds
50% it is unlikely that the bed form diversity is comparable to high-quality C and E
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reference reach streams. This can be a problem in older stream restoration projects where
cross vanes were installed at the head of the riffle. The intent was to keep the upstream
pool slope fairly flat, which it does. However, the cross vane also creates a pool downstream of the structure, which in this case is the riffle. The result is that a scour pool
replaces part of the riffle length, and depending on the meander geometry, this can create
too much pool length and not enough riffle length. There is very little data in the literature to provide riffle and pool length percentages for B type channels. However, there is
information on pool-to-pool spacing and substrate quality, so performance standards are
discussed in the following sections.
The percent riffle and pool is the most subjective measurement method provided in
this document. If this method is used as a performance method, it should be used in
conjunction with another method that better defines bed form complexity, like LWD
measurement methods, pool-to-pool spacing ratios or slope ratios.
2. Pool-to-Pool Spacing Ratios
The performance measures for pool-to-pool spacing are shown below in Table 8.9.
Separate ratios are shown for watershed drainage areas below and above 10 square miles.
Results from past projects show that severe bank erosion occurs when the pool-to-pool
spacing ratio is less than 3.0. This problem is related to the MWR problem (discussed
under lateral stability) and often occurs when practitioners force a meandering stream
into a confined setting. This problem may also show up in the percent riffle-pool measure, e.g., there may be more pool length than riffle length. Projects in drainage areas
below 10 square miles tend to be more stable and have better bed form diversity if the
pool-to-pool spacing ratio is between 3.5 and 5.0. However, for larger streams, the ratio
increases to between 5.0 and 7.0 (Langbein and Leopold, 1966; Gregory et al., 1994). But
as the ratio decreases, the same problem can exist in these larger streams.
The spacing of pools is inversely related to slope, i.e., as slope increases, pool-to-pool
spacing decreases. Whittaker (1987) and Chin (1989) report an average pool-to-pool
spacing of 2 to 3 times the channel width for stream slopes between 3% and 5 %. Grant
et al. (1990) reported pool-to-pool spacing of 2 to 4 times the channel width for two
Oregon streams. These ranges can be more variable based on the presence of bedrock
outcrops and large boulders. The Functioning category shown in Table 8.9 uses a value of
less than 4, which is the higher end of the range between these two studies. A minimum
number was not provided because a lower spacing typically does not lead to stability
problems or a decrease in functionality. As the spacing increases in these moderately
steep channels, the risk of bed instability increases and functionality decreases.
3. Depth Variability
Depth variability is assessed by measuring the Pool Max Depth Ratio. Performance
measures are shown below for gravel bed C and E streams (C4 and E4) and gravel bed B
streams (B4). When the ratio is above 1.5 for B4, C4 and E4 stream types, the pools are
typically well formed and Functioning. This ratio is less variable in gravel and cobble bed
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These ratios are based on
reference reach streams in
NC and may need to be
adjusted based on local
reference reach conditions.

streams than streams with sand beds. Pool
depth in sand bed channels (C5 and E5)
fluctuate more because the sand is mobilized
from the riffle (crossover) sections during
lower flows. As a result, the pools may fill in
more during low-flow periods and scour
during bankfull events. A ratio of 1.2 is used
to indicate a Functioning C5 or E5 stream type. Like the C4 and E4 stream types, as the
ratio decreases, bed form diversity decreases. These ratios are based on reference reach
streams in NC and may need to be adjusted based on local reference reach conditions.
TABLE 8.9 BED FORM DIVERSITY PERFORMANCE PARAMETERS
MEASUREMENT METHOD

FUNCTIONING

FUNCTIONING-AT- NOT FUNCTIONING
RISK

Perennial Streams in Alluvial Valleys (C, E)
Percent Riffle

60 to 70

70 to 80
40 to 60

> 80
< 40

Pool-to-Pool Spacing Ratio
(Watersheds < 10 mi2)

4 to 5

3 to 4 and 5 to 7

< 3 and > 7

Pool-to-Pool Spacing Ratio
(Watersheds > 10 mi2)

5-7

3.5-5.0 and 7
to 8

< 3.5 and > 8

Depth Variability – Gravel
Bed Streams (Pool Max
Depth Ratio)

> 1.5

1.2 to 1.5

< 1.2

Depth Variability – Sand
Bed Streams (Pool Max
Depth Ratio)

> 1.2

1.1 to 1.2

< 1.1

Moderate Gradient Perennial Streams in Colluvial Valleys
Pool-to-Pool Spacing Ratio
(Slope between 3 and 5%)

0.5 to 4

Depth Variability (Pool Max > 1.5
Depth Ratio)

8.8

»

4 to 6

>6

1.2 to 1.5

< 1.2

PARAMETER: BED MATERIAL CHARACTERIZATION

Description
Bed material (substrate) characterization is an important parameter in function-based
assessments and stream restoration designs in gravel bed streams. The composition of the
stream bed influences the character of the bed forms, sediment transport, macroinvertebrate habitat and fish habitat (Harrelson et al., 1994). The influence of substrate on chan-
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nel form and process varies by stream type. For example, large boulders and cobbles
create step-pool bed morphology in steep gradient A and B stream types. Gravel bed
material creates riffle-pool sequences in lower gradient C and E stream types, and sand
bed material creates ripples and dunes in low gradient C, E and DA stream types.
Characterizing the bed material for the purpose of showing functional lift associated
with a stream restoration project is most appropriate in gravel bed streams. The goal for
these projects is to show that the bed coarsens after restoration; this implies that the
stream bed has excessive fine-grained sediments (sand) prior to restoration, which is
typically caused by streambank erosion. Restoration techniques are used to minimize
streambank erosion and thereby decrease the supply of the fine-grained sediments. Other
restoration techniques, like reconnecting the stream to the floodplain and creating the
appropriate geometry, can improve sediment transport processes, which may transport
the finer-grained material out of the project reach.
An example of this type of project is shown below in Figure 8.19. Prior to restoration,
the project reach was channelized and had eroding streambanks that were comprised
mostly of sand. Streambanks were also eroding upstream of the project reach. The
restoration project created a meandering C/E stream type with a bank height ratio of 1.0
(well connected to the floodplain). The photo was taken during the first year after construction and soon after a winter flood event. Sandy material from upstream bank erosion
deposited on the point bar and floodplain; however, the riffle remained coarse and the
pool maintained a depth that was much deeper than the riffle.
FIGURE 8.19 SOUTH FORK MITCHELL RIVER, KRAFT STREAM RESTORATION PROJECT

Source: Reproduced with permission from Michael Baker Corporation
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The bed material was characterized before restoration and for five years after restoration.
Figure 8.20 shows the grain size distributions prior to restoration and for five years
post-restoration. The x-axis is the size class of the bed material samples in millimeters,
and the y-axis is the cumulative percent. The median particle size is where 50 on the
y-axis intercepts the line. This value is called the D50, meaning that half of the values are
larger and half are smaller than this value. The D84 means that 84% of the values are
smaller than this value. Figure 8.20 shows that in general, the bed material coarsened
after restoration when compared to the 2002 pre-restoration curve. The suite of curves
also shows that there was more variability in the finer-grained sediments (less than the
D50) than there was in the coarser grained sediments (greater than the D50). This is
common because smaller particles are much more mobile than large particles. The curves
also show periodic coarsening and fining during the monitoring years. This is shown
more clearly in Figure 8.21.
FIGURE 8.20 BED MATERIAL CHARACTERIZATION OF THE KRAFT STREAM
RESTORATION PROJECT 2002-2007

Pre-Restoration

Source: Adapted from original graph by Michael Baker Corporation

Figure 8.21 shows how the D16, D35, D50 and D84 change from the pre-restoration
condition in 2002 through the last year of monitoring in 2007. The D16, which is a fine
sand, changes very little between the monitoring years. This is due to the large amount
of sand that is in the channel from upstream bank erosion. This material is easily transported and is mobilized in most storm events. The D35, D50 and D84 all coarsen after
restoration with the D35 and D50 changing from sand-size to gravel-size particles.
Interestingly, the dip in 2005 occurred during the same year as the remnants from hurricane Francis moved through the area, causing the largest flood of the monitoring period.
The bed did shift towards finer-grained sediments that year, but still remained coarser
than the pre-restoration condition. The bed material then rebounded in 2006 and was the
coarsest of the monitoring period in 2007.
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FIGURE 8.21 BED MATERIAL CHARACTERIZATION OF D16, D35, D50 AND D84 PRIOR TO
RESTORATION AND FOR FIVE YEARS POST-RESTORATION

Pre-Restoration

Post-Restoration

Source: Adapted from original graph by Michael Baker Corporation

The point of showing these graphs is to illustrate that under the correct conditions,
stream restoration projects can show an improvement (coarsening) due to restoration
activities, even if the upstream watershed is not pristine. The best cases for showing
improvement are stream reaches that have gravel and cobble in the bed material, but
with sandy material being supplied by bank erosion. Projects that are the least likely to
show improvement are sand bed streams that do not have gravel and/or cobble sources
of bed material.
Measurement Method
The most common method for measuring bed material or substrate is the Wolman
(1954) pebble count procedure. The two measurement methods described below use the
pebble count method for sampling the bed material. Based on project goals, however,
there are many ways that the pebble count procedure can be implemented. Bunte and Abt
(2001) provide a comprehensive manual on sampling and analyzing surface and subsurface particles. This manual is available online at www.stream.fs.fed.us/publications/documentsStream.html. The level of effort for these two methods is moderate if the values are
compared to existing reference reach data sets and can become intensive if the reference
data sets need to be developed (Appendix Ac).
1. Size Class Pebble Count Analyzer
Potyondy and Bunte (2007) and Bevenger and King (1995) provide spreadsheet tools
and instructions for managing pebble count data. These spreadsheets are useful for
stream restoration monitoring projects because they can be used to compare a project
reach to a reference reach/watershed. The spreadsheet includes statistical applications
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that can be used to determine if select sediment size classes from the project reach are
statistically different than the reference reach. (Spreadsheets are available at www.stream.
fs.fed.us/publications/software.html.)
2. Riffle Stability Index (RSI)
Kappesser (2002) developed a Riffle Stability Index (RSI) to estimate the degree of
increased sediment supply to riffles in streams with gradients between 2% and 4%.
Kappesser states that the RSI can be used where sediment supply from headwater activities is depositing materials on riffles and filling pools, and reflects qualitative differences
between reference watersheds and managed watersheds.
Performance Standard
Performance parameters for substrate distributions are shown below in Table 8.10. The
Size Class Pebble Count Analyzer developed by Potyondy and Bunte (2007) and Bevenger
and King (2005) can be used in low- and high-gradient channels. Using this method, a
Functioning stream is defined as one where select bed material classes are not statistically
different than the reference reach or watershed. A Not Functioning stream is where the
project stream is statistically finer than the reference reach/watershed. One issue with
this method is that there is no guidance or data to suggest an appropriate range for
Functioning-at-Risk, so this would need to be determined by the user.
The RSI is recommended for B3 and F3b channels because the method provides scores
for Functioning, Functioning-at-Risk and Not Functioning (although the terminology
differs). Kappesser (2002) stated that riffles from Idaho and Virginia scoring less than 70
were indicative of watersheds in good condition (Functioning). Values between 70 and 85
indicated watersheds in fair condition (Functioning-at-Risk), and values greater than 85
indicated poor conditions (Not Functioning).
TABLE 8.10 BED MATERIAL CHARACTERIZATION PERFORMANCE PARAMETERS
MEASUREMENT METHOD

FUNCTIONING

FUNCTIONINGAT-RISK

NOT FUNCTIONING

Size Class Pebble Count
Analyzer

Project Reach is
not statistically
different than
reference reach

N/A

Project Reach is
statistically different
(finer) than
reference reach

Riffle Stability Index (RSI)
for Rosgen B3 and F3b

< 70

70 to 85

> 85
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The Physicochemical functions of a stream are determining factors of aquatic ecosystem health. Many lotic organisms are affected by even small changes in water chemistry
and habitat. Physicochemical functions include the interaction of physical and chemical
processes to create the basic water quality of the stream (including temperature, dissolved
oxygen, conductivity, pH and turbidity), as well as to facilitate nutrient and organic
carbon processes. The parameters used to describe Physicochemical functions are included in Level 4 of the Pyramid. These parameters provide both direct and indirect indications of stream condition and its ability to support biological communities (Level 5).
Understanding what is expected for these parameters in a project stream, based on the
reference condition and what the stream actually demonstrates, will provide a comprehensive Physicochemical stream assessment. Determination of the reference condition
using data from reference streams that support desired biological communities is important.
Before beginning an assessment, a review of Total Maximum Daily Load (TMDL) values
determined based on water quality standards, as well as review of specific watershed
plans, can determine what Physicochemical constituents are of concern for the stream.
These resources can identify what is being measured and what approaches are currently
being applied to monitor Physicochemical parameters and to improve water quality.
Measurement of Physicochemical functions also requires an understanding of what
influential variables are present that cannot be affected by restoration at the reach scale.
These variables include external discharges from upstream, point source and non-point
source contributions, and the effects of land-use changes in the watershed. These variables highlight the need for preliminary considerations of site selection and reach length
if the goal is to improve stream Physicochemical function. Climate factors will also have
a significant effect on Physicochemical functions, but these environmental variables
cannot be controlled at any scale. Some of these variables that are beyond the scope of
the restoration plan can be differentiated from variables that are controllable through
comparisons with upstream, downstream and reference stream conditions. The ability to
evaluate the actual effects of stream restoration within a reach with statistical confidence
should be considered by performance standards.
Table 9.1 provides a list of the Physicochemical parameters included in this chapter,
along with their associated measurement methods and availability of performance
standards. Although there are many additional parameters that can determine Physicochemical function, e.g., alkalinity, pollutants and metals; however, those included in this
chapter are considered the most common and the most important parameters for assessment and restoration. Appendix Ac includes a list of all the example Physicochemical
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measurement methods along with information about the method’s type, level of effort,
level of complexity, and whether it is a direct or indirect measure of the function-based
parameter. The criteria used to make these determinations are provided in Chapter 4.
TABLE 9.1 PHYSICOCHEMICAL PARAMETERS, MEASUREMENT METHODS AND
AVAILABILITY OF PERFORMANCE STANDARDS
PARAMETER

MEASUREMENT METHOD

PERFORMANCE
STANDARD

Water Quality

1.
2.
3.
4.
5.

Yes
Yes
Yes
Yes
Yes

Nutrients

1. Field test kits using reagents
reactions
2. Laboratory analysis

Yes
Yes

Organic Carbon

1. Laboratory analysis

Yes

9.1

»

Temperature
Dissolved Oxygen
Conductivity
pH
Turbidity

PARAMETER: WATER QUALITY

Description
Temperature
Temperature is a physical property that indicates the relative hotness or coldness of
water. Stream temperature can influence several other Physicochemical parameters
directly, including dissolved oxygen (DO) concentrations, conductivity and pH (USGS,
2010). As temperature increases, DO held in the water column is reduced based on
changes in solubility of gases with temperature. Warm water holds less DO than cold
water (Mortimer, 1981). As temperature increases, conductivity increases as more molecules become dissolved and release ions into solution. These ions can also have an effect
on pH, which is a measure of hydrogen and hydroxide ions in the water column (Stumm
and Morgan, 1996). Biological functions within streams are also affected by temperature,
which regulates lifecycles, spatial distribution and metabolism of all trophic levels.
Temperature cues control the lifecycles of most stream organisms, signaling activities
such as reproduction by microbial communities, emergence by macroinvertebrates, and
spawning by fish (Hynes 1970). Stream temperature can be highly variable within a short
distance between microhabitats, such as temperature differences between warmer backwater depositional areas and the main channel (Hauer and Hill, 2006). Warmer stream
temperatures increase the rate of metabolic processes, such as photosynthesis and respiration, while most aquatic organisms reduce their metabolic processes during colder
months (Hynes, 1970). Fishery managers have long recognized the importance of temperature to fish distribution and have separated lotic systems into warm-water streams
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and cold-water streams to describe habitat (Moyle and Cech, 1982).
Stream temperatures are influenced by climate, streamflow and depth, sunlight exposure and the riparian canopy. Air temperature above the water surface affects stream
temperature through heat transfer. Daily and seasonal stream temperatures fluctuate
with air temperatures over the same time period, although the stream has less fluctuation
due to the higher latent heat of water (Hauer and Hill, 2006). Precipitation and watershed
runoff influence stream temperatures when there is a great enough temperature difference between watershed runoff and streamflow, and when there is a large enough volume
of runoff entering streamflow. The same effect occurs with point-source discharges from
power plants and industrial processes, and with hyporheic groundwater inputs through
the streambed and banks (USEPA, 1997b).
Groundwater tends to be cooler than ambient water temperatures in summer months
and warmer in winter months, due to the influences of soil temperature (Smith, 2005).
Streamflow can affect temperature through turbulence, mixing surface and subsurface
waters for a more even temperature distribution in running water compared to stagnant
water. Shallow flow depth in small streams has less variation compared to deeper, larger
streams where a temperature gradient can occur between surface and subsurface water
(Hynes, 1970). Temperature generally decreases as depth increases due to less sunlight
and atmospheric influence (Wetzel, 2001). Exceptions do occur, however, such as when
surface water temperatures drop below freezing and act as an insulating layer that keeps
deeper waters warm (Hynes, 1970). Sunlight can be the most influential factor for stream
temperature, particularly in open waters (Hauer and Hill, 2006). Effects of sunlight are
primarily dependent on the presence and relative density of a riparian canopy. A dense,
tall canopy will filter more sunlight, diminishing the rise in temperature caused by solar
radiation and reducing variability in stream temperatures over time (Allan and Castillo,
2007). Exposure to sunlight is also dependent on geographic latitude and variations
throughout the day and the seasons.
Stream temperatures that are significantly different from ambient temperatures measured within reference streams should be regulated to maintain healthy biological communities. Even though temperatures of external flow contributions from watershed
runoff and point-source discharges generally cannot be controlled, they should be considered to determine their impact and potential incorporation into a restoration plan. Stream
restoration techniques can help regulate temperatures by providing adequate baseflow
and flow duration (Level 1), since flowing water is well mixed with less temperature
fluctuation. There are several methods that can be used to improve groundwater exchange through the hyporheic zone and streambanks to help regulate temperatures.
Floodplain connectivity described in Level 2 will slowly recharge groundwater for a more
consistent discharge through the hyporheic zone (Winter et al., 1998). Lateral stream
stability, the riparian buffer and the degree of bed form diversity are all Level 3 parameters that can be used to regulate temperature. Creating a stable channel that carries its
sediment and water effectively will help maintain consistent baseflow. Riparian buffers
and large woody debris (LWD) within the channel can maintain consistent and generally
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cooler temperatures over time by providing shade (Figure 9.1). Changes to the stream
channel that improve bed form diversity, including deep pools, will help regulate temperatures in various biological habitats.
Ambient water temperatures with less fluctuation occur in lotic systems when the following conditions are present:
• Minimal variability between watershed runoff temperatures and stream temperatures;
• Adequate baseflow to provide mixing to prevent stagnant water;
• Floodplain connectivity to support hyporheic groundwater recharge for more consistent temperatures;
• Established riparian buffer to provide shade to help keep the water cool on hot sunny
days and provide thermal regulation with less fluctuation over time; and
• Bed form diversity, as deep pools offer cooler waters for fish habitat, cover features (such
as logs, rocks and undercut streambanks) and provide shade for cooler temperatures.
FIGURE 9.1 OVERHANGING VEGETATION PROVIDES SHADE IN NEWLY RESTORED STREAMS

Figure 9.1a Restoration site immediately after
construction.

Figure 9.1b Same restoration site seven years after
construction with overhanging vegetation that
provides shade and reduces temperature variation.

Source: Reproduced with permission from Michael Baker Corporation

Dissolved Oxygen
Oxygen dissolved in the water column is required by stream biota to sustain life. The
amount of dissolved oxygen (DO) significantly affects biological respiration rates, as well
as the solubility of other chemical constituents like inorganic nutrients. In lotic systems,
these effects become important in the substrate hyporheic zone where exchange of DO
from surface waters to subsurface waters maintains microbial communities and provides
habitat for stream biota (Wetzel, 2001).
Oxygen enters the water column primarily through diffusion from the atmosphere.
Streamflow creates turbulence, which leads to additional entrainment of oxygen from the
atmosphere (USEPA, 1997b). Turbulence is increased by rough channel beds (Hynes,
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1970) and structures, such as rocks and large woody debris that rise above the water
surface, creating eddies and mixing (Gordon et al., 2004). The water column is considered
saturated when DO concentrations are in equilibrium with oxygen in the atmosphere.
The amount of DO is also influenced by temperature, altitude and salinity. DO is more
soluble in colder water than warmer water. In larger rivers, temperature may play a
greater role than diffusion in influencing DO levels, due to smaller surface area relative to
volume and less turbulence. Small streams with turbulent flow, however, can maintain
DO concentrations near saturation, regardless of daily and seasonal temperature changes
(Allan and Castillo, 2007). Streams at higher altitudes generally have higher DO concentrations than those at lower elevations due to differences in atmospheric pressure (USEPA, 1997b); and DO concentrations decline as salinity increases (Wetzel, 2001).
Oxygen is both produced and consumed within the lotic system through biological
and chemical processes. Primary producers such as phytoplankton, algae and aquatic
plants (macrophytes) release oxygen during photosynthesis, a process that produces
organic material using inorganic carbon (CO2 ) and energy from sunlight. Aquatic organisms, from microbes to fish, consume oxygen during the process of respiration when they
metabolize the organic materials. In larger, slow-moving rivers with ample sunlight
exposure, photosynthetic activity can be high enough to elevate DO levels during day
while subsiding overnight. Without these biological processes, the effects of daily temperature changes and reduced diffusion rates would cause the opposite trend in rivers
(Allan and Castillo, 2007). Dissolved oxygen concentrations can also be affected by
availability of dissolved organic matter, whether through direct chemical reactions or
through indirect stimulation of microbial respiration (Wetzel, 2001).
In natural streams, there is a balance between the rate of oxygen supply from diffusion, entrainment and photosynthesis, and the rate of oxygen consumption through
biological metabolism and abiotic chemical reactions (Wetzel, 2001). This balance ensures that oxygen production is greater than consumption, and sufficient oxygen is
available to support life at all trophic levels. Pollutants, such as excess nutrients and
organic waste contributed from surface runoff and point-source discharges, can alter this
balance and create conditions where more oxygen is consumed. One popular example is
the algal bloom (when algal production increases as a result of excess nutrient loading), also
referred to as eutrophication. Even though algal photosynthesis produces oxygen, microbial respiration rates increase DO consumption to a greater extent during decomposition
of the algal biomass and its waste products (Carpenter et al., 1998). Drastic oxygen
depletion may occur, causing anaerobic conditions within the water column that harm
other organisms, e.g., fish kills (Hynes, 1960).
DO concentrations in impaired streams can be improved through removing sources of
excess nutrients and organic pollutants in watershed discharges that influence streamflow. On a reach scale, stream restoration techniques can improve DO concentrations
using channel modifications that enhance flow dynamics described in Level 2. Narrowing
a channel that has been over-widened and increasing channel slope can maintain baseflows for better oxygen diffusion rates. Removal of stream impoundments, such as dams,
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will restore flowing water and prevent the increase in temperature that occurs behind the
obstruction. In-stream structures used to improve Geomorphology function can increase
streamflow turbulence, including boulder clusters and cross vanes (Fischenich and Seal,
1999). (See Figure 9.2.) Riparian buffer establishment will indirectly improve DO concentrations by reducing stream temperature through shading.
Higher concentrations of DO occur in stream systems when the following conditions
are present:
• Excess nutrient and organic pollutant loads are controlled, maintaining a balanced
biological system in which respiration does not consume more dissolved oxygen than
is produced;
• Flowing water, which contains more oxygen than stagnant water through entrainment and mixing;
• In-stream structures, breaking the water surface to create turbulence and mixing; and
• Established riparian buffer, which provides shade for cooler water temperatures to
increase the solubility of oxygen in the water column.
FIGURE 9.2 FLOW TURBULENCE CREATED FROM ROCK CROSS VANE STRUCTURE

Source: Reproduced with permission from Michael Baker Corporation

Conductivity
Conductivity is the measure of water’s ability to conduct electrical current through
dissolved ions. Inorganic compounds are good conductors, while organic compounds are
poor conductors. This makes conductivity a good estimate of the total inorganic dissolved
solids present in the water column (Eaton et al., 2005). Some of the more common inorganic dissolved ions include anions such as chloride, nitrate, sulfate and phosphate, and
cations such as sodium, magnesium, calcium, potassium and aluminum. Conductivity is
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primarily used as a baseline chemical indicator of stream health and is a good screening
tool for stream restoration projects. Conductivity can be used to measure changes in
discharge characteristics, external flow contributions, pollutant load and other factors
affecting the chemical composition of streamflow (USEPA, 1997b).
The amount of conductivity depends to a greater extent on the concentration of
charged ions rather than the types of ions present. This characteristic makes it a good
measure of total dissolved solids across aquatic resources (Allan and Castillo, 2007).
Conductivity is significantly influenced by temperature. Higher temperatures cause more
ions to be released into solution, increasing conductivity. The effects of temperature can
be accounted for by comparing the conductivity at the standard temperature of 25°C,
which is referred to as specific conductance (USGS, 2010). Conductivity is also influenced
by external factors, including geology, soils and climate. Dissolved ion concentrations are
much higher in streams flowing through sedimentary rock that is more easily weathered
compared to igneous and metamorphic rock (Allan and Castillo, 2007). Streams flowing
through clay and silt soils tend to have higher conductivity than inert sandy soils due to
the presence of charged molecules in clays and silts (Essington, 2005). Precipitation and
runoff characteristics can influence stream conductivity. In temperate climates, precipitation events can dilute the dissolved ion concentrations in surface waters. In some cases,
however, more precipitation can increase conductivity if rainwater has a higher concentration of dissolved solids compared to the receiving stream water. Arid climates have
surface waters with high conductivity due to less rainfall. Salts accumulate in soils with
little precipitation and high evaporation, readily dissolving in surface water runoff and
groundwater (Walling, 1984; Allan and Castillo, 2007).
Conductivity measurements comparable to reference stream conditions are maintained in
stream systems when the following conditions are present:
• Low pollutant loads in watershed runoff and point-source discharges, which eliminates direct impact of flows with higher conductivities than those inherent in the
receiving stream; and
• Established riparian buffer, which provides shade to stabilize temperatures, allows
filtration of surface-runoff contaminants, and decreases evaporation that can concentrate dissolved ions.
pH
Measurements of pH indicate the relative acidity or alkalinity of water. The pH scale
(0–14) measures the logarithmic concentration of hydrogen (H+) and hydroxide (OH-)
ions that compose the water (H 2O) molecule. The pH is 7.0, or neutral, when both ions
are in equilibrium, such as in pure water. Streamwater contains dissolved ions that
interact with these water ions to alter the equilibrium. When the pH drops below 7.0, the
water is considered acidic; when the pH is above 7.0, water is considered alkaline (USEPA,
1997b). Stream pH can have a significant effect on biological communities, which prefer
pH values in the 6.5 to 8.0 range. Diversity can be reduced in streams with pH outside
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this range, favoring only certain species that can tolerate more extreme pH conditions
(Hynes, 1970). Like condutivity, pH is a good screening tool for stream restoration projects. At low pH values, ions from metals and toxic compounds can be released into the
water column and negatively impact biological communities (Allan and Castillo, 2007).
Stream pH can be influenced by chemical reactions and dissolved constituents present
in the water. In natural streams, H+ and OH- ions are typically produced during the
dissociation or hydrolysis of carbon compounds (Wetzel, 2001). Conductivity can be
altered by changes in pH, and vice versa, due to the interaction between water ions and
dissolved ions present in the water column. The effects of temperature on stream pH are
similar to those experienced by conductivity (Stumm and Morgan, 1996).
The pH of streams can be controlled by precipitation and runoff, as well as by soils
and geology. Precipitation typically has an average pH of 5.6 due to the dissolved ions
captured in the atmosphere. An increase in atmospheric pollution from anthropogenic
sources can create acid rain, with even lower pH values (USEPA, 2008). Watershed runoff
can increase the acidity of streamflow, depending on the amount of precipitation, runoff
volume and contaminants carried from the surface. Streams that flow through soils with
high organic acid content, such as wetlands and swamps, generally have inherently lower
pH values. Streams that flow through soils with high carbonate and hydroxide content,
such as those derived from limestone, have higher pH values due to the buffering capacity
provided when binding with hydrogen ions of acids occurs. Weathering of sedimentary
rock produces alkaline soils, while soils derived from igneous rock are low in alkalinity
(Wetzel, 2001). The effects of groundwater inputs on stream pH are similar to conductivity, due to the relationship between groundwater and surrounding soil chemistry.
Stream pH values comparable to reference conditions are maintained in stream systems
when the following conditions are present:
• Low pollutant loads in watershed runoff and point-source discharges, which eliminates direct impact of flows with higher conductivities than those inherent in the
receiving stream; and
• Established riparian buffer, which provides shade to stabilize temperatures, allows
filtration of acid rain and surface runoff contaminants, and decreases evaporation that
can concentrate dissolved ions.
Turbidity
Turbidity is a measure of water clarity based on how much light passes through the
water column (USEPA, 1997b). Turbid water appears colored or cloudy due to suspended
and dissolved materials, including soil particles, organic matter, plankton and dyes
(USGS, 2010). Turbidity influences other Physicochemical parameters and significantly
impacts biological communities. When the water is turbid, temperatures increase due to
higher absorption of heat by the suspended particles. Dissolved oxygen can be reduced as
a result of increased temperatures and reduced photosynthetic activity when light penetration is impeded. Biological lifecycles and habitats are negatively affected by high
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turbidity. In the water column, suspended materials can reduce visibility needed for
feeding activities and disrupt respiration, such as clogging of fish gills. As the fine particles settle, they blanket the stream bottom covering substrates used for habitat, and
they fill interstitial spaces of the hyporheic zone where oxygen exchange occurs. High
turbidity for extended lengths of time will reduce reproduction and development of
aquatic organisms (Hynes, 1960; USEPA, 1997b).
Natural causes of turbidity are observed in streams with high plankton productivity, as
well as in streams that flow through organic soils with dissolved humic acids (Hynes,
1970). Turbidity can also be caused by watershed runoff, flow dynamics and channel
instability. Fine sediment particles, such as clays, silts and fine sands derived from anthropogenic activities, are common causes of turbidity, particularly in disturbed watersheds and unstable stream channels (Whipple et al., 1981). These particles are entrained
in stormwater runoff over bare soils during development of the watershed or with agricultural activities (Wolman and Schick, 1967; USEPA, 2003a). Developed watersheds
with impervious surfaces deliver larger volumes of runoff at a faster rate, accelerating
streambank erosion as the channel becomes increasingly unstable. Studies have shown
that turbidity can remain elevated long after a storm event has ended in disturbed watersheds due to channel instability (Hammer, 1972; Whipple et al., 1981). Fine sediment
particles can also have adsorbed nutrients that enrich the streamwater. The excess nutrients increase microbial productivity and biomass to perpetuate the turbidity problem.
Fine sediment particles may also carry pollutants that are detrimental to aquatic life, such
as pesticides and metals (Hynes, 1960).
Stream restoration projects can include several methods to control turbidity. Stabilizing the watershed and treating turbid stormwater runoff are desired practices in coordination with a reach-scale restoration project. Designing a channel with floodplain connectivity will provide for sediment deposition outside of the main channel and reduce shear
stress during large storm events. Creating a stable channel that can convey the water and
sediment delivered from the watershed effectively and protecting streambanks from
shear stress will prevent channel erosion as a source of fine sediments in the water column. Establishing a riparian buffer will significantly reduce fine sediment in runoff,
while increasing infiltration for reduced runoff volume.
Low turbidity concentrations occur in stream systems when the following conditions are
present:
• Watershed stability, which prevents entrainment of fine sediments and associated
nutrients from exposed watershed soils;
• Floodplain connectivity, which promotes sediment deposition on the floodplain and
not within the channel, provides energy dissipation, and reduces channel erosion
during large storm events.
• Channel stability, reducing stream bed and streambank erosion; and
• Established riparian buffer, which slows runoff rates for deposition of fine sediments
and associated pollutants, and provides streambank stability for less erosion.
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Measurement Method
In order to measure basic water quality parameters effectively, a stream monitoring
plan must be developed that considers the significant spatial and temporal variability of
the parameters, as well as fluctuations caused by flow conditions. Collecting individual
(discrete) samples provides information about the parameter at one point in time, which
may yield limited information in lotic systems with such dynamic variability. Continuous
monitoring is recommended in order to better capture variability and allow for comparison over time and between the target reach and reference reach. In order to demonstrate
whether significant changes have occurred over time, the number of samples and frequency
of collection are important for statistical analyses of results. The level of effort for water
quality parameters is rapid for discrete samples, but is considered intensive for continuous monitoring used to capture high variability. The level of complexity for all the water
quality measurement methods is considered simple to moderate, depending on the instruments used and the statistical detail or level or expertise required for analyses to determine deviation from the reference condition and species requirements (Appendix Ac).
When measuring basic water quality parameters to determine Physicochemical function of a restored stream, it is imperative to identify influential variables that cannot be
affected by restoration at the reach scale. External discharges from upstream, point-source
and non-point-source contributions, and the effects of land-use changes in the watershed
are all variables that may not be included in a reach-scale project. In order to fully restore
these water quality parameters, a watershed scale effort may be required along with the
presence of a healthy upstream watershed. These variables demonstrate that site selection
and reach length must be considered during the planning stage of a stream restoration
project. Climate, geology and soils can also have a significant effect on basic water quality but cannot be controlled at any scale. Environmental variables that are beyond the
scope of the restoration plan can be differentiated from variables that are controllable
through comparisons with upstream, downstream and reference stream conditions.
The measurement methods listed below are brief summaries for each basic water
quality parameter. All measurement methods are considered direct assessments of water
quality parameters for Physicochemical function (Appendix Ac). Details for each method
can be found in the associated references, as well as outlined in the Standard Methods for
the Examination of Water and Wastewater (Eaton et al., 2005). There are many resources
to assist with deriving a monitoring plan, including those published by state environmental agencies and federal agencies, such as the USEPA (1997b) guide, Volunteer Stream
Monitoring: A Methods Manual. Recommended references for methods and sampling plans
include Methods in Stream Ecology (Hauer and Lamberti, 2006) and Limnological Analyses
(Wetzel and Likens, 2000).
1. Temperature
Temperature is typically recorded in degrees Celsius for metric units and degrees
Fahrenheit for English units. Temperature can be measured using a standard liquid-inglass thermometer, electronic thermistor or thermocoupler in-situ (Hauer and Hill 2006).
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Temperature sensors are commonly included with meters and probes that measure other
parameters, including dissolved oxygen, conductivity and pH; therefore, a separate device
may not be needed (USGS, 2010). Calibration of all devices with a NIST-certified thermometer is recommended (Eaton et al., 2005).
Temperature can be one of the most variable stream parameters to measure. This variability should be captured to the fullest extent possible, considering how many Physicochemical
parameters and Biological (Level 5) functions are affected by changes in temperature.
External factors that affect temperature should also be taken into account during
monitoring. Air temperature and precipitation should be measured, and sampling locations should be selected with the understanding that riparian canopy and external discharges, especially from groundwater seepage, can significantly influence water temperature. Therefore, the purpose of the sampling should be determined before the
temperature sensors are deployed. Localized influences on temperature, like groundwater
seepage, should be avoided if the goal is to determine a well-mixed, average temperature.
Alternatively, sensors may be deployed in areas with groundwater seepage if the influence of groundwater and surface water exchange need to be determined.
2. Dissolved oxygen
Dissolved oxygen (DO) is measured as a concentration (mg/L) or as a percentage of the
amount required for complete saturation of the water column. Saturation is based on the
total amount of oxygen that can be dissolved in pure water at a specific atmospheric
pressure and water temperature. Reference tables are available to determine what these
DO concentrations should be (Mortimer, 1981; Eaton et al., 2005). DO should be measured in-situ or immediately after sample collection to avoid changes in concentrations
associated with microbial processes and temperature. For in-stream measurements, a
probe and meter combination can be used. The most common DO probes have selectively
permeable membranes or optical sensors to detect DO within the water column. When
using a probe and meter, temperature and barometric pressure should also be measured to
adjust DO measurements to environmental conditions (USGS, 2010). In order to measure
DO concentrations using water samples, the method must immediately stabilize DO in
the water column. A common method is the Winkler titration that uses reagents added in
the field prior to titration (Hauer and Hill, 2006). Although the Winkler method is typically not as accurate as a meter and probe combination, it is generally more economical.
Due to the variability of DO along the stream length and its requirement by many
organisms, the sampling protocol should include measurements from different stream
features,e.g., pool, riffle, upstream and downstream of an impoundment, stream areas
with different riparian cover densities, and near areas where significant external flow
contributions are suspected, e.g., groundwater seeps and springs, stormwater, point sources).
3. Conductivity
Conductivity is commonly measured with a probe and meter combination that measures resistance by dissolved ions to an electric charge in units of milliSiemens (mS)/cm
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or milli-ohms (mhos)/cm (USEPA, 1997b; Eaton et al., 2005). A temperature sensor is
most always included with the conductivity probe and meter due to the relationship
between the two parameters. Specific conductance is a measure of conductivity that has
been normalized to unit length at the standard temperature of 25 °C (USGS, 2010).
Conductivity measurements indicate the amount of total dissolved solids (TDS) within
the water column. Actual TDS can be calculated by multiplying the conductivity reading
by an empirically determined factor between 0.55 and 0.9 (Eaton et al., 2005). Conductivity measurements also provide useful baseline data that can indicate changes in water
quality over time, particularly due to additions of external discharges and pollutants.
4. pH
The pH value can be collected in the field or laboratory using a color treatment test or
using a pH probe and meter combination. Samples collected should be evaluated within
two hours due to the effects of CO2 exchange with air on pH; therefore, field measurements are generally easier and more accurate. For the color treatment test, reagents are
added to the sample causing coloration of the water. The color and its intensity are
compared to a standard color chart to determine the estimated pH unit. For a more
accurate measurement, a pH meter and probe can be used (USEPA, 1997b). The pH meter
measures hydrogen ion activity as a function of electric potential generated between a
glass pH electrode and a reference electrode. Results are reported by the meter in pH units
or millivolts. Temperature should also be measured by the probe to compensate pH
measurements for water temperature (USGS, 2010).
5. Turbidity
Turbidity can be measured directly using a turbidity meter and probe in the field or by
laboratory analysis. The meter uses a light source and a photoelectric cell to measure light
intensity that is scattered and absorbed by suspended and dissolved particles in water.
Without turbidity, light would be transmitted in straight lines through a sample. The
most common unit is the Nephelometric turbidity unit (NTU), and most meters measure
a range from 0 to 1000 NTU (USEPA, 1997b and USGS, 2010). Turbidity can be measured
indirectly using a Secchi disk in deep, slow-moving rivers (Wetzel and Likens, 2000) or
using a transparency tube (USEPA, 1997b).
Turbidity is highly dependent on streamflow with typical increases as stage rises
during storm events that entrain excess sediments during surface runoff and within the
channel. Measurements taken during or immediately after rain events or snowmelt will
result in higher turbidity readings. It is recommended that streamflow measurements be
recorded over time, along with continuous monitoring of turbidity, to capture changes
during storm events. Baseflow samples alone will not yield information about turbidity
levels and their potential impacts on the biological community.
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Performance Standard
Since external factors such as upstream discharges, point-source discharges and watershed land use changes cannot always be controlled, it is important to measure basic water
quality parameters within the proposed restoration reach prior to construction, as well as
within the reference stream(s). Measurements should also be taken upstream and downstream of the restored reach to determine what is coming into and exiting the restored
reach. These locations will provide baseline measurements of existing and reference
conditions for each parameter for comparison of post-restoration performance.
Existing condition and reference stream measurements along with water quality
standards should be used when assessing the functionality of stream chemistry. To
determine whether or not an aquatic system is meeting its pre-determined designated
use, regulators use water quality standards. The designated uses are determined by
taking into consideration the desired use and value of a stream for public water supply,
protection of fish, shellfish and wildlife, and for recreational, agricultural, industrial and
navigational purposes (USEPA, 2011). Streams meeting these standards are only meeting
the minimal requirements determined for the use by the state in which the system is
located. Water quality standards vary depending upon specific state regulations; therefore, it is recommended that monitoring programs use their state’s standards as the
minimum requirements for stream assessment. The EPA has compiled a database of each
state’s water quality standards on their website (www.epa.gov/waterscience/standards/
wqslibrary; USEPA, 2007). EPA has also compiled water quality monitoring information
from across the country. This data set is available at www.epa.gov/storet.
Reference conditions and certain species requirements may exceed the water quality
standards, depending on the designated use. An example in the East would be restoring a
stream for native brook trout, which would have higher water quality standards than
restoring a stream for recreational fishing of rainbow trout, due to species requirements.
Both measurements from reference streams and appropriate water quality standards for
the desired use are, therefore, the best assessments to determine if the project reach is
Functioning. Measurements that only meet the minimum water quality standards, but
are not representative of the reference stream conditions and are limiting to certain
species, are considered Functioning-at-Risk; those not meeting minimum water quality
standards, not representative of the reference conditions, and not supporting species
requirements should be considered Not Functioning. For parameters that do not have
water quality standards, reference conditions and species requirements are used to
determine performance level (Table 9.2). Turbidity may or may not have regulated water
quality standards, depending on the location; therefore, turbidity is listed in both categories in the table.

A Function-Based Framework » May 2012

181

Chapter 9: Physicochemical, Nutrients

TABLE 9.2 BASIC WATER QUALITY PERFORMANCE STANDARDS
MEASUREMENT
METHOD

FUNCTIONING

FUNCTIONING-AT-RISK

NOT FUNCTIONING

Temperature

Meets water
quality standards
for designated
use

Meets water quality
standards for designated
use

Does not meet
water quality
standards for
designated use

DO
Turbidity

Conductivity
pH
Turbidity

9.2

»

Representative of
reference stream
conditions and
meets species
requirements
Representative of
reference stream
conditions and
meets species
requirements

Is not representative of
reference stream
conditions and does not
support species
requirements
Is not representative of
reference stream
conditions or

Is not representative
of reference stream
conditions and does
not support species
requirements
Statistically
different than
reference stream
conditions and

Does not support species
requirements
Does not support
species
requirements

PARAMETER: NUTRIENTS

Description
Nutrients are chemical elements required by all organisms to live and grow. The most
important nutrients found in both aquatic and terrestrial ecosystems are nitrogen and
phosphorus due to their influence on growth (Allan and Castillo, 2007). Nitrogen is found
in dissolved inorganic form primarily as nitrate (NO3 -) and ammonium (NH4 +) ions, and
as organic nitrogen. Nitrogen enters the stream through precipitation, atmospheric deposition and diffusion, in situ nitrogen fixation, groundwater, and surface runoff. Phosphorus is present as inorganic phosphate (PO4 +) and as organic phosphorus (USEPA, 1997b).
Both inorganic and organic phosphorus can be dissolved in water or suspended in the
water column as living biomass or attached to solid particles within the sediments (USEPA, 1997b; Allan and Castillo, 2007). Phosphorus enters the stream mainly through
weathering of soils and rock and adsorbed to soil in surface runoff (Hynes, 1970).
In natural streams, most nutrients are stored within the biomass of the biological
community. Nutrient uptake by living organisms is in equilibrium with nutrient release
during excretion and decomposition of dead organic matter. Dissolved inorganic forms of
nitrogen (NO3 - and NH4 +) and phosphorus (PO4 +) are present in very low concentrations
(Hynes, 1970; Maybeck 1982). Dissolved nutrients move downstream, continuously
cycling between abiotic and biotic forms, and between inorganic and organic forms, in a
process known as nutrient spiraling. Dissolved inorganic nutrients are assimilated by
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living organisms, bound to sediments or chemically transformed, moving from the water
column to sediments and then released again for downstream transport (Stream Solute
Workshop, 1990; Newbold, 1992). Nutrient cycling can help maintain water quality by
sequestering nutrients within the biological community and substrates, reducing downstream nutrient loads. The nutrient spiraling equilibrium can be significantly disrupted,
however, by excess nutrient inputs. Details of nutrient spiraling can be found in Stream
Solute Workshop (1990) and Webster and Valett (2006).
Excess nutrients are contributed from anthropogenic sources such as fertilizers, animal
waste and sewage from agricultural runoff, urban runoff and direct point-source discharges (Figure 9.3; USEPA, 2000). Nitrogen is also added from atmospheric pollutants
through precipitation, commonly referred to as acid rain (USEPA, 2008). Excess nutrients
in the stream can over-stimulate microbial productivity causing eutrophication (Figure
9.4; USEPA, 2000). Excess nutrients from nonpoint sources are one of the leading causes
of stream impairment in the nation (Carpenter et al., 1998; Allan, 2004; USEPA, 2009).
There are several processes that can naturally remove excess nutrients from the water
column. Nitrogen can be assimilated into biomass, removed through denitrification,
adsorbed to sediments and volatilized (Bernot and Dodds, 2005). Phosphorus is removed
from the water column by assimilation and adsorption to sediments (USEPA, 1997b).
Nutrient storage processes can be temporary, however, so the most effective way to
reduce excess nutrients in streams is to control the sources from the watershed.
Stream restoration projects can include several techniques to reduce excess nutrients.
Establishing floodplain connectivity is important for deposition of nutrient-laden sediments outside the channel, and for providing a healthy riparian buffer that can store
nutrients. A riparian buffer can remove nutrients if the root zone is in contact with the
groundwater table to facilitate denitrification. In-stream modifications that restore incised
channels to proper geomorphic dimensions will connect the riparian buffer to the
groundwater table. Channel modifications that increase stream length and residence time
will promote nutrient uptake by the biological community and denitrification (Gucker
and Pusch, 2006). (See Figure 9.5.) Channel stability will also reduce nutrients in the
water column by conveying water and sediments effectively, by preventing sediment
inputs from streambank erosion, and by maintaining a healthy hyporheic zone where
microbial processes can sequester nutrients (Hendricks, 1993).
Removal of excess nutrients occurs in stream systems when the following conditions
are present:
• Nonpoint sources of excess nutrients are controlled;
• Floodplain connectivity facilitates sediment deposition, provides sediment storage,
and establishes the water table to be in contact with the root zone of the riparian
buffer, which is required for dentrification to occur;
• Established riparian buffer, which slows runoff rates and facilitates sediment deposition with associated nutrients, stabilizes streambanks and provides nutrient uptake by
riparian vegetation;
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• Meandering channel increasing stream length, which decreases stream velocity and
increases hydrologic residence times (required processes for nutrient processing);
• Channel stability, which reduces streambank erosion and fine sediment inputs; and
• Healthy hyporheic zones, promoting habitat for the microbial community that processes nutrients.
FIGURE 9.3 SOURCE OF LATERAL RUN-OFF
FROM GOLF COURSE

FIGURE 9.4 AREA OF NUTRIENT ENRICHMENT DOWNSTREAM OF GOLF COURSE

Source: Reproduced with permission from Michael Baker
Corporation

Source: Reproduced with permission from Michael Baker
Corporation

FIGURE 9.5 RESTORED MEANDERING CHANNEL

Source: Reproduced with permission from Michael Baker Corporation

Restored meandering channel that is well connected to the floodplain. The water table is in contact
with the newly established stream buffer. The meandering channel with diverse bed forms and
complexity increase the hydrologic residence times. Together, these elements support nutrient processing.
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Measurement Method
Chemical measurements for nutrients can be conducted in the field or in a laboratory,
dependent upon the measurement method used and the desired accuracy of results. Field
test kits are available for the rapid and simple assessment of many nutrient forms, usually
containing reagents and a color wheel/colorimeter to determine concentrations. Many of
the nutrient tests performed in the laboratory use specialized analytical equipment and
complex chemical reactions for better accuracy. For details on these analytical methods,
refer to Eaton et al., (2005). The level of effort for nutrient measurements ranges from
rapid to intensive, depending on the instrument used and the number of samples required
to capture variability and to determine deviation from reference conditions. The level of
complexity is considered simple when using field test kits, but complex when laboratory
analysis is required (Appendix Ac).
Nitrogen concentrations (mg/L) can be measured by analyzing water samples for
inorganic forms, including nitrate (NO3) and ammonia (NH3). Nitrite (NO2 ) is an intermediate inorganic form produced during denitrification (NO3 to nitrogen gas) and nitrification (NH3 to NO3). However, it is generally not measured due to its very minute concentrations at any given time. Nitrate is important to quantify because it is readily produced
by oxidation of ammonia (nitrification), readily dissolved in water and leached from soils,
and an essential nutrient for primary producers (Wetzel, 2001; Eaton et al., 2005). Nitrate
can be analyzed in the field with an electrode and meter combination; however, this
method is currently unable to detect quantities of less than 1 mg/L. Nitrate can also be
quantified using the cadmium reduction method in which NO3 - reacts with cadmium
ions to produce a color reaction that can then be interpreted for concentration. Ammonia
concentrations are generally low in natural streams, since ammonia does not readily leach
from soils and is rapidly converted to NO3 for biological assimilation. Ammonia can be
analyzed in the field with an electrode and meter combination or using a salicylate
reagent method (USEPA, 1997b; Eaton et al., 2005). Other common nitrogen quantities
that can be measured are briefly described to assist with parameter selection. These quantities can be combined with nitrate and ammonia tests in various ways to estimate
individual nitrogen components, including organic N concentrations. Total nitrogen (TN)
is the sum of all nitrogen forms, inorganic and organic. It can be quantified in the laboratory using a persulfate digestion method. Total Kjeldahl nitrogen (TKN) is named for the
method used and is the sum of organic N and ammonia concentrations (Wetzel and
Likens, 2000; Eaton et al., 2005).
Phosphorus concentrations (mg/L) can be measured by analyzing water samples for
(ortho)phosphate (PO4 ) using the ascorbic acid method. To determine total phosphorus
(TP) concentrations (organic and inorganic), the sample is first digested with an acidic
solution containing a strong oxidizer that first converts all forms to phosphate (PO4 ) in
preparation for the ascorbic acid test. These two values allow for determination of organic P. The dissolved phosphorus portion can be determined in water samples by filtering
out the phosphorus associated with suspended particles first, then using the above phosphate and TP methods. An important form to measure is the soluble reactive phosphorus
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(SRP), which is the soluble inorganic PO4 fraction available for biological assimilation. It
is determined by subtracting the filtered PO4 concentration from the original PO4 concentration (Wetzel and Likens, 2000; Eaton et al., 2005).
When measuring nutrients within a stream reach, the process of nutrient spiraling
should be accounted for since nutrients are being continuously cycled between inorganic
and organic states, and between the biological community, substrate and the water
column (Newbold, 1992). Adequate upstream and downstream sampling before restoration activities occur is recommended in order to get a good baseline survey of nutrient
concentrations entering and exiting the reach. Nutrient cycling can also result in significant nutrient storage within microbial biomass and bottom sediment over long periods of
time. Stored nutrients can be reintroduced into the water column under certain stream
conditions, causing persistent nutrient release long after the pollutant source has been
removed. It is recommended that post-restoration monitoring occurs over a sufficient time
period to evaluate whether nutrient reductions have been achieved (USEPA, 2000).
Nutrient processing methods are not discussed due to their relative complexity compared
to water sample analyses. But these methods are recommended if a more detailed assessment is allowed by time and funding. Resources for these processing methods include
Newbold et al. (1981), Payn et al. (2005), and Hauer and Lamberti (2006).
External discharges entering the stream reach of interest along with watershed activities affect nutrient concentrations and must be accounted for in nutrient monitoring
plans. Nutrients should be measured within the proposed project reach before and after
restoration. Baseline sampling should also occur upstream and downstream of the project
reach and within the reference reach for comparisons over space and time. It is recommended that nutrient monitoring extend far enough downstream to observe nutrient
cycling effects. This distance would be dependent on the nutrient load, the availability of
nutrient sinks and flow rate. A nutrient with/without tracer release study can be used to
determine specific distances. It is recommended that nutrient monitoring also occur for
an extended period of time after restoration to observe the effects of nutrient storage.
Comparisons between existing condition and reference reach measurements along with
state water quality standards should be used when assessing nutrient loads.
Performance Standard
Performance standards for nutrients are similar to basic water quality parameters. Due
to the predominance of excess nutrients in aquatic systems, the nutrient parameters are
evaluated based on amount of eutrophication versus biological limitations. Both measurements from reference streams to establish reference condition and appropriate water
quality standards for the desired use can be used to determine whether a project stream
is Functioning. It is assumed in this performance standard that the reference stream
condition will meet species requirements to qualify as a suitable comparison reach.
Measurements that only meet the minimum water quality standards, but are not representative of the reference stream condition and are limiting to certain species, are considered Functioning-at-Risk; those not meeting minimum water quality standards, not
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representative of the reference stream condition and not supporting species requirements
should be considered Not Functioning. For nutrients that do not have water quality
standards, reference conditions and species requirements are used to determine performance level (Table 9.3).
TABLE 9.3 NUTRIENT PERFORMANCE STANDARDS
MEASUREMENT
METHOD

FUNCTIONING

FUNCTIONING-ATRISK

NOT FUNCTIONING

Field Test Kits
and Laboratory
Analysis

Meets water quality
standards for
designated use

Meets water quality
standards for
designated use

Does not meet water
quality standards for
designated use

Representative of
reference stream
conditions

Is not representative
of reference stream
conditions

Does not cause
eutrophication

Does not cause
eutrophication

9.3

»

Is not representative
of reference stream
conditions
Causes eutrophication

PARAMETER: ORGANIC CARBON

Description
Energy is made available in lotic ecosystems through metabolism of organic carbon. The
majority of organic carbon is added from outside the stream channel, referred to as
allochthonous. This material is contributed from riparian vegetation and soil organic
matter. The remainder of organic carbon is generated within the stream channel, referred
to as autochthonous. This material is contributed from organic processing, particularly
through photosynthesis by macrophytes and algae (Allan and Castillo, 2007). The largest
proportion of OC is non-living (detritus) and not associated with living biomass (Wetzel,
2001). Organic carbon availability significantly influences the biological community in
streams. Small streams with dense canopies and limited photosynthesis rely mostly on
microbial uptake and decomposition of OC for energy transfer to higher trophic levels. In
larger rivers microbial metabolism is still important, even with additional photosynthesis
opportunity due to turbidity, depth, downstream transport of OC and floodplain inputs
(Vannote et al., 1980).
Organic carbon can either be in dissolved (DOC) or particulate form (POC), and
generally composes half of organic matter (OM) on a weight basis (Allan and Castillo,
2007). Due to this consistent relationship between the two organic forms, these terms
are commonly used interchangeably in the literature. Dissolved organic carbon (DOC) is
commonly the largest pool available to the biological community on an annual basis, and
the ratio of DOC:POC is greater than 1 in most streams (Maybeck, 1982; Webster and
Meyer, 1997). DOC is composed primarily of humic materials derived from organic
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matter in soils and contributed through groundwater to the stream. Within the stream,
DOC is assimilated by the microbial community or produced by microbial processing of
larger particulate organic materials within the substrate hyporheic zone. DOC can also
be transformed by abiotic processes such as precipitation, flocculation, and adsorption to
soil particles, and direct mineralization by sunlight. DOC is processed rapidly, generally
within days (Wetzel, 2001). Particulate organic carbon (POC) is commonly referred to in
the context of organic matter, and is divided into fine particulate organic matter (FPOM)
and coarse particulate organic matter (CPOM). FPOM is generally between 0.5µm and
1mm and is derived from the decomposition of CPOM in the form of plant litter and
woody debris (Wetzel, 2001). It can be found floating in the water column (seston) or
within the bottom sediments (Wallace et al., 2006). CPOM is anything greater than
1mm, providing an important fixed carbon source to streams (Lamberti and Gregory,
2006; See Level 3, Organic Matter Transport). Particulate forms of organic matter are
generally processed over weeks (FPOM) to years (CPOM) by microbial decomposition or
direct consumption by higher trophic levels, including macroinvertebrates and fish. The
amount of POC available in the stream is dependent on the amount of riparian vegetation
present, watershed runoff characteristics and streamflows (Wetzel, 2001).
Organic carbon processing occurs in a similar pattern as that of nutrients, through
carbon spiraling moving downstream (Newbold et al., 1982). Organic carbon is assimilated by living organisms, adsorbed to bottom sediments, or abiotically transformed in a
cyclical pattern. Biological metabolism either transfers organic carbon up the food chain
during consumption, or remineralizes it to inorganic carbon dioxide gas (CO2 ) that is
released into the water column. These processes can be complex, and details can be
found in Newbold et al. (1982), Thurman (1985) and Webster and Benfield (1986). Organic matter budgets can be created for streams to quantify organic carbon pools and their
availability (Cummins et al., 1983; Webster and Meyer, 1997). Due to the importance of
organic carbon in lotic systems, stream restoration practitioners should always consider
how to enhance organic carbon availability within their projects. The establishment of
lateral connectivity between the stream and riparian zone can provide significant OC
sources (Gregory et al., 1991; Lake et al., 2007). A riparian buffer contributes both DOM
and POM directly from vegetation and watershed surface runoff, and indirectly by
enhanced infiltration through the soil to groundwater (Figure 9.6). Floodplain connectivity
exposes streamflow to OM sources in the riparian areas and prevents excessive removal
of POM by hydraulic scouring during large flow events. Designing a stable channel that
can maintain a healthy hyporheic zone with adequate groundwater interaction and
oxygen availability is essential for organic processing and has been well documented
(Stanford and Ward, 1988; Kasahara and Hill, 2006; Kasahara, 2007; Boulton et al., 2010).
Restoring a meandering pattern with deep pools and installing structures, such as root
wads, large woody debris (LWD) and cross vanes, will enhance retention of organic
materials (James and Henderson, 2005). (See Figure 9.7.)
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Organic carbon availability and processing occurs when the following conditions
are present:
• Established riparian buffer, which contributes OC directly through vegetation and
indirectly through infiltration to groundwater;
• Floodplain connectivity, providing access to riparian vegetation and organic matter
and reducing stream velocities during high flows;
• Healthy hyporheic zones, which promote habitat for the microbial community that
processes OC and provides a groundwater interface for DOC contributions; and
• Channel meandering and in-stream structures, which create opportunities for OM
storage in deep pools and increase POM retention.
FIGURE 9.6 RIPARIAN BUFFERS PROVIDE ALLOCHTHONOUS MATERIAL

Source: Reproduced with permission from Michael Baker Corporation

Figure 9.6 is an urban stream restoration project six years after construction. The photo was taken in
the Fall and shows leaves falling from the riparian buffer into the stream channel.
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FIGURE 9.7 ROOT WADS AND MEANDER BENDS HELP RETAIN ORGANIC MATERIAL

Source: Reproduced with permission from Michael Baker Corporation

Measurement Method
The relative amount of organic carbon in a water sample (mg/L) is determined using
laboratory analyses. These methods are considered intensive for the level of effort and
complex for the level of complexity, due to the different samples that must be collected to
evaluate the different forms of organic carbon, due to the equipment required, and due to
the level of expertise needed to interpret the measurement results in comparison to the
reference condition (Appendix Ac).
Filtration is generally used to separate out the CPOM portion (1mm), the FPOM
(0.45µm) and the dissolved fraction (DOC). The dissolved portion is then quantified
using a of total organic carbon (TOC) analyzer after removing the inorganic carbon
fraction (CO2, bicarbonate and carbonates). The analysis method uses high temperature
combustion or UV/persulfate oxidation. POC concentrations (mg/L) in each size class are
determined by placing the filtered portion from the water sample into a high temperature
oven (550 °C) and quantifying mass lost upon combustion (Wetzel and Likens, 2000;
Eaton et al., 2005).
Measurement methods of organic carbon associated with substrates and bottom
sediments, primarily DOC and FPOC, are not described in this section. These measurements, along with inorganic carbon (CO2 ) methods, are described in Level 5: Microbial
Communities. Specific methods of measuring organic carbon can also be found in Wetzel
and Likens (2001), Eaton et al., (2005), and Hauer and Lamberti (2006). Retention of
CPOM, particularly leaves and small woody debris, can be estimated using methods
described in Ehrman and Lamberti (1992) and James and Henderson (2005). In general,
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the retention and release of CPOM is modeled by using a log proportional linear regression equation that compares the amount of CPOM remaining in the system to the distance it has traveled within the system.
Similar to nutrient measurement methods, external discharges entering the stream
reach of interest along with watershed activities should be considered due to their effects
on OC quantities. OC concentrations should be measured within the proposed project
reach before and after restoration. Baseline sampling is recommended both upstream and
downstream of the project reach and within the reference stream(s), in order to adequately compare measurements spatially and temporally. It is recommended that OC monitoring extend far enough downstream and over an extended period of time after restoration
to observe OC spiraling effects, particularly the storage component. Specific measurements of OC spiraling are complex and not covered in this section (see references above).
All measurements should be compared to reference conditions for effective evaluation.
Performance Standard
There are no published performance standards for organic carbon concentrations and
for organic processing in streams. The best evaluation of organic carbon concentrations is
by comparison of quantities with reference reach conditions (Table 9.4). Measurements
that meet reference stream conditions are indicative of a Functioning stream reach.
Measurements where results do not meet reference stream conditions could be considered
Functioning-at-Risk. Measurements of OC concentrations that do not meet reference
stream conditions could be considered Not Functioning. A threshold can be determined
based on biological species biomass and OC processing found in the reference stream.
Suggested performance standards for OC processing are not covered in this section, but
they can be found in Level 5 (Biology) due to the dependence of biological metabolism on
OC concentrations. Species biomass and assemblage measurements, particularly those of
the microbial and benthic macroinvertebrate communities, can be incorporated into
evaluations of effective OC concentrations, if desired.
TABLE 9.4 ORGANIC CARBON PERFORMANCE STANDARDS
MEASUREMENT
METHOD

FUNCTIONING

FUNCTIONING-ATRISK

NOT FUNCTIONING

Laboratory
Analysis

Meet reference
stream conditions

Do not meet
reference stream
conditions

Do not meet reference
stream conditions and
is below a threshold
determined for
adequate organic
processing.
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Biology functions are at the top of the Stream Functions Pyramid. These functions
include processes that support the life histories of aquatic and riparian plants and animals. The ability of the lotic system to support biological processes is dependent upon
the Hydrology, Hydraulic, Geomorphology and Physicochemical functions as described
previously. Stream biological communities have a highly interconnected trophic structure
starting from primary producers and moving up the food chain to fish. When habitat
degradation occurs due to functional loss in the lower levels, and when valuable energy
resources are removed, the trophic structure is disrupted and biological assemblages lose
diversity and abundance.
The Biology function-based parameters include microbial communities, macrophyte
communities, benthic macroinvertebrate communities, fish communities and landscape
connectivity. A variety of measurement methods are provided for each parameter. The
parameters, measurement method and indication of whether or not a performance standard is provided are shown below in Table 10.1. Scientists have researched the detailed
and complex effects of stream condition on biological function and have developed
biological indices that integrate ecosystem dynamics into simple, rapid assessments of
stream condition. Biological indices are commonly used to assess water quality, but some
have been developed to evaluate overall stream condition. Some of these indices are
provided below and are included in the Biology category even though they also include
parameters from the lower levels, as their purpose is to provide an overall assessment of
biological condition. Appendix Ac includes a list of all the Biological measurement methods along with information about the method’s type, level of effort, level of complexity,
and whether it is a direct or indirect measure of the function-based parameter. The
criteria used to make these determinations are provided in Chapter 4.
Landscape connectivity is included in the Biology category because it represents the
ability of a target aquatic or riparian species to migrate upstream and downstream along
a continuous corridor that meets their habitat requirements. Physical breaks in the corridor, like roads, create a disconnection to their habitat requirements. Landscape connectivity only becomes important after the species of interest are identified. For example,
landscape connectivity requirements will be different for turtles than for large mammals
like deer and bear. Once the species of interest are identified, landscape connectivity
requirements can be determined.
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TABLE 10.1 BIOLOGY PARAMETERS, MEASUREMENT METHODS AND AVAILABILITY OF
PERFORMANCE STANDARDS
PARAMETER

MEASUREMENT METHOD

PERFORMANCE
STANDARD

Microbial Communities

1. Taxonomic Methods
2. Non-Taxonomic Methods
3. Biological Indices

No
No
Yes

Macrophyte Communities

1. Taxonomic Methods
2. Non-Taxonomic Methods
3. Biological Indices

No
No
Yes

Benthic Macroinvertebrate
Communities

1. Taxonomic Methods
2. Non-Taxonomic Methods
3. Biological Indices

No
No
Yes

Fish Communities

1. Taxonomic Methods
2. Non-Taxonomic Methods
3. Biological Indices

No
No
Yes

Landscape Connectivity

1. Spatial Analysis
2. Species Tracking
3. Habitat Models

No
No
No

10.1

»

PARAMETER: MICROBIAL COMMUNITIES

Description
The microbial community in lotic systems is the foundation of the food chain, providing the organic energy to all of the higher trophic levels, including invertebrates and fish.
This community is composed of autotrophs and heterotrophs. Autotrophs are the primary producers, making organic compounds through the process of photosynthesis with
the uptake of inorganic carbon (CO2 ) and release of oxygen. Phytoplankton and algae are
the major primary producers within the microbial community. Heterotrophs are the
primary consumers of the food chain, including bacteria and fungi. They break down
particulate organic carbon (POC) and consume dissolved organic carbon (DOC) for
energy, which is transferred to higher trophic levels as they in turn are consumed. This
organic processing occurs through microbial respiration and release of CO2 (Allan and
Castillo, 2007). In most lotic systems, heterotrophic production is the predominant source
of energy input. Primary production becomes significant, however, in higher order streams
and rivers where light is more available (Vannote et al., 1980; Minshall et al., 1985).
The microbial community can be found suspended in the water column, referred to as
plankton or seston, and found inhabiting substrates along the bottom of the stream,
referred to as periphyton. Plankton is defined as any drifting organism, including autotrophic phytoplankton and algae, and heterotrophic zooplankton and bacteria. Periphyton is
a complex community of both autotrophic and heterotrophic microbes, including algae,
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fungi, bacteria, protist and other species that provide a link between the substratum and
the overlying water column (Wetzel, 1983 and Wetzel, 2001). In lotic systems, periphyton
is generally the most important biological community for providing energy to higher
trophic levels. Energy contributions from plankton communities become important in
larger rivers where light is plentiful and deep water prevents significant periphyton
development. Within the periphyton layers, primary production and heterotrophic
consumption create a microbial loop that effectively cycles carbon and nutrients (Lowe
and LaLiberte, 2006 and Allan and Castillo, 2007). The balance between primary production and decomposition within the microbial community can determine the availability
of organic matter and nutrients to higher trophic levels, as well as the amount of oxygen
available for aquatic organisms. For a more detailed discussion of primary producer and
consumer interactions, refer to Lamberti et al. (2006).
Microbial communities are influenced by hydrology, availability of substratum, light,
carbon and nutrients, water quality, and consumer populations (Biggs, 1996; Janauer and
Dokilul, 2006). The availability of stable substrates (including rocks, wood, sediments
and macrophytes) that are exposed to limited scouring during storm events allows for
development of diverse and productive microbial assemblages. Light is required for
primary productivity and determines the extent of periphyton development (Figure 10.1).
Temperature is one of the most important basic water quality parameters that affect
microbial productivity due to thermal regulation of metabolism. Both light and temperature change daily and seasonally to define microbial population dynamics. The availability of carbon as inorganic CO2 for primary producers, and dissolved and particulate
organic carbon (POC) for heterotrophic bacteria and fungi is essential. The hyporheic
zone and flow of interstitial water has a significant influence on periphyton productivity
because it contributes a source of DOC from the groundwater (Boulton et al., 1998;
Wetzel, 2001). Excess nutrients and organic pollution can over-stimulate microbial production, however, which is detrimental to streams as oxygen consumption during decomposition becomes greater than oxygen production (See Physicochemical Chapter:
Nutrients and Organic Carbon). Consumer populations of invertebrates and fish can also
have a considerable effect on microbial communities, especially periphyton, through their
feeding habits (Lamberti, 1996). Although most microbial biomass is consumed as detritus, feeding on living tissues is significant because living tissues are more nutritious
(Cummins and Klug, 1979).
Many of the stream restoration techniques used for Levels 1-4 will help develop a
stable and productive microbial community. Non-point sources of excess nutrients and
organic pollution should be controlled as much as possible within stormwater runoff to
ensure there is a balance within the microbial population that contributes more dissolved
oxygen than consumed. Large fluctuations in stream velocities during stormflow can be
controlled by providing floodplain connectivity and designing a channel to attenuate
erosive flows. Floodplain connectivity can also provide organic carbon resources while
promoting sediment deposition outside of the channel. Periphyton on most substrates is
negatively affected by scour, and may take a long time after large flow events to recolo-
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nize and provide food and habitat. Maintaining a stable and healthy hyporheic zone
especially benefits periphyton by providing DOC and nutrient resources. Bed form
diversity is important to create shallow habitats and substrate protected from increases in
stream velocity. Designing a channel for adequate transport of the sediment load and
channel stability will prevent sediment inundation of periphyton substrate and reduce
turbidity that limits light availability for both plankton and periphyton communities.
The presence of large woody debris and in-stream structures can create habitat for microbial communities and help dissipate the energy of higher flows. Overall, stream restoration practices that ensure channel stability and improve water quality will encourage
establishment and balanced growth of microbial communities that will provide dissolved
oxygen, food and habitat for all trophic levels.
A healthy functioning microbial community occurs when the following conditions are
present:
• Removal of excess nutrients and organic pollution, which prevents overstimulation of
microbial productivity that will remove dissolved oxygen;
• Floodplain connectivity and bankfull channel, which dissipate energy of large storm
events to prevent excessive scouring of substrate, provide access to organic carbon
sources available on the floodplain, and prevent sediment inundation of substrate;
• Healthy hyporheic zones, which provide periphyton habitat, and provide an interface
with groundwater and DOC inputs;
• Bed form diversity and in-stream structures, which create shallow habitats for light
availability, dissipate flow energy, provide opportunities for organic carbon storage
and retention, and provide substrates such as large woody debris and rocks; and
• Channel stability that prevents sediment inundation of periphyton habitat and the
detrimental effects of turbidity on plankton and periphyton communities.
FIGURE 10.1 GOOD PERIPHYTON HABITAT IN AN INTERMEDIATE SIZE RIVER WITH SHALLOW
DEPTH, LIMITED SCOUR, AND PLENTY OF AVAILABLE COBBLE SUBSTRATE

Source: Photo by Will Harman
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Measurement Method
Microbial community samples are collected from the field and generally brought back
to the laboratory for analysis. Plankton can be collected for measurement from the water
column by filtering techniques using a known water sample volume. Periphyton can be
collected by scraping known areas of natural substrates and various artificial substrates
that have been allowed to colonize over time. The samples can then be analyzed for both
taxonomic and non-taxonomic parameters. Algae are the most common microorganism
evaluated within samples due to their predominance within the microbial community,
as well as because of their well-developed taxonomy and extensive research of their
tolerance to environmental stressors (Hines, 1970; Stevenson and Pan, 1999; Stevenson
and Smol, 2003). Detailed methods for sampling microbial communities and measurement methods can be found in Weitzel (1979), Wetzel (1983), Hill (1998) and Steinman
et al. (2006). A summary of common measurements is presented below, including the
direct methods of taxonomic and non-taxonomic measurements and the indirect method
of the biological index method.
1. Taxonomic Measurements
Species are indentified using visual observations and microscopes. This information is
used to determine species composition, their relative abundance (numbers present),
species diversity and taxa richness. This information is collected in a project reach,
preferably upstream or downstream of the project, and within reference stream(s).
Statistical techniques are used to determine if the populations in the project reach are
different than the reference conditions established using reference stream data.
2. Non-Taxonomic Measurements
Biomass and productivity are two non-taxonomic measures of microbial communities.
For biomass, samples are filtered and the dry weight of the filtered biological material is
determined (105°C oven). Ash-free dry mass is then measured (AFDM; 500°C oven) to
determine biomass on a carbon basis per volume for plankton and per area for periphyton. Chlorophyll a content can also be assessed to estimate algal biomass proportion,
since most all plants contain chlorophyll a in known quantities per species. Microbial
productivity can be measured using several methods. A change in biomass over time is a
measure of microbial productivity. Artificial substrates, such as dowel rods, clay tiles and
Plexiglas plates have been used to evaluate colonization rates over time as a measure of
productivity. These methods must take into consideration the effects of disturbance,
seasonal changes in microbial communities and consumer interactions, and changes in
water quality that may have occurred between sampling dates. For algal species, primary
productivity (mass/volume/time or mass/area/time) can also be assessed using gas
exchange measurements, generally of oxygen in light and dark containers or over a
24-hour period (Hynes, 1970). These measurements assume that primary production (PP)
and community respiration (CR) occur in the light and only CR occurs in the dark. For
benthic studies, specialized chambers have been used with stream substrates enclosed to
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measure primary production and respiration (Bott et al., 1978; Dodds and Brock, 1998).
Net primary productivity (NPP) is the fixed carbon that is stored in biomass and equals
gross primary productivity (GPP) measured in the light minus CR measured in the dark.
Another method involves measuring the rate of the radiotracer (14C isotope) uptake over
time, which is a suitable method for low densities of algae (Peterson and Fry, 1987 and
Finlay, 2001).
3. Biological Index
Microbial communities have become good biological indicators of water quality and
overall stream condition. Their responses to environmental stressors occur over a shorter
time span than other aquatic organisms, and they have higher population turnover rates
to measure response. Algae within the periphyton assemblage are the predominant
members used as biological indicators for reasons stated above (Hill and Herlihy, 2000;
Hill et al., 2000). Algal species have specific response characteristics to habitat loss, and
contamination by nutrients, metals, herbicides, hydrocarbons and acidification. Many
biological indices have been developed for periphyton algae, based on large surveys of
reference data that integrate both taxonomic and non-taxonomic metrics with measurements of stream condition (Karr, 1993). The EPA Rapid Bioassessment Protocol (RBP) for
periphyton can be used to guide the development of these biological indices specific to
different regions and stream types (Hill and Herlihy, 2000). These indices allow for rapid
stream assessments using only a handful of metrics. Measures of microbial communities
should not be used alone, however, due to interactions between these populations and
their consumers, and due to frequent disturbance of assemblages during storm events
(Stevenson, 1996).
The level of effort for all of the measurement methods described above is considered
intensive, except for maybe certain biological indices that require only moderate efforts.
These methods are also complex because they require trained biologists to adequately
collect the organisms, determine characteristics of the community, and effectively compare the community to the reference conditions. Again, certain biological index methods
may be moderate in their level of complexity, depending on the variables and methods
included (Appendix Ac).
Performance Standards
It is a general assumption that that stream degradation reduces species diversity while
creating environments that select for a few tolerant species. In healthy streams, there are
generally moderate numbers of many species, including tolerant species that maintain an
ecological balance within the biological community. This difference in species assemblages is the underlying premise for development of a biological index that can be used as a
tool for rapid stream assessments. Microbial monitoring tools using the periphyton
community have been developed for the states of Kentucky, Montana and Oklahoma
(Stevenson and Bahls, 1999), Idaho (Fore and Grafe, 2002) and the mid-Atlantic region
(Fore, 2003); many more are under development. What some of these biological indices

A Function-Based Framework » May 2012

198

Chapter 10: Biology, Macrophytes

have found, however, is that the general assumption does not always occur in certain
regions and environmental conditions. This research highlights the need for species-specific, regional information from appropriate and adequate reference reaches to develop a
reliable biotic index for microbial communities.
An example of a biological index is the Periphyton Index of Biological Integrity (PIBI),
based on data collected in the Appalachian region (Hill et al., 2000). The PIBI included
algal taxa richness, relative abundances, chlorophyll and biomass (ash-free dry mass)
standing crops, and alkaline phosphatase activity. Functioning refers to streams with
good stream condition that have PIBI scores in the upper 25th percentile. Not Functioning
refers to streams with degraded condition that have PIBI scores in the lower 25th percentile. Functioning-at-Risk streams have PIBI scores between these two percentiles.
TABLE 10.2 MICROBIAL COMMUNITY PERFORMANCE STANDARDS
MEASUREMENT
METHOD

FUNCTIONING

FUNCTIONINGAT-RISK

NOT FUNCTIONING

Periphyton Index
of Biological
Integrity (PIBI;
Hill et al., 2000)

≥ 72

61-71

≤ 60

10.2

»

PARAMETER: MACROPHYTES

Description
Macrophytes are the vascular plants, bryophytes and macroscopic algae that grow in
and near lotic environments (Hynes, 1970; Westlake, 1974). They are commonly divided
into subgroups based on their spatial growth form, including emergents (terrestrial to 1-m
depth), floating-leaved (1- to 3-m depth), submerged macrophytes (up to 10-m depth), and
free-floating (Sculthorpe, 1967; Eaton et al., 2005). When abundant, macrophytes can be
an important autochthonous energy source through primary production. During photosynthesis they transform CO2 absorbed from the air and water into organic carbon using
energy from sunlight. Oxygen is released into the air and water during the process
(Wetzel, 2001).
The influence of macrophyte communities on lotic ecosystems is dependent on their
abundance and the species present. Vegetative and root structures provide habitat for the
microbial community. Benthic macroinvertebrates and fish use macrophyte beds for feeding,
reproduction and shelter (Bowden et al., 2006; Janauer and Dokulil, 2006). Macrophyte
communities are also highly effective at nutrient cycling and organic matter processing
(Clarke, 2002). Most macrophytes are consumed during senesce and as detritus during
decomposition with secretion of dissolved organic carbon. Consumption of living tissue
is a minor carbon source (Wetzel, 2001). Macrophytes that are rooted to the substrate
provide channel stability and have been shown to improve surface-subsurface exchange

A Function-Based Framework » May 2012

199

Chapter 10: Biology, Macrophytes

of gases, particularly O2 and CO2, and nutrients (White and Hendricks, 2000; Clarke, 2002).
Macrophytes are affected by many environmental factors that influence their abundance and diversity. Hydrologic stability is one of the most important variables that
control establishment and growth (Westlake, 1974; Haslam, 1987). Rivers with low
gradients can have good community development in the littoral areas and backwaters
near the bank (Janauer and Dokulil, 2006). As macrophyte density increases, the community can actually modify local flow conditions by decreasing streamflow velocity, protecting habitat and limiting scouring during storm events (Wetzel, 2001; Clarke, 2002).
Channel modifications that alter the natural flow regime and sediment dynamics, such as
vertical incision, channelization and impoundments, negatively impact macrophytes.
Studies have shown that macrophyte communities can experience loss of species, declines in relative abundance and a shift to species that are more tolerant (Baattrup-Pedersen and Riis, 1999; O’Hare et al., 2006). Another important physical requirement of
macrophytes is adequate light. In small forest streams, light is generally limited by the
riparian canopy, and macrophytes are not abundant. In larger rivers, light is attenuated
with increase in depth and turbidity; therefore, macrophytes are found only in shallow
waters near the streambanks. Macrophytes are most common in intermediate size rivers
where current is low, depths are shallow and there is plenty of sunlight exposure (Westlake, 1974; Baattrup-Pedersen, 2006).
Macrophytes, like all lotic organisms, can be significantly affected by the stream
physicochemical conditions. They have preferences for specific temperature and pH
ranges, and available carbon and nutrient sources are required for growth and productivity. Carbon and nutrients are typically not limiting, however, due to the ability of most
macrophytes to absorb them through both vegetative structures and roots, and due to
constant source replenishment by the current (Bowden et al., 2006). When excess nutrients and organic pollution are present, macrophyte communities react based on their
species-specific tolerances. Many studies have measured the effects of nutrient and
organic pollution on macrophyte assemblages, demonstrating species tolerances, shifts in
species composition and changes in abundance (Holmes et al., 1999; Schneider et al.,
2000; Haury et al., 2006; Janauer and Dokulil, 2006). Based on the sensitivity of macrophytes to changes in water quality, macrophytes can be good biological indicators of
stream condition and are closely linked to Level 4 functions.
Establishment of healthy macrophyte communities in restored channels should only
be considered in streams that are appropriate for population establishment, including
those with low gradients, shallow depths and adequate sunlight exposure. If the reference stream(s) have significant macrophyte development, then stream restoration techniques should help create that habitat. Hydraulic methods that dampen large fluctuations
in discharge, including effective floodplain connectivity and attenuation of stream velocities during large storm events, will allow for establishment and reduce scouring of macrophyte beds. Maintaining a stable and healthy hyporheic zone especially benefits macrophytes with roots that depend on the substrate for nutrients, carbon and gas exchange.
Bed form diversity is important to create shallow habitats, and adequate sediment trans-
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port prevents inundation of macrophyte beds. The presence of large woody debris and
in-stream structures can create habitat for macrophytes, diverting higher flows and creating
backwaters (Figure 10.2). Stream restoration practices that ensure channel stability and
improve water quality will also encourage establishment and growth of macrophytes that
in turn will provide dissolved oxygen, organic carbon and habitat for stream organisms.
Healthy macrophyte communities will be present in lotic environments when the following conditions are met:
• Communities are present in the reference reach, as macrophytes requires certain flow
regimes controlled by stream gradient, adequate light and relatively shallow depths
that are not present in all stream types;
• Floodplain connectivity, which attenuates stormflows and creates a healthy hyporheic
zone benefiting plant roots;
• Relatively constant stream velocities, as less fluctuation in stream velocities allows for
macrophyte establishment;
• Bed form diversity, which provides available shallow habitat and helps to transport
sediment effectively to avoid inundation of macrophyte beds;
• Large woody debris, which creates backwater areas and provides shelter from high
flows for macrophyte establishment and growth; and
• Good water quality, which encourages species diversity and balanced population
dynamics that will perpetuate good water quality and provide essential stream habitat.
FIGURE 10.2 PHOTO OF MACROPHYTE DEVELOPMENT IN A RESTORED CHANNEL

Source: Reproduced with permission from Michael Baker Corporation

A Function-Based Framework » May 2012

201

Chapter 10: Biology, Macrophytes

Measurement Method
Macrophytes should be evaluated within the growing season in order to better identify species and measure growth. Biomass measures should include the entire plant with
leaves, shoots and roots differentiated for several reasons. Some species have portions of
their communities that senesce quickly before reaching maturity. Other species may have
biomass concentrated within the root structure during certain times of their lifecycle
(Wetzel, 2001). Since productivity varies seasonally and with light, samples should be
taken at the same time of year and same location. Macrophytes respond to physicochemical conditions such as temperature and nutrient concentrations and flow conditions;
therefore, it is recommended that these parameters and perhaps others be measured
during appropriate macrophyte sampling intervals. Consult state sampling methodologies
for detailed instructions.
Macrophytes are commonly evaluated by field observations and by measurements of
standing crop collected from the stream and analyzed in the laboratory. Field observations can be made by visual assessment, with glass bottom buckets and other apparatuses
in deeper waters. Macrophyte samples are generally collected in a defined area, such as a
quadrant or transect, to determine quantitative measurements. Samples can be collected
by hand or using specialized equipment, such as a grapnel, in deeper waters. Detailed
methods for measuring macrophyte communities can be found in Westlake (1974),
Dawson, 2002, Eaton et al. (2005), and Bowden et al. (2006).
Three categories of measurement methods are presented below for macrophyte communities. These categories are the same for the other biological communities discussed in
this chapter, including the direct methods for taxonomic and non-taxonomic measurements,
and the indirect method of the biological index measurement. The level of effort for all of
the measurement methods described below is considered intensive, except for certain
biological indices that may require only moderate efforts. These methods are also complex because they require trained biologists to adequately collect the algae and plants,
determine characteristics of the community, and effectively compare the community to
the reference conditions. Again, certain biological index methods may be moderate in
their level of complexity, depending on the variables and methods included (Appendix Ac).
1. Taxonomic Measurements
Examples of taxonomic measurements include species composition, relative abundance
and taxa richness. Macrophyte species can typically be identified by visual observation
with taxonomic keys. Physical condition and density are additional measurements that
can be used to evaluate macrophyte populations.
2. Non-Taxonomic Measurements
Macrophyte biomass and primary productivity are the common methods used to
assess communities. Biomass can be determined using measurements of wet weight, dry
weight or ash-free dry mass. Chlorophyll a content can be quantified as a measure of
biomass, with knowledge of species composition and their typical concentrations. Popu-
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lation productivity can be determined by collecting biomass data over time. This method
yields net productivity without corresponding measurements of loss to grazing, injury,
mortality and respiration. Primary productivity can be measured using similar methods
described for algae in the microbial communities section above.
3. Biological Indices
Macrophytes can be used as reliable biological indicators of water quality and stream
habitat because they are sessile, have established taxonomy, exhibit species diversity in
their ecological tolerances, and there are well-developed sampling techniques available.
Certain community characteristics should be kept in mind, however, when sampling to
evaluate stream condition. Macrophyte identification may be limited to the growing
season, there may be significant natural variation along a reach, and macrophytes may
experience a lag-time in recolonization after stream condition has improved, if resources
are limited upstream (Tremp and Kohler, 1995; Cronk and Fennessey, 2001).
Biological indices for macrophytes in lotic ecosystems have not yet been developed in
the United States. However, the use of macrophytes as biological indicators is historically
well established in Europe and is included in regulatory assessments of aquatic systems
for impacts and mitigation (Water Framework Directive; European Commission, 2000).
Three examples of commonly used biological indices are the Mean Trophic Rank index
(MTR; Holmes et al., 1999), the Macrophytical Biological Index for Rivers (IBMR; Haury
et al., 2006), and the Trophic Index of Macrophytes (TIM; Schneider et al., 2000). These
index methods focus on evaluating the effects of eutrophication in streams due to the
common occurrence of this impact. More integrative methods to assess river degradation
as a whole are described in Ferreira et al. (2002), Passauer et al. (2004), Schaumburg et al.
(2004), and Meilenger (2005). These methods use various ecological metrics for macrophytes that are similar for all organism biological indices, including methods that measure relative abundance, taxa richness, species diversity and distribution, and species
tolerances to environmental conditions. The recommended reach length of assessment is
typically 100m, and adequate reference reach (unimpacted stream) data should be collected for comparative use with each biological index.
Performance Standards
Performance standards for macrophytes in rivers have not been derived in the United
States. The current European standards can be used as guidance for deriving these standards in the United States. These biological indices are based on plant species and their
determined tolerance values for ecological condition. These determinations must be made
for species present in the United States. The Mean Trophic Rank method (Holmes et al.,
1999) is provided in this publication as an example biological index that evaluates the
effects of excess nutrients in rivers, a common problem in most streams in our country
(Table 10.3). This index uses calculated variables, including Species Trophic Rank (STR)
with values representing species tolerance between 1 (eutrophic conditions) and 10
(unenriched waters), and Species Cover Value (SCV) as a percentage ranked between 1 (<
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1%) and 9 (> 75%) to determine an overall MTR Score. Streams in the Functioning
category would not require nutrient reductions. Functioning-at-Risk would require
monitoring of nutrient inputs and nutrient reduction plans. Not Functioning would
require reductions in nutrient inputs within a reach. Another biological index presented
as an example is one that assesses overall stream condition compared to reference conditions, called the Reference Index (RI; Meilenger, 2005). Streams are divided into categories based on a classification system. The example given in Table 10.3 is for river type TN,
which are medium-sized lowland rivers. The results provide an ecological status classification based on the deviation in macrophyte composition and abundance from reference
conditions. Streams in the Functioning category would be classified as high or good;
Functioning-at-Risk would be classified as moderate, and Not Functioning would be
classified as poor or bad.
TABLE 10.3 MACROPHYTE BIOLOGIC INDICES PERFORMANCE STANDARDS
MEASUREMENT
METHOD

FUNCTIONING

FUNCTIONINGAT-RISK

NOT FUNCTIONING

Mean Trophic
Rank (MTR);
Holmes et al. 1999

>5

25-65

< 25

Reference Index
(RI)

-50 to 100

-70 to -50

< -70

10.3

»

PARAMETER: MACROINVERTEBRATE COMMUNITIES

Description
The macroinvertebrate communities of lotic systems are commonly composed of
mussels (mollusk), crayfish (crustaceans), worms (annelids) and insects (arthropods).
Aquatic insects that live along the substrate are referred to as benthic macroinvertebrates,
and this group is the most commonly evaluated in stream systems due to their higher
diversity and abundance across stream types. Benthic macroinvertebrates generally have
an aquatic immature stage and a terrestrial adult stage. They inhabit many different areas
of a stream (Figure 10.3), and location often depends on their primary feeding mechanism. Functional feeding groups are often used to categorize aquatic insects and include
predators, collectors, scrapers and shredders (Cummins, 1973; Voshell, 2002). A collector
may feed by gathering detritus from the stream bed or by filtering detritus out of the
water column, while a scraper scrapes periphyton off of the substrate. Shredders feed by
shredding organic material, such as leaves, and can be found in leaf packs that accumulate
along banks and woody debris in the channel.
Macroinvertebrate lifecycle demands and processing can have important influences on
nutrient and carbon cycles and movement of energy in and around lotic systems. They
are an important link in transferring energy up the aquatic food chain as an intermediate
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trophic level. Benthic macroinvertebrates feed on periphyton, small bits of organic material, and other organisms and are in turn fed on by fish and terrestrial insectivores (Jackson and Resh, 1989; Wallace and Webster, 1996). Energy flows between terrestrial and
aquatic environments, and between allochthonous and autochthonous sources (e.g., the
export of autochthonous energy and a return of allochthonous energy contributed by the
terrestrial system to the stream channel, and then a flow of energy back to the terrestrial
system with the emergence of the adult aquatic insects).
Macroinvertebrates are influenced by water quality, habitat availability and food
resources. Benthic macroinvertebrates have a range of sensitivities to changes in organic
pollutants, sediments and toxicants, as well as habitat conditions. Macroinvertebrates are
good indicators of water quality and stream condition. There are several reasons for this,
including: 1) they have relatively short lifecycles that span multiple seasons; 2) species
have different tolerances to water quality and stream condition; and 3) they are less
mobile than fish and, therefore, cannot easily escape local perturbations (Kuehne, 1962;
Bartsch and Ingram, 1966; Wilhm and Dorris, 1968; Warren, 1971; Cairns and Pratt,
1993). The sufficient availability of food resources, including plankton, periphyton and
dissolved and particulate organic matter, can promote benthic macroinvertebrate productivity (Richardson, 1993).
Benthic macroinvertebrate communities can benefit from many stream restoration
techniques, even in highly degraded systems. Floodplain connectivity and design of an
appropriate bankfull channel reduce the impacts of large storm events on habitats and
excessive scouring that removes food resources. Organic carbon can be carried from the
floodplain to the stream during storm events, and fine sediment can be deposited on the
floodplain instead of inundating stream habitats. Benthic macroinvertebrates are associated with the hyporheic zone, using it as physical habitat, as well as feeding on periphyton established at the groundwater-surface water interface where dissolved organic
carbon is exchanged. Any stream restoration practice that increases available habitat will
enhance communities. Bed form diversity and in-stream structures provide both habitat
and enhance stream stability. Structures that are constructed using large woody debris,
root wads and other woody material are particularly beneficial to macroinvertebrates
because they provide resting and escape cover, increase surface area for feeding, capture
additional organic material, and increase retention time of organic material that supports
many macrobenthic invertebrate feeding groups. The addition of woody material has
been shown to improve density and species diversity of macroinvertebrates (Gerhard and
Reich, 2000). Restoration of the riparian plant community is usually a component of
stream restoration projects and will significantly benefit aquatic macroinvertebrates by
providing thermal regulations, as well as contributions of woody debris and leaf litter to
support food chains.
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A healthy functioning macroinvertebrate community occurs when the following conditions are present:
• Floodplain connectivity and bankfull channel, which dissipate energy of large storm
events to prevent excessive scouring of substrate, provide access to organic carbon
sources available on the floodplain and prevent sediment inundation of substrate habitat;
• Healthy hyporheic zones, which provide habitat for macroinvertebrates and facilitate
exchange of dissolved constituents for healthy periphyton communities, a valuable
food resource;
• Bed form diversity and complexity, create diverse habitats for feeding and reproduction, dissipate stormflow energy, provide opportunities for organic carbon storage and
retention, provide substrates such as large woody debris, and provide scour holes and
offer shelter;
• Channel stability, which prevents sediment inundation of habitat and the detrimental
effects of turbidity on filter feeders; and
• Riparian community, which provides allochthonous carbon inputs for food resources;
provides shade for cooler temperatures and provides vegetative roots for available habitat.
FIGURE 10.3 MACROINVERTEBRATES OCCUR IN A VARIETY OF HABITATS WITHIN THE
STREAM CHANNEL, INCLUDING THE RIFFLES AND POOLS CREATED BY THE ROCKS AND
WOODY DEBRIS IN THIS MOUNTAIN STREAM.

Source: Reproduced with permission from Stream Mechanics
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Measurement Methods
Benthic macroinvertebrates sampling is mostly appropriate for perennial channels due
to the physical size of the organisms and the higher diversity found in running waters.
Assessments on the recovery of benthic macroinvertebrate populations based on reference stream communities are recommended. For the most rapid recolonization after
restoration, reference conditions should ideally be present upstream of the restored reach.
The methods used to collect macroinvertebrates are fairly consistent across monitoring
protocols. Visual observation along with various types of nets and sieves can be utilized
in the different habitats to capture benthic species. Habitats include riffles, pools, leaf
packs and woody debris, sediments, and macrophyte beds. Macroinvertebrate samples
must be collected in proportion to the relative habitat abundance, and organisms must be
collected in proportion to the species abundance in order to get a sample that truly
represents the community structure. There are many assessment methods and protocols
developed throughout the United States for benthic macroinvertebrates, including the
EPA Rapid Bioassessment Protocol (RPB) method (Barbour et al., 1999), the EPA Environmental Monitoring and Assessment Program (EMAP) methods (Klemm et al., 2000), or
the North Carolina Department of Natural Resources Division of Water Quality’s Benthic
Macroinvertebrate Monitoring Protocols (NCDENR, 2006), to name a few. In general,
most macroinvertebrate sampling protocols involve a multi-habitat approach since macroinvertebrates occupy diverse habitats within the stream channel.
The three categories of measurement methods associated with biological macroinvertebrate communities are presented below, including the direct methods for taxonomic
and non-taxonomic measurements, as well as the indirect method of the biological index
measurement. The level of effort is considered intensive, except for certain biological
indices that may require only moderate efforts. These methods are also complex because
they require trained biologists to adequately collect the macroinvertebrates from different
habitats, to determine characteristics of the community, and to effectively compare the
community to reference condition assemblages. Again, certain biological index methods
may be moderate in their level of complexity, depending on the variables and methods
included (Appendix Ac).
1. Taxonomic Measurements
Benthic macroinvertebrate samples can be evaluated for taxonomic measures such as
species composition, relative abundance and taxa richness. Mandaville (2002) provides an
extensive review of population metrics that are commonly used to access macroinvertebrate populations. Species identification is performed using the many readily available
taxonomic keys, including general keys (e.g., Peckarsky, 1990; Merritt and Cummins, 1996;
Smith, 2001; Thorp et al., 2009). State or regional keys should be sought to limit the species
to be considered and greatly aid the identification of macroinvertebrate samples. Often,
abbreviated samples will just focus on three orders that are the most sensitive to stream
condition: Ephemeroptera (mayflies), Plecoptera (stoneflies) and Trichoptera (caddisflies).
Sampling and identification of these three orders is referred to as an EPT assessment.
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2. Non-Taxonomic Measurements
Measurements of biomass and secondary production allow for an assessment of how
available energy is being utilized for macroinvertebrate growth. Benke (1984, 2010)
provides an excellent discussion of the biological parameters that contribute to macrobenthic secondary production. There are many approaches to making secondary production
measurements, depending on the application of the data (Benke and Huryn, 2010).
Secondary production involves the measure of biomass over some period of time. Often
these studies look at the production by a single age group or cohort. One sampling method that is often used for this purpose is the emergence trap. This is a trap placed over the
stream that captures adult insects as they leave the water and can provide data for estimating abundance, biomass and production. Consideration should be given to trap
placement in order to take a representative sample (Malison et al., 2010). While the
emergence trap is relatively easy to use for this purpose, secondary production can also
be determined at the aquatic life stage using established collection methods, quantifying
biomass and establishing how this changes over a time (Jaynie et al., 2007).
3. Biological Indices
Benthic macroinvertebrates are widely used as a monitoring tool by many water
resource agencies (Southerland and Stribling, 1995; USEPA, 2002). The change in populations and species assemblage composition over time can also reveal if the change has
been positive or negative. Species have varying tolerances to pollutants, and a biologist
experienced at identifying benthic macroinvertebrates should be able to look at a population sample and quickly determine whether or not it is from a stressed aquatic system.
Macroinvertebrate biotic indices generally include assessments of taxonomic and nontaxonomic metrics and include information on tolerances to stream condition and habitat
measures. Many state agencies have developed biotic indices that are based on these metrics
and data collected in various stream types, including reference reaches in different regions.
Performance Standards
Thresholds for determining if a stream is Functioning based on the macroinvertebrate
community must be considered with stream type and the expected community type in
mind. In general, it is always best to compare the condition of a project site with observations at stable reference streams. Performance standards for taxonomic and non-taxonomic measurements have generally not been developed. Biotic indices developed for specific
stream types and regions that combine these measures with stream physicochemical and
habitat conditions can, however, be used as performance standards. Several examples of
biotic indices are listed in Table 10.4. Streams that fall into the Not Functioning category
would most likely also have very low taxa richness and mostly very tolerant taxa, such as
aquatic worms and snails. Engel and Voshell (2002) developed a quantitative multimetric
index for volunteers with the Virginia Save Our Streams program to use, and found that
it agreed very closely (96%) with the determinations made by professionals. In this study
they found 15 candidate macrobenthic-based metrics that exhibited statistical properties
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that would make them good measures of water quality. The process used in this study
would be beneficial to use for developing a regionally specific biotic index if one does not
exist. While these performance standards can be used anywhere, it is recommended that
they be evaluated against a sample from a reference stream to ensure they provide the
proper measure of performance.
TABLE 10.4 MACROINVERTEBRATE PERFORMANCE STANDARDS
MEASUREMENT
METHOD

FUNCTIONING

FUNCTIONING-ATRISK

NOT FUNCTIONING

Hilsenhoff Biotic
Index (HBI)
(Hilsenhoff, 1988)

0.00-4.25
Excellent to Very
Good

4.26-5.75
Good to Fair

5.76-10.00
Fairly Poor to Very
Poor

WVSCI (Gerritsen
et al., 2000;
WVDEP)

68-100
Very Good to Good

45-61
Gray Area to Fair

0-45
Poor to Very Poor

Virginia Stream
Condition Index
(Burton and
Gerritsen, 2003)

61-100
Exceptional to
Similar to Ref.

40-60
Impaired Tier 1

0-40
Impaired Tier1 & 2

SOS Multimetric
Index (Engel and
Voshell, 2002)

7-12
Acceptable

N/A

0-6
Unacceptable

10.4

»

PARAMETER: FISH COMMUNITIES

Description
Fish are the most ubiquitous vertebrate species found in rivers and streams. Fish are
the top aquatic predators in most lotic systems and are utilized for food by many terrestrial
species. Stream fishes have many adaptations for living in high velocity environments.
They can use low-velocity microhabitats like pools, downstream sides of cover elements,
or areas under and between substrate. Stream fishes have bodies that are fusiform and
streamlined to reduce drag in high velocity, or they are adapted to living on the bottom
with large pectoral fins that are aligned so that flow pushes the fish downward. Fish are
often specialized feeders with anatomical adaptations for feeding on the bottom, scraping periphyton, picking macroinvertebrates off of rocks, or capturing other fishes. They
have adapted reproductive approaches that protect their eggs and young, such as spawning on the undersides of exposed rocks, building clean pebble bounds in which to scatter
their eggs, or burying the eggs in clean, well aerated gravel beds (Balon, 1975).
Fish communities include herbivores, insectivores, detritivores and piscivores. They
serve as important links in aquatic food chains because they move the energy captured
from lower trophic levels up to higher-level predators, such as terrestrial animals. Just as
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with emerging macroinvertebrates, fish also act as the link for moving energy produced
or captured in the aquatic environment to the terrestrial environment. One of the most
dramatic examples of the importance of fish to aquatic food chains is the influence of
anadromous salmon. These fish spend several years at sea feeding and growing and then
move into rivers and streams to spawn. After spawning, they die, which provides an influx
of nutrients during decomposition. This leads to an increase in food chain productivity,
which in turn supports the young salmon as they grow to a size when they return to the
ocean for the process to begin again. As top predators in stream systems, fish populations
have been shown to affect the structure of prey populations, including the movement of
prey from one habitat patch to another (Sih and Wooster, 1994), as well as the structure
of the fish community itself through piscivory (Jackson et al., 2001). Given the importance of fish in structuring the populations of their food resources, they play a significant
role in the population dynamics, nutrient cycling and energy flow in lotic ecosystems.
The ability of fish populations to fulfill their life history requirements normally depends on streamflow, water quality and habitat availability. Adequate flow in rivers and
streams must be maintained to allow fish movement and survival. Impoundment structures can block fish passage and hold streamflow back to levels that will not support fish.
Water withdrawals for human activities and consumption may prevent adequate flow
during certain seasons where water tables are already low due to normal hydrology
(Wootten, 1992). Changes in Physicochemical parameters can have a significant impact
on fish. Fish can be highly sensitive to the amount of dissolved oxygen in the water
column. When the oxygen levels drop below a certain threshold, this can have dramatic
effects on fish populations and “fish kills” result (Hynes, 1960). Stream temperature not
only affects fish metabolism between seasons, it also determines their distribution
(Hynes, 1970). Warm-water streams and cold-water streams are distinguished as fish
habitat based on the presence of certain fish species (Moyle and Cech, 1982). When
restoring the functional ecology of a stream, the goal is typically to improve overall fish
habitat. Good habitat includes creating riffle, run, pool and glide bed forms, as well as
providing diverse cover elements within the channel. Diverse habitat will support different stages of a fish’s life cycle and/or different species of fish over a varying spatial and
temporal scale (Rohde et al., 1994). Diverse habitat also produces diverse food sources for
fish. This may include patches within a stream that support algae or macrophytes for
herbivores; riffles or woody debris that supports various benthic macroinvertebrates; or
deep pools where piscivorous predators may ambush smaller fish. Habitat diversity is
generally correlated with diversity in fish communities within streams.
Fish are often the primary connection between a water course and the human population that utilizes it. The devotion that these resources inspire is demonstrated by the
creation of resource-based groups like BASS and Trout Unlimited. These groups invest
significant resources in the preservation of habitats that supports the population in which
they are interested. Because their efforts are directed at habitat preservation and restoration, the result often benefits all species using the habitat. This scenario demonstrates the
importance that man places on aquatic resources supporting fisheries. It is for this reason
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that the benefit of restoration projects on fish populations is important and should be
considered as a potential parameter to be evaluated. Fish are good indicators of both
short-term and long-term water quality and stream condition because they are relatively
long-lived, mobile and many have a lifecycle that requires high water quality. Assessing
stream fish populations provides important information for understanding the functioning of the biological community, for evaluating biological integrity and for protecting
surface water resource quality (Barbour et al., 1999).
There are many stream restoration practices benefitting fish populations within all
four underlying levels of the Stream Functions Pyramid that are similar for other biological communities. Hydrology and flow dynamics are very important for fish populations,
particularly considering the essential requirement of adequate flow conditions throughout the seasons. Upstream impoundments and water withdrawals should be addressed
prior to design to ensure continuous streamflow. If these upstream flow conditions
cannot be addressed, then restoration of fish habitat may be futile. Assessment of reference condition is an important tool for determining if fish are present in the stream type,
as well as size that will be restored. Upstream populations will also determine re-establishment of fish communities. If there is no upstream fish population, stocking may be
required to introduce the fish into the newly created habitat. Species of special concern,
including any threatened or endangered species designated by federal and state agencies,
should always be considered first when designing habitat features of a restored stream
channel. Hydraulic parameters, including floodplain connectivity and the provision of a
bankfull channel, are effective at sustaining fish populations along with other biological
communities. A healthy hyporheic zone and substrates that support prey populations will
help sustain fish with food resources. Fish habitat created by in-stream structures, large
woody debris, macrophyte beds and bed form diversity will allow for feeding, shelter
and reproduction, including deep pools and scour holes (Figure 10.4). Established riparian
buffers provide shade for temperature regulation and allochthonous inputs to sustain prey
populations and the large woody debris. Good water quality is important, especially
maintenance of dissolved oxygen levels that result from structures and flow dynamics
providing turbulence for oxygen entrainment, and from habitats that provide primary
production of algae and macrophytes.
A healthy, functioning fish community occurs when the following conditions are present:
• Continuous upstream streamflow sources, as removal of impoundments and excessive
water consumption for human activities will provide adequate streamflow throughout
the year;
• Floodplain connectivity and bankfull channel, dissipate energy of large storm events
to prevent excessive scouring of substrates used for reproduction (pools), and prevent
sediment inundation of substrate habitat;
• Healthy hyporheic zones, which provide habitat for food resources;
• Bed form diversity and in-stream structures, which create diverse habitats for feeding
and reproduction, dissipate stormflow energy; provides opportunities for organic
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carbon storage and retention, provide substrates such as large woody debris, and
provide scour pools for reproduction, feeding and shelter;
• Channel stability, which prevents sediment inundation of habitat and excessive
turbidity that is contributed from channel erosion;
• Riparian community, which provides allochthonous carbon inputs for food resources,
provides shade for cooler temperatures and provides vegetative roots for available
habitat; and
• Adequate dissolved oxygen, which is required for fish survival and health.
FIGURE 10.4 FISH HABITAT IN A SCOUR POOL CREATED
BY AN IN-STREAM STRUCTURE, REFERRED TO AS A J-HOOK.
Source: Reproduced with permission from Michael Baker Corporation

Measurement Method
Fisheries resources can be sampled using a variety of
approaches, and the sampling methodology selected
should be chosen to provide quantifiable measurements
for the parameter addressed (Bonar et al., 2009). The
USEPA’s RBP (Barbour et al., 1999) recommends using
electrofishing to collect samples, a common method
used by most state fishery departments and fisheries
investigators to evaluate fish populations in designated
reaches (Carle and Strub, 1978; Zippin, 1956). Snorkeling the study reach and recording observed species is a
less intrusive method that some have used. This has
been used as an alternative to electrofishing (Thurow and Schill, 1996; Mullner et al.,
1998) for estimating abundance and population size structure. The National Park Service,
in conjunction with George Mason University, compiled an Ecological Assessment Methods Database (2010). The database was originally created to provide park managers with
a source for identifying and selecting assessment methods for various watershed management practices, including methods for assessing fisheries and their habitat. The database
can be accessed at http://assessmentmethods.nbii.gov.
When evaluating fish communities, there are several factors that must be considered.
Fish movement (passage) within the stream, and upstream water quality issues should be
considered when interpreting data. Sample design often involves comparisons between
restored areas and unrestored areas on the same stream, and should include pre- and
post-restoration sampling.
The three categories of measurement methods associated with biological fish communities are presented below including the direct methods for taxonomic and non-taxonomic measurements, as well as the indirect method of the biological index measurement.
The level of effort is considered intensive, except for certain biological indices that may
require only moderate efforts. These methods are also complex because they require
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trained biologists to adequately collect the macroinvertebrates from different habitats,
determine characteristics of the community, and effectively compare the community to
reference condition assemblages. Again, certain biological index methods may be moderate
in their level of complexity, depending on the variables and methods included (Appendix Ac).
1. Taxonomic Measurements
Once a fish population sample is obtained, individuals should be identified to species
and enumerated. Fish sample data can be expressed in species composition, relative
abundance, species richness (or other taxon), percent similarity between sites, Simpson’s
Diversity Index (Simpson, 1949), or other similar indexes and metrics.
2. Non-Taxonomic Measurements
Data on population size or biomass will require length and weight data of fish collected within a sample, as well as a good measure of the area sampled. The growth rate,
or change in biomass of fish over time, is an estimate of productivity. Growth rate data
requires aging fish or estimating age and is a more complicated process than most restoration monitoring programs will undertake; but this process is still a good measure of fish
community productivity. Details of both taxonomic and non-taxonomic methods can be
found in Hauer and Lamberti (2006), Methods in Stream Ecology.
3. Biological Index
As with other taxa, fish population quality can also be expressed in an Index of Biotic
Integrity. Karr et al. (1986) recommended 12 measures of fish assemblages that fall into
three broad catagories: species composition, trophic composition, and fish abundance and
condition. This methodology has been applied to evaluations of fish populations, and it
has been adjusted by state and regional biologist to reflect regional stream conditions.
Angermeier and Karr (1986) used an IBI for stream-fish communities to evaluate water
and habitat quality. Roth et al. (1996) used a fish population IBI to demonstrate that
habitat and fish assemblage quality was highly correlated.
Performance Standard
For the best results, performance standards should be based on data collected from
reference reaches upstream of the restoration reach. A reference condition can be established using the upstream reference reach and/or other reference streams. Multiple samples that account for spatial and temporal variability should be collected before setting
these standards. If species to be evaluated include populations that support a fishery,
evaluators should consult state fishery agencies to see if they have already established the
range of variation that these populations typically exhibit. This information can then
help guide empirically establishing performance standards.
Performance standards for taxonomic and non-taxonomic measurements have generally not been developed. However, biotic indices developed for specific stream types, and
regions that combine these measures with stream physicochemical and habitat conditions
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can be used as performance standards. Several examples of biotic indices are listed in
Table 10.5. Streams that fall into the Functioning category have high species diversity and
relative abundance, which indicates good stream habitat. The Not Functioning category
would most likely have very low taxa richness and mostly very tolerant taxa that indicates poor stream habitat.
TABLE 10.5 FISH COMMUNITY PERFORMANCE STANDARDS
MEASUREMENT
METHOD

FUNCTIONING

FUNCTIONING-ATRISK

NOT FUNCTIONING

Mid-Atlantic
Highlands IBI
(McCormick et
al., 2001)

IBI > 72
Good to Excellent

IBI = 56 to 71
Fair

IBI < 56
Poor

Mid-Western Fish
Community IBI
(Karr et al., 1986)

48-60
Good to Excellent

40-44
Fair

0-34
Poor to No Fish

10.5

»

PARAMETER: LANDSCAPE CONNECTIVITY

Description
The importance of using a holistic landscape perspective for understanding stream
ecosystem structure and function is well established. Recognition of the connection
between the stream and surrounding terrestrial ecosystems was fundamental to the
development of stream ecosystem theory (Hynes, 1975; Minshall et al., 1985). The
landscape connectivity concept is defined as “the degree to which the landscape (physical
structure) facilitates or impedes movement (organism behavior) among resource patches”
(Taylor et al., 1993). It includes both structural and functional aspects of the landscape.
Structural aspects are the physical relationships among habitat patches and the distance
between them. The dimensions of a stream riparian buffer corridor are an example of
structural connectivity. Functional aspects are what affect the movement behavior of
organisms through the landscape. Most landscape connectivity evaluations include only
structural assessment, which may not be at the appropriate spatial scale nor adequate to
prevent loss of essential habitat. There is a critical threshold of landscape connectivity
that must be maintained in order for the species of interest to persist (With et al., 1997).
In stream restoration projects, landscape connectivity represents the ability of a target
aquatic or riparian species to move between habitats. Fish migrate upstream and downstream to feed and reproduce. Benthic macroinvertebrates migrate not only upstream and
downstream, but also across the land-water interface between the larval and adult stages.
Some benthic macroinvertebrate adults may even require different terrestrial landscape
habitats surrounding water to persist. Stream restoration projects can contribute to
landscape connectivity using practices at all levels of the Stream Functions Pyramid.

A Function-Based Framework » May 2012

214

Chapter 10: Biology, Landscape Connectivity

Hydrologic parameters create that link between landscape and lotic system through
exchange of water resources, including surface runoff and groundwater inputs. Floodplain
connectivity and establishment of riparian buffers are other important land-water connections for organism (plant and animal) movement between habitat patches. Microbial
species, plant seeds and spores, and vertebrate eggs can be deposited in terrestrial habitats
for migration to the lotic system during high-flow events. Any in-stream structure that
promotes habitat diversity and allows passage of animal species or establishment of
microbial and plant species is essential for landscape connectivity. Stream stability will
protect both aquatic and terrestrial habitats and allow for movement of species. Good
water quality and resource availability (carbon and nutrients) are essential for healthy
biota that will move between habitats and persist through landscape connectivity.
Landscape connectivity is enhanced when the following conditions are present:
• Long reaches of restoration connected to other high-quality reaches, which provide
healthy stream corridors;
• Surface runoff and groundwater inputs, which maintain the connection between land
and water habitats and their shared resources;
• Floodplain connectivity and established riparian buffers, which maintain the connection between land and water habitats and their shared resources, and allow movement
of species between habitats during life cycle;
• In-stream structures, which can promote organism passage and habitat and substrate
for stream organisms;
• Stream stability, which protects aquatic and terrestrial habitats; and
• Good water quality and resource availability, provide the environmental conditions
for biological movement and species persistence.
Measurement Method
Measurement methods used to assess landscape connectivity are all direct measures
that require intensive level of effort due to the spatial aspects associated with the data
required. The methods are all considered complex due to the tools required for assessment, e.g., GIS, GPS and models, as well as the expertise required for data collection and
analyses. There are three measurement methods described below.
1. Spatial Analysis
In order to measure overall landscape connectivity effectively, both structural and
functional pieces must be included. Structural landscape connectivity can be measured
using linear features on the landscape, which are commonly measured with current
spatial analysis technologies such as GIS. The length of a riparian corridor or forested
wetland patch near a stream would be an example of a linear feature.
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2. Species Tracking
Functional landscape connectivity measurements are not as readily available because
they are specific to individual species or species groups with similar behaviors. Taylor
(1993) details species parameters that can provide information on species movement in
response to the landscape structure, including movement rates, dispersal range, mortality
during dispersal, and boundary interactions. Species movement is not easy to measure,
but knowledge of species behavior can be gathered from the literature and from on-theground tracking and satellite GPS technologies. In streams, invertebrates and vertebrates
can be tagged for monitoring. Currently there are tracking products available for larger
aquatic species (e.g., Pacific salmon; Eiler, 1995), but smaller species and canopy cover
issues have not advanced. Consultation with biologists who are familiar with the species
of interest, their habitat requirements throughout their life cycle, and their behaviors can
help with landscape connectivity measurements.
3. Habitat Models
There are also various habitat models described in the literature that have been developed to provide landscape connectivity assessments specifically (With et al., 1997). There
are also GIS-based models that have been developed to help with habitat assessments
that can be found at the following websites:
Circuitscape: www.circuitscape.org/Circuitscape/Welcome.html
Conefor Sensinode: www.conefor.org
Funconn: www.nrel.colostate.edu/projects/starmap/funconn_index.htm
Pathmatrix: cmpg.unibe.ch/software/pathmatrix
Performance Standards
There are no performance standards developed for landscape connectivity at this time.
The landscape matrix should be included in stream restoration planning, however, in
order for the project to provide the greatest biological benefit. Although this matrix most
often extends beyond the boundary (and scope) of stream projects, it is important to keep
it in mind as a focal point during the planning process in order to establish the landscape
connectivity needed for a healthy biological community. Landscape connectivity also
relates to proper site selection for a stream restoration project. In order to see the most
improvement in the other Biology parameters listed above, it is critical that the restoration reach be “connected” with a high-quality upstream reference reach. The restoration
reach, in turn, begins to provide the necessary conditions for future downstream restoration efforts to continue progress towards landscape connectivity for species selected
within the stream. Linking restoration projects together is a good way to increase landscape connectivity and work towards watershed scale restoration. This approach provides greater functional lift than restoring discrete stream reaches that are spread out
across the watershed.
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Application of the Stream Functions Pyramid

This chapter provides three different examples of how the Stream Functions Pyramid
can be applied. These applications include creating function-based goals and objectives,
developing stream assessment methods, and establishing stream mitigation debit and
credit determination methods.
Goal setting is critical to the success of a project because it communicates why the
project is being done and sets expectations on how success will be measured. The goalsetting section provides several examples of goals that will improve stream functions
when achieved. The assessment and mitigation sections provide a broad overview of how
the Pyramid can be applied. It does not provide a “cookbook” approach to developing a
functional assessment methodology or stream mitigation Standard Operating Procedures
(SOPs). Rather, the examples and templates provided below are intended to provide a
broad-level framework. Scientists and managers may choose to create more specific or
quantitative functional assessments and debit/credit determination methods based on the
examples provided in this chapter.

11.1 » ADDING PARAMETERS, MEASUREMENTS AND PERFORMANCE
STANDARDS
The existing Stream Functions Pyramid Framework includes a wide range of functionbased parameters that are applicable for a wide range of environmental settings. However, users may need to add a function-based parameter based on a unique project or
assessment goal. This is most likely to occur at the Biology Level because not all forms of
aquatic and riparian life are included, e.g., mussels and amphibians. To add a functionbased parameter, users should follow the selection criteria outlined in Chapter 4.

11.2

»

DEVELOPING GOALS AND OBJECTIVES

Developing goals and objectives is important for projects of all sizes. Well-articulated
goals and objectives establish a foundation for project success. Vague, too broad, or poorly
articulated goals and objectives often lead to project failure (worst case) and misunderstandings at best. The terms goals and objectives are often used interchangeably; however, there is a difference. Goals are statements about why the project or effort is needed.
They are general intentions and often cannot be validated. Objectives are more specific.
They help explain how the project will be completed. They are tangible and can be
validated, typically by the performance standard.
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Even with this differentiation, it can be challenging to develop well-formulated goals
and objectives. Part of this difficulty relates to the scale and type of effort that is being
undertaken. For example, watershed management plans require goals and objectives at a
broad scale, i.e., to cover a large watershed. Stream restoration projects require goals and
objectives that are typically formulated at a
Goals are statements about reach scale and after some type of assessment has been completed to determine the
why the project or effort is problem, i.e., what function(s) needs to be
needed. They are general restored. This can be an iterative process as
intentions and often cannot the project team tests the restoration needs
be validated. Objectives are against project and watershed constraints.
Regulatory and non-regulatory programs
more specific. They help also have goals and objectives, but they may
explain how the project not be tied to a specific watershed or reach.
will be completed. They For example, Trout Unlimited, a non-regulatory organization, has broad goals to imare tangible and can be prove the quality of trout streams, wherever
validated, typically by the trout streams exist. The Clean Water Act
performance standard. (FWPCA, 1972) has an overall goal for all
waterways to be fishable and swimmable.
Section 303 of the CWA includes provisions to have all streams, and rivers support the
designated uses identified in their water quality standards (FWPCA, 1972). No net loss of
wetland resources is a goal of the Section 404 of the CWA program and the fundamental
objective of compensatory mitigation in the regulatory program is to offset environmental losses resulting from unavoidable impacts [33.C.F.R. § 332.3(a)(1)_/40 C.F.R. §
230.93(a)(1)].
Many existing stream SOPs associated with the CWA Section 404 program include
references to restoring stream dimension, pattern and profile as a way to acquire restoration credits. This has resulted in many stream mitigation plans being created that state
the goal of a project is to restore dimension, pattern, and profile, rather than stating goals
that provide some type of functional lift to offset permitted losses and better align with
the fundamental objective of the CWA Section 404 regulatory program.
The Stream Functions Pyramid can be used to help prepare better goals and objectives
for watershed management plans, regulatory and non-regulatory programs, and stream
restoration projects. Simply stated, the Pyramid can help link goals and objectives to
stream functions. For example, the Pyramid can be used to help articulate goals that
relate to the improvement or assessment of stream functions or even function-based
parameters. The goal should relate to the primary function(s) of interest, e.g., life history
of some type of aquatic life. This information is provided on the Pyramid Overview and
the Pyramid Functions and Parameters. Objectives should help explain how the functional improvement will occur. Objectives can also be used to identify the supporting functions needed to meet the goal. The Pyramid Functions and Parameters, Measurement
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Methods and Performance Standards are all helpful in formulating objectives. These
figures and tables are provided in Appendix A. Other sources for developing stream
restoration-related goals and objectives include the NRCS Stream Restoration Design
Manual, Part 654, Chapter 2 (USDA NRCS 2007) and the USACE Technical Note, Ecosystem Restoration Objectives and Metrics (McKay et al., 2012).
Developing goals and objectives requires an understanding of how to “enter” the
Pyramid, i.e. how to start using the Pyramid Framework. Examples for watershed management plans, regulatory/non-regulatory programs and project designs are provided below.
Watershed Management Plans
Watershed management plans typically include two major components, an inventory
of water resource problems, followed by options/recommendations for improvement.
These improvement options may include preservation, restoration, stormwater best
management practices (BMPs), Low Impact Development (LID), etc. A key to success is
to link the appropriate improvement option to the appropriate impairment. This is an
area where the Stream Functions Pyramid Framework can help articulate specific goals
and objectives by answering the following questions:
1. Look at Pyramid figures in Appendix A. What types of functional losses have occurred in the watershed? Try to relate the losses to function-based parameters, e.g.,
channelization and loss of floodplain connectivity, and/or population declines to native
fish species.
2. Can these functions be restored? This requires an understanding of the stream
functions and the cause of the impairment, along with the potential for their improvement.
3. Look at Pyramid figures again. What supporting function-based parameters are
needed to assess improvement to the impaired functions listed in number 1?
4. What types of restoration activities are needed to improve those function-based
parameters? This could include stream preservation of healthy headwater streams
and restoration of degraded stream channels. It could also include stormwater BMPs
and LID. An experienced multi-disciplinary team will be required to link the improvement activity to the functional lift.
Answering these questions will allow the team to develop goals and objectives that
relate to functional impairments and their potential improvements in the watershed. For
example, depending on how the questions were answered, an example goal and associated objectives may include the following.
Goal:
Improve the health of a smallmouth bass fishery. (Note that this relates to Level 5 on the
broad-level overview Pyramid.)
Objectives:
1. Reduce stream temperature and improve dissolved oxygen to concentrations required
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by smallmouth bass (Level 4).
2. Improve bed form diversity to meet smallmouth bass habitat requirements (Level 3).
3. Provide floodplain connectivity to provide the flow dynamics needed for smallmouth
bass (Level 2).
4. Evaluate watershed runoff and flow duration to determine the suitability for supporting smallmouth bass (Level 1).
These objectives are specific function-based parameters that support the higher-level
goal of restoring a smallmouth bass fishery. They are quantifiable, tangible and can be
measured. In some cases, these parameters have measurement methods that include
performance standards. The objectives provided above are just examples and could be
changed or expanded for an actual watershed plan. In addition, a wide range of improvement options may be required to meet the watershed scale goals and objectives described
above. These activities are discussed in item 4 of the Watershed Management Plans
section above.
Regulatory and Non-Regulatory Programs
The same approach provided above for watershed management plans can be used in
regulatory and non-regulatory stream improvement programs. For example, non-regulatory programs, such as watershed coalitions and non-profit organizations, set programmatic
goals and objectives. As with watershed management plans, these goals are typically
established at Level 5 since they relate to some type of aquatic life impairment. An
example would be Trout Unlimited with the goal to restore a fishery. The advantage of
the Pyramid is that once the aquatic life of interest is identified, the supporting functions
can be established through quantifiable objectives. This will help the organization focus
its resources by addressing activities that specifically affect the critical functions.
The same holds true for regulatory programs like Sections 303 and 404 of the Clean
Water Act ( FWPCA, 1972). Under Section 303, states are required to have water quality
standards that support designated uses for waterways. Streams that do not meet these
requirements are placed on the 303(d) list. For pollutant-impaired waters, Total Maximum Daily Loads (TMDLs) must then be established to address the pollutant(s) causing
the impairment. Nationwide, sediment is the second-ranked pollutant causing streams
and rivers to be placed on the 303(d)(USEPA, 2012). The causes of impairment are often
inferred from results of biological monitoring, i.e., sediment is often identified as a reason
that macroinvertebrate populations are negatively impacted.
The Pyramid could be used in impaired waters programs to establish more specific
targeted load reduction alternatives based on cause-and-effect relationships shown on the
Pyramid. For example, an initial assessment may show that the macroinvertebrate populations have lower abundance and more tolerant taxa than the reference conditions for a
given area. Next, the Stream Functions Pyramid can be used to identify all the supporting
functions that are required to support a healthy macroinvertebrate community. Third,
further assessments can be conducted to determine if those functions (using function-
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based parameters and a measurement method appropriate for the study) are Functioning,
Functioning-at-Risk or Not-Functioning. Finally, objectives could be established that focus
on the improvements needed to change the Not-Functioning and Functioning-at-Risk
parameters to Functioning. This would likely include more parameters than just sediment, but would yield a plan with much more detail and potential for success.
The Pyramid can also be used to improve goals and objectives related to Section 404 of
the Clean Water Act and compensatory mitigation. As was discussed above, many mitigation providers relate restoration goals to changes in channel dimension, pattern and
profile. Mitigation credits are often provided based on these, among other, changes
(USACE Wilmington District et al., 2003; USACE Norfolk District and VDEQ, 2007; and
USACE Charleston District, 2010). The Pyramid can help practitioners develop goals and
objectives that relate directly to stream functions. Over the last few years, attention to
stream mitigation requirements associated with stream impacts from coalmining activities in Appalachia has increased. Practitioners and the regulatory community have grappled with how to assess functional lift through compensatory mitigation, especially for
projects that include onsite mitigation. The process starts with setting appropriate goals
and objectives. An example of how the Pyramid can be used to provide goals and objectives for on-site stream mitigation associated with large scale landscape modifications,
such as mining, is provided below.
Example Goals:
1. Achieve replacement of aquatic functions (functions are defined in a function-based
assessment) through onsite mitigation.
2. Use natural channel design techniques to re-establish a small headwater stream
network after mining activities have ceased.
Example Objectives:
1. Water quality (pH and conductivity) will have similar or more suitable ranges compared to the pre-disturbance condition.
2. Bed form diversity, defined by pool-to-pool spacing and depth variability, will be
improved compared to the pre-disturbance condition and will be characterized as
Functioning using the Stream Functions Pyramid.
3. A 50-foot-wide riparian buffer composed of native grasses and trees will be established.
4. The restored channel will include large woody debris that meets a Functioning level.
5. The restored channel will have streambank erosion rates that are less than or equal to
the existing condition and meet a Functioning level.
6. Floodplain connectivity in the restored channel will meet a Functioning level. Note:
floodplain connectivity in v-shaped and colluvial valleys is characterized by a floodprone area that can be very small.
7. Post-restoration flow duration will match pre-disturbance flow duration.
8. Post-restoration aquatic IBI scores will match or exceed pre-disturbance values.
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These goals and objectives are just examples and would be modified based on the
function-based assessment and local knowledge of the site. The value of using specific
objectives, like the ones above, is that developing performance standards becomes much
easier. The performance standards simply quantify the objectives.
Restoration Project Design Goals and Objectives
The Stream Functions Pyramid Framework may be the most useful in developing
design goals and objectives, which are
Restoration projects generally developed once a restoration site has been
selected and some form of functional or
occur at a reach scale and can existing condition assessment has been
have significant functional lift completed. Using the Pyramid to assist with
of Level 2 and 3 parameters. functional assessments is discussed in the
However, to achieve goals in next section. More information about
developing goals and objectives associated
Levels 4 and 5, a combination with natural channel designs is provided
of reach scale restoration and below.
Developing design goals and objectives
adequate upstream
can be an iterative process. Typically, a
watershed health are broad goal is established early in the process,
required. In other words, site perhaps prior to the functional assessment.
selection becomes critically This goal could relate to a broad watershed
important to achieving Level goal, like restoring a smallmouth bass
fishery as described above under Watershed
4 and 5 goals. Management Plans. After the assessment,
other functional impairments may be
identified that prohibit the restoration of a smallmouth bass fishery. These impairments
may occur in the upstream watershed and cannot be addressed by the restoration project.
In this case, the team would need to pick a different approach or establish new goals
based on what can be achieved at the site (reach scale). Often the goal can be revised to
improve function-based parameters in Levels 2 and 3, e.g., floodplain connectivity, bed
form diversity, lateral stability and riparian vegetation. This will not directly restore a
smallmouth bass fishery, but it can indirectly help smallmouth bass recovery by providing the channel form and habitats that they require.
This example illustrates the importance of setting project goals and objectives that are
compatible with the health of the watershed. Restoration projects generally occur at a
reach scale and can have significant functional lift of Level 2 and 3 parameters. However,
to achieve goals in Levels 4 and 5, a combination of reach scale restoration and adequate
upstream watershed health are required. In other words, site selection becomes critically
important to achieving Level 4 and 5 goals.
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Common Mistakes and Ideas for Improvement
A common stream restoration goal is simply to improve aquatic habitat (Fischenich,
2006). This is a poorly stated goal because it does not tell the reader what organism the
habitat is for. Habitat requirements for mussels are different than habitat for a trout. If a
habitat goal is going to be used, the goal, at a minimum, should state what species the
habitat is for, e.g., “The goal of this project is to restore a southeastern native brook trout
fishery.” Now the reader knows why the project is proposed. Of course, the term “habitat” is still broad and could include many things. So an even better goal would be “To
improve the abundance of native brook trout populations within the project reach.” This
is a goal that can be evaluated, and the measure of success is very specific. Objectives
associated with this goal would identify the lower-level function-based parameters that
must be Functioning in order to increase the abundance of native brook trout. And since
this is a Level 5 goal, a thorough assessment of the watershed must be completed to
determine if the upstream conditions will support brook trout, even after reach scale
restoration. If not, another project reach, perhaps farther upstream, will need to be selected.
Another common and poorly stated goal is to improve water quality. Like habitat,
water quality is a very broad concept and means different things to different people. For
example, practitioners in West Virginia will typically equate water quality to pH and
conductivity because of their work with the coalmining industry. Practitioners working
in the eastern US Coastal Plain region will typically think of water quality as a nutrient
(e.g., nitrogen and phosphorus) issue. Practitioners in the eastern US Piedmont and Mountain regions may think of water quality as a sediment or turbidity problem. Practitioners
in the Pacific Northwest often think of water quality as a temperature problem. There are
many other examples across the country, depending on the primary causes of water
quality impairment. The key is to be specific. Use the goal to clearly establish why water
quality is being addressed: to improve pH, conductivity, nutrients, sediment or other
physicochemical properties. And, as with all of the goals, the next step is to develop
objectives that identify the supporting, lower-level function-based parameters that must
be Functioning in order to meet the goal. This also provides an opportunity to determine
if stream restoration is the appropriate solution, or if other techniques are required. For
example, stream restoration may have a minimal influence on conductivity and pH.

11.3

»

FUNCTION-BASED STREAM ASSESSMENTS

The Pyramid is a framework that can be used as an aid in developing and reviewing
function-based stream assessments. Somerville (2010) showed that stream assessments
are often completed for a variety of regulatory and non-regulatory reasons, and range
from broad assessments of stream condition to specific regulatory requirements. Three
uses of function-based stream assessments will be discussed below and include:
• Determining restoration potential and functional lift;
• Determining stream functions lost and gained as part of a compensatory mitigation
project; and
• Locating potential stream restoration projects as part of a watershed management plan.
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A function-based assessment may include parameters from the Pyramid that are
functions themselves; parameters that are not functions but help to describe the function
from that category, e.g., bank height ratio from the Geomorphology category to help
explain flow dynamics and floodplain connectivity. Parameter selection will be determined by the purpose of the assessment, the funding level and the geographic region. For
example, flow duration is more limiting in some regions (and for some restoration types)
than it is in others. Simple parameters may be selected for rapid-based assessments, and
more complex parameters (that are also functions) may be selected for more intensive studies.
Regardless of the reason for completing function-based stream assessments, the following
steps should be completed when using the Pyramid as a guide.
1. Determine the purpose of the assessment.
2. Select parameters from the Pyramid and/or other sources of information about parameters
that describe stream functions relevant to the study. Include supporting funtions.
3. Determine the appropriate methods for measuring the parameters, e.g., rapid versus
intensive, and simple versus complex. This selection will also be dependent on the
budget and purpose of the assessment.
4. Determine if the measurement methods need to be adapted based on unique regional
characteristics, e.g., karst topography or endangered species.
5. Review the performance standards that are associated with the measurement methods, and determine if they are appropriate based on local environmental conditions
and the purpose of the assessment. If possible, update performance standards with
information from local reference streams.
6. If deemed necessary by the purpose, develop a scoring method to determine the
overall functionality score of the stream reach, i.e., Overall Functioning, Functioningat-Risk or Not Functioning. Consider having an overall score per functional category as
well, e.g., Geomorphology, to help show where functional problems may exist.
7. Establish the length of the assessment (monitoring) period.
8. Implement function-based stream assessment, evaluate its effectiveness in assessing
stream functions, and adapt method as necessary.
A description for each of the three general uses for stream assessment methods is
provided below, along with examples of parameters from the Pyramid that could be
included for that assessment.
Determining Restoration Potential and Functional Lift
The Stream Functions Pyramid Framework can be used to determine the restoration
potential at a proposed project site. Restoration potential is the highest level of restoration
or functional lift that can be achieved given the site constraints and health of the watershed. Once the restoration potential is known, specific design goals and objectives can be
established, or original goals and objectives may need to be refined.
These assessments may include parameters from all five levels of the Pyramid that
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quantify and describe the pre-restoration
Restoration potential is
condition of the channel. Common Level 1
the highest level of
parameters include the precipitation/rainfall
restoration or functional lift
relationship, channel forming discharge and
flood frequency. These parameters are used
that can be achieved given
to quantify and describe the transport of
the site constraints and
water from the watershed to the channel,
and they are needed in order to complete the health of the watershed.
Once the restoration potential
Hydraulic and Geomorphology portions of
the assessment. Common Level 2 parameters is known, specific design
include both flow dynamics and floodplain
goals and objectives can be
connectivity, since these are critical for
established, or original
determining channel stability. Flow dynamics are typically assessed by measuring
goals and objectives may
stream velocity, shear stress and stream
need to be refined.
power. Floodplain connectivity is most
commonly assessed using the bank height ratio and entrenchment ratio. If the bankfull
stage is unknown, stage-versus-discharge estimates using a hydraulic computer model
can also be used to assess floodplain connectivity. However, to complete a proper hydraulic assessment to determine channel stability, field surveyed cross sections are required. A
longitudinal profile is helpful for measuring bank height ratios along the reach. The
profile can also be used for Level 3 assessment.
Level 3 parameters include sediment transport competency and capacity, channel
evolution, streambank erosion rates, bed form diversity, large woody debris assessments,
and riparian vegetation assessments. These parameters may be measured using rapid or
more intensive approaches, based on the complexity of the project and funding level.
However, the main purpose of the Level 3 assessment is to determine if the channel is
vertically and laterally stable. Channel evolution assessments are used in combination
with the above measures to estimate the future trend, i.e., whether the stream is evolving
towards stability or instability. Of course, some stream types are naturally unstable;
however, these streams should not be candidates for restoration. Common Level 4 parameters include basic water quality measures like pH, conductivity, temperature and dissolved oxygen. Assessments in the eastern US Coastal Plain region may also include
nutrient assessments. Level 5 function-based parameters sometimes include macroinvertebrate and fish community assessments. Landscape connectivity is rarely used, but
should be considered for providing watershed scale improvements.
The assessment results can then be used to determine the restoration potential. For
example, the assessment may indicate that a stream reach is severely incised with extreme bank erosion, low bed form diversity, and no riparian vegetation. If this site is in a
rural setting (low lateral constraints) with a healthy watershed, then the restoration
potential is high because functional lift can likely be achieved through Level 5. However,
if this same site is in an urban area or a setting with lateral constraints — like a road or
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even cropland — that cannot be removed from production, then the restoration potential
is lower because the functional lift may only occur in Levels 2 and 3.
Table 11.1 can be used to illustrate the baseline functions at the project site along with
the proposed functional lift; the examples provided above are shown in the table. The
values are arbitrary and not associated with a project. The purpose is simply to show
how the function-based parameters, measurement methods and performance standards
may be used as part of an assessment. The function-based parameters and measurement
methods are selected based on the restoration potential, and the performance standards
are used to quantify the functional lift.
Determining Stream Functions Lost and Gained as Part of a Compensatory
Mitigation Project
The 2008 Mitigation Rule recommends that some type of functional assessment be
completed at the permitted impact site and the mitigation site. The purpose of the functional assessment is to determine the functional loss at the permitted impact site and the
functional lift at the mitigation site. Functional lift is defined as the difference between
the pre-restoration and post-restoration condition. This process is intended to result in
replacement of aquatic resources, in this case, the stream ecosystem.
Developing a function-based assessment for this purpose would be very similar to the
one used to determine restoration potential and functional lift (described above). One
difference is that the assessment would need to be applied at the permitted impact site
and the mitigation site. The level of assessment will vary at the impact site, as the level of
impact varies from minor (e.g., a culvert replacement or utility crossing) to major (e.g.
surface mining or new road construction). For example, if only a few parameters are
being affected, then only a few parameters need to be included in the assessment. If all
five levels are being affected, the assessment should include parameters from all five
levels. For the mitigation sites, the assessment can be more consistent with, and will be
similar to, what is described in the restoration potential and functional lift section above.
These parameters would then be assessed as part of the monitoring phase, and the data
used to determine if performance standards are being achieved.
Locating Potential Stream Restoration Projects Using a Watershed
Management Plan
Watershed management plans are becoming common among non-regulatory and
regulatory programs. These plans are typically used to (1) identify the sources of stream
and water quality impairments; (2) identify stream reaches and sub-watersheds that are
relatively un-impacted, and (3) develop management plans to improve stream health and
water quality. Federal programs that support watershed management plans include grants
provided by Section 319 of the Clean Water Act ( FWPCA, 1972), Total Maximum Daily
Loads (TMDL), 2008 Mitgation Rule, and others.
Function-based stream assessments fit well with watershed management plans. They
are often used as the method for differentiating between impaired and unimpaired
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stream reaches. To complete this task, these assessment methods are often implemented
differently at the watershed scale and the reach scale. At the watershed scale, GIS, remote
sensing and aerial photography are used to broadly assess parameters that would indicate
stable, healthy streams versus unstable streams. These parameters from the Pyramid
might include riparian vegetation, lateral stability and landscape pathways, all of which
can be assessed with GIS and aerial photography. Some watersheds may be included in
FEMA-regulated floodplains and contain Hydrology and Hydraulic characterizations that
can be used to estimate floodplain connectivity and flow dynamics.
From this initial screening, on-the-ground, rapid-based assessments can be used to
further determine channel stability, channel evolution, restoration potential, basic water
chemistry and biological health. Rapid methods are needed so that long reaches of channel can be assessed in a relatively short period of time. The result is a map showing the
location of impaired stream reaches, their proximity to other land uses, and a priority
ranking for restoration. For example, an impaired stream downstream of a high quality
sub-watershed, or an impaired reach between two stable reaches, would be high priorities because the functional lift would transcend the project reach length. Conversely, an
impaired reach downsteam of multiple point source discharges, or areas of rapid development, may receive a lower priority; therefore, other techniques like stormwater BMPs and
Low Impact Development may be recommended instead. Once reaches are selected for a
project, a more intensive assessment method to determine channel stability and restoration potential can be implemented.
Additional information about conducting watershed assessments can be found at
http://water.epa.gov/type/watersheds. There is a wealth of information on this website, but
one tool that my be particularly helpfulfor evaluating potential stream restoration sites is
the Recovery Potential Project, a landscape screening tool for assessing the restorability of
impaired waters.

11.4

»

KEY PARAMETERS

The Stream Functions Pyramid includes over 30 parameters, but it is unlikely that a
project would ever need to assess them all. However, there are core or key parameters
that can be listed for a variety of common projects, such as restoring channelized
streams in alluvial valleys back into meandering streams, restoring small headwater
streams associated with mining, and imThe Stream Functions proving salmonid fish habitat. Examples
Pyramid includes over 30 of key function-based parameters that
parameters, but it is unlikely should be evaluated before and after restoration are provided below. A variety of rapid
that a project would ever and more intensive measurement methods
need to assess them all. are also provided.
Restoring Channelized Streams in Alluvial Valleys to Meandering Streams
Many projects in the eastern US attempt to restore streams that were enlarged and
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deepened through channelization and incision. These projects occur in alluvial valleys, in
both urban and rural settings, and with a variety of substrate compositions. The Rosgen
Priority Levels are often used as an approach for restoring these streams. Figures 11.1a
and 11.1b show before and after photos of a stream restoration project in the Coastal
Plain of North Carolina. Figure 11.1a shows a channelized, incised stream that lacks bed
form diversity due to low sinuosity and dredging. There is minimal riparian vegetation
and nutrient runoff that can easily enter the stream from the adjacent cropland causing
eutrophication. Figure 11.1b shows the same project site approximately one growing
season after restoration construction was completed. The stream is shallower than the
pre-restoration condition, creating enhanced floodplain connectivity and an elevated
water table that supports the development of riparian wetlands. The meandering pattern
carries both baseflow and bankfull flows effectively, providing longer retention times and
opportunities for denitrification. The biggest driver of denitrification is the increased
floodplain access by stormflows, water storage on the floodplain, shallow depth to the
water table, and establishment of a woody riparian buffer over time.
FIGURE 11.1A PRE-RESTORATION

FIGURE 11.1B POST-RESTORATION

Source: Reproduced with permission from Michael Baker Corporation

This project, like most other restoration projects where channelized streams are
converted back into meandering systems, highlights four key parameters that must be
addressed to achieve project success. The key parameters include: floodplain connectivity,
bed form diversity, lateral stability and riparian vegetation. These function-based parameters are shown below in Table 11.2. The second column provides measurement methods
that can rapidly be assessed with minimal field measurements. The third column provides measurement methods that provide a
more detailed assessment of the stream
The key parameters include:
reach; however, they also require more effort.
floodplain connectivity, bed
These more intensive measurement methods
form diversity, lateral stability
require more time in the field to collect data
and, in some cases, require repeated monitor- and riparian vegetation.

A Function-Based Framework » May 2012

229

Chapter 11: Application of the Stream Functions Pyramid

ing over several years, e.g., developing rating curves, establishing erosion rates and measuring vegetation growth.
If these four function-based parameters are addressed properly along with proper site
selection, then there is a high probability of achieving success by improving the physical,
chemical and biological integrity of the stream. This table should not be used to assume
that parameters in other levels of the Pyramid are not important (these all come from
Levels 2 and 3). Rather, the intent is to show that these parameters are generally the
critical foundation to a healthy stream in most alluvial valleys.
TABLE 11.2 KEY PARAMETERS FOR ASSESSING STREAM FUNCTIONS ASSOCIATED WITH
RESTORING MEANDERING STREAMS
PARAMETER

SIMPLE MEASUREMENT
METHOD

MORE INTENSIVE
MEASUREMENT METHOD

Floodplain Connectivity

Bank Height Ratio,
Entrenchment Ratio,

Rating curves (discharge vs.
stage)

Bed Form Diversity

Percent Riffle and Pool

Depth Variability

Lateral Stability

Streambank Erosion Rates
using BANCS model

Measuring Streambank
Erosion Rates with
permanent cross sections

Riparian Vegetation

Riparian Buffer Width

Riparian Vegetation Density
and CompositionVegetation Plots

Restoring Small Headwater Streams
The key parameters listed in Table 11.2 would need to be modified slightly for assessing stream functions associated with the restoration of small headwater streams, such as
those commonly found in the Appalachian Mountains. The restoration of high-gradient,
very small intermittent and ephemeral channels as part of stream mitigation projects is
common in coalmining regions. In other areas of the Appalachian Mountains, Trout
Unlimited and resource agencies work to restore native brook trout populations in headwater perennial mountain streams that are typically located in colluvial and v-shaped
valleys. Unlike the lateral meandering streams discussed above, these streams dissipate
energy through vertical meandering of the stream bed, i.e., through a step-pool bed form
sequence (Wohl, 2000). These streams do not have floodplains that are built by river
meandering processes, but rather have floodprone areas that often extend the width of
the bowl- or v-shaped valley. Figures 11.2a and 11.2b show an example of a small headwater mountain stream restoration project. Figure 11.2a shows the stream before restoration. The bed form is devoid of pools due to past cattle trampling and channel widening.
Figure 11.2b shows the project after restoration construction. Boulder and wood structures were used to create a step-pool bed form, re-establishing the vertical meandering
processes. A bowl-shaped floodprone area provides energy dissipation during flood
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events, and a riparian buffer was established to provide lateral stability.
FIGURE 11.2A PRE-RESTORATION
Cows are periodically allowed to graze.

FIGURE 11.2B POST-RESTORATION

Source: Reproduced with permission from Michael Baker Corporation

The same key function-based parameters associated with a natural channel design and
listed in Table 11.2 are included here in Table 11.3, with one minor exception. Since these
channels do not have floodplains, the function-based parameter is changed to floodprone
area connectivity, as it is still important for the channel to only carry the amount of
water necessary for sediment transport requirements. Flood flows should be transported
in the floodprone area. The simple measurement method for bed form diversity also
changes, from percent riffle-pool to pool-to-pool spacing, which is a better measure of
vertical meandering and has better performance standards (Leopold, 1994; Gregory et al.,
1994; Whittaker, 1987; Chin, 1989, and Grant et al., 1990).
TABLE 11.3 CRITICAL CATEGORIES FOR ASSESSING FUNCTIONS BEFORE AND AFTER
STREAM RESTORATION PROJECTS
PARAMETER

SIMPLE MEASUREMENT
METHOD

MORE INTENSIVE
MEASUREMENT METHOD

Floodplain Connectivity
(Floodprone Area
Connectivity)

Bank Height Ratio,
Entrenchment Ratio,

Rating Curves (discharge
vs. stage)

Bed Form Diversity

Pool-to-Pool Spacing

Depth Variability

Lateral Stability

Streambank Erosion Rates
using BANCS Model

Measuring Streambank
Erosion Rates with
Permanent Cross Sections

Riparian Vegetation

Riparian Buffer Width

Riparian Vegetation Density
and CompositionVegetation Plots
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Table 11.3 is primarily for natural channel design, i.e., these parameters are key
design parameters that can have a major effect on creating higher-order functional improvements. Additional function-based parameters may be selected when evaluating
headwater mountain stream restoration projects for functional lift that is associated with
mining activities. Table 11.4 provides an example of the minimum function-based parameters per functional category that are recommended. Measurement method examples are
provided that would be appropriate for a mitigation project; some are rapid and others are
more intensive.
TABLE 11.4 POSSIBLE FUNCTION-BASED PARAMETERS AND MEASUREMENT METHODS FOR
EVALUATING FUNCTIONAL LIFT IN SMALL, HIGH GRADIENT STREAMS
FUNCTIONAL
CATEGORY

FUNCTION-BASED
PARAMETER

MEASUREMENT METHOD

Hydrology

Rainfall / Runoff

Rationale Method

Hydrology

Flow Duration

Rapid Indicators

Hydraulics

Floodplain (Floodprone area)
Connectivity

Bank Height Ratio
Entrenchment Ratio

Geomorphology

Large Woody Debris

Large Woody Debris Index

Geomorphology

Bed Form Diversity

Pool-to-Pool Spacing
Depth Variability

Geomorphology

Lateral Stability

BEHI/NBS

Geomorphology

Riparian Vegetation

Buffer Width
Buffer Composition
Buffer Density

Physicochemical

Water Quality

pH
Conductivity

Biological

Macroinvertebrate
Communities

State Protocol, if available

There are exceptions to the key parameters listed above. It is likely that many small,
headwater ephemeral stream channels in the mountain regions are the product of erosion
and channel formation due to land clearing practices during post-European settlement. In
some of these systems, forest regeneration has occurred over the decades, and the channel that formed is stable. However, from a functional standpoint, it would be better to
have valley bottoms rather than channels that provide greater storage capacity for water,
wood, and other forms of organic matter. Restoration would typically not be recommended in stable environments; however, small-channel and no-channel approaches for
restoring disturbed systems are being investigated by various researchers and practitioners. Examples of natural channel design in small headwater channels can be reviewed at
https://louisville.edu/speed/civil/si.
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Key Parameters for other Types of Restoration
The key parameters listed above are applicable to many full-scale restoration projects.
However, some forms of restoration do not require aggressive changes to channel form,
and different key parameters may be required for restoration success. Water removal
impacts in the arid West are an example where the key parameters listed above would
not apply. In these environments, the channel form may include floodplain connectivity,
bed form diversity, laterally stability, and have riparian vegetation common for arid
regions; however, historically perennial streams can become ephemeral due to excessive
water withdrawals. In these cases, flow duration is the key parameter and the restoration
activities may include policy/management changes rather than natural channel designs.
Other examples of restorations that may require minimal or no adjustments to channel form include removal of fish passage impediments and eliminating water quality
impairments associated with point-source discharges and stormwater runoff. However,
these key parameters listed above should still be assessed, or at least considered, before
moving forward with other forms of restoration, especially for perennial streams in
alluvial valleys. More likely, additional function-based parameters would be added to the
list, rather than removing them.

11.5

»

REVIEWING EXISTING STREAM ASSESSMENTS

Government agencies often want to evaluate existing stream assessment protocols
before making the decision to develop a new one. Somerville and Pruitt (2004) and
Somerville (2010) provide a good starting point for evaluating existing stream assessment
protocols. New protocols continue to be developed, especially related to stream mitigation. The draft Regional Guidebook for High-gradient Ephemeral and Intermittent Headwater Streams, USACE (2010), is an example of a functional assessment methodology
that has been developed in response to mitigation requirements in coalmining regions of
West Virginia and Kentucky. Given the volume of existing assessment methodologies, it
is important to have criteria for selecting an existing methodology or for making the
decision to develop a new methodology. The following checklist may help with this decision.
Checklist for Selecting Existing Stream Assessment Methodologies
1. Determine why a stream assessment is needed. What is the purpose?
2. Is the assessment needed to meet regulatory requirements?
3. Is the existing stream assessment protocol appropriate for your region? In other
words, some protocols are developed for very specific environmental settings and
conditions, e.g., high gradient or arid.
4. Has the existing stream assessment protocol been peer reviewed, validated, or otherwise assessed for accuracy and precision in relation to direct functional measures?
5. How much is already known about the functional impairments of the watershed?
Some understanding of existing impairments is helpful when selecting an existing
protocol because the impairments can be related to the function-based parameters
from the Pyramid. Then these parameters can be compared to the parameters as-
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sessed in the protocol. If there is a good match, then the existing protocol may be
selected. Otherwise, other protocols should be reviewed and potentially new protocols may needed to be developed.
6. Are lower-level functional categories included, e.g., Hydrology, Hydraulics, and
Geomorphology? Generally, existing protocols are weak in these categories. Review
the protocol to ensure that the supporting/”driver” parameters are included.
7. Are the key parameters described in the above sections included? If not, is there a
good reason?

11.6

»

DEVELOPING DEBITS AND CREDITS

The development of stream debit and credit determination methods continues to
evolve as USACE Districts implement the 2008 Mitigation Rule. The Rule does not
provide a formula for developing debit or credits. It simply states that a description of the
debits or credits will be provided, including the rationale used. In some regions, IRTs have
incorporated credit determination methods into SOPs; however, in other areas, the credit
determination method is left up to the mitigation provider. The Rule defines debits as a
unit of measure that accounts for the functional loss at a permitted impact site. Some
mitigation SOPs, like the Unified Stream Methodology (USACE Norfolk District and
VDEQ, 2007) and the Charleston, SC SOP
The Stream Functions (USACE Charleston District, 2010) provide
debit calculations based on a stream condiPyramid can also be used to tion assessment, similar to a function-based
separate restoration efforts assessment. However, some of the techthat improve Level 2 and 3 niques described in the Function-based
Assessment section above could be used to
functions, and those that better link the functions lost at a permitted
restore through Level 5. impact site to the functions gained at a
As such, IRTs may choose to mitigation site.
Stream mitigation credits are units of
consider creating two levels
measure that represent the accrual or attainof restoration: Restoration 1 ment of stream functions at a compensatory
and Restoration 2. mitigation site (33.C.F.R. § 332/40 C.F.R. §
230). The accrual or attainment of stream
function occurs through a variety of approaches, including restoration, enhancement,
re-establishment and preservation. The Pyramid Framework can be used to help show
the functional lift, especially with stream restoration approaches. Stream restoration is
defined in the 2008 Mitigation Rule as the “manipulation of the physical, chemical and
biological characteristics of a site with the goal of returning natural/historic functions to
a former or degraded aquatic resource.” Most stream mitigation SOPs cite this definition;
however, functional lift is often tied to the Priority Levels of Restoration (Rosgen, 1997)
and/or changes to stream dimension, pattern and profile (Somerville, 2010).
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This has led to several problems, including: (1) incentivizing maximum channel
manipulation to show changes in dimension, pattern and profile to receive the maximum
amount of credits; (2) focusing the objectives and performance standards on dimension,
pattern and profile changes instead of stream functions or function-based parameters,
making the communication of functional lift difficult; and (3) removing evidence of
functional lift from the evaluation of project success. This credit determination method
has resulted in many projects being evaluated simply on visual observations of channel
stability, in-stream structure integrity, and condition of the riparian buffer. The Stream
Functions Pyramid, and the forms shown in the assessment section, can help articulate
function-based goals, develop function-based assessments, and then develop credit
determination methods based on the potential functional lift. Examples of how to do this
are provided in the next section.
The Stream Functions Pyramid can also be used to separate restoration efforts that
improve Level 2 and 3 functions, and those that restore through Level 5. As such, IRTs
may choose to consider creating two levels of restoration: Restoration 1 and Restoration
2. Restoration 1 would restore functions through Level 5 and represent the highest level
of restoration achievable. This would require reach-scale restoration and an upstream
watershed that supports aquatic life identified
in Level 5. It could also include watershedOne value in this restoration
scale restoration for small headwater systems. More details are provided below about level approach is that it
credits; however, 1 credit per foot is proposed clearly identifies functionas the maximum number attainable, essenbased parameters that a
tially representing 100% restoration. Restoramitigation provider can
tion 2 is also defined as the restoration of
reach-scale functions; however, the upstream control (Restoration 2) versus
watershed may not be suitable for supporting function-based parameters
species of interest in Level 5. The restoration
that are more dependent on
project may still be worthwhile (based on the
upstream watershed
function-based assessment); however, functions are only restored through Level 3.
condition (Restoration 1).
Therefore, the maximum achievable credits
for Restoration 2 would be less than for Restoration 1; perhaps the maximum is 0.8
credits per foot for the example. However, if a mitigation provider continued to work in
the watershed and showed appropriate levels of functional improvement in Level 5, the
IRT may want to allow the provider to request the additional 0.2 credits per foot to
achieve the full 1.0 credit per foot. This would offer incentive for the mitigation providers
to perform watershed-scale restoration.
One value in this restoration level approach is that it clearly identifies function-based
parameters that a mitigation provider can control (Restoration 2) versus function-based
parameters that are more dependent on upstream watershed condition (Restoration 1).
For a Restoration 2 example, projects that restore meandering pattern to channelized
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streams would show functional improvement in the key parameters shown in Table 11.2
(floodplain connectivity, bed form diversity, lateral stability, riparian vegetation). The
mitigation provider has a lot of control over the design and functionality of these parameters. This should improve communication between the provider and the IRT, making
the development of performance standards much more specific and quantitative than
many current approaches that simply deal with channel form (dimension, pattern and
profile). However, further improvements in Levels 4 and 5 are dependent on upstream
watershed conditions. To achieve Restoration 1 and receive full restoration credit, the
upstream watershed condition combined with reach-scale restoration creates a Functioning
ecosystem through Level 5. The mitigation provider does not have control of the upstream
watershed condition; however, they do have control over how the project site is selected.
Debit and Credit Templates Overview
The purpose of this section is to show how the Stream Functions Pyramid Framework
can be used as an aid in developing stream debit and credit determination methods.
Example debit and credit determination templates will be provided, along with examples
and case scenarios to illustrate how the Pyramid Framework can be used — at least at a
broad level. The main goal of this section is simply to illustrate how the Pyramid might
be used to develop debits and credits. It is not intended to be a policy recommendation,
but rather “food for thought”. It is a tool, not a rule; however, the approach does try to
address requirements in the 2008 Mitigation Rule.
Example templates are provided below to aid IRTs in developing debits and credits.
The templates are meant to provide IRTs with ideas on how they can create an SOP that
utilizes the Stream Functions Pyramid to help show functional lift. They should be
modified to fit local needs and conditions. The SOP template does not address credit
release schedules, land protection measures, monitoring designs, service area delineation
or other elements of a stream mitigation plan. Rather, the SOP templates focus on how to
show appropriate compensation by matching the functions lost at the impact site to the
functions gained at the mitigation site by comparing the difference between pre- and
post-conditions. These conditions are assessed using the function-based parameters,
measurement methods and performance standards from the Pyramid Framework.
Example applications of the template for several impact scenarios (debits) and mitigation
scenarios (credits), representing a wide range of conditions from across the country, are
provided in Appendix B. The debit scenarios include:
1. Culvert installations,
2. Channelization and bank hardening, and
3. Surface mining of high gradient streams.
The credit scenarios include:
1. Restoration of incised streams;
2. Restoration of stream flow for channels that have excessive water withdrawal;
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3. Salmonid fish passage and habitat restoration; and
4. Restoration of high gradient, headwater streams.
Debit and Credit Templates Structure
There are three sample debit and three sample credit templates provided below, along
with a description of each. Template 1 for debits and credits shows the functional loss
and lift, respectively. Template 2 provides a place where the user can write notes about
the rationale used to complete Template 1. There is a Debit Template 2 and a Credit
Template 2. Template 3 provides a method for
calculating debits (Debit Template 3) and
The main goal of this section
credits (Credit Template 3). A detailed deis simply to illustrate how the
scription of each is provided below.
Pyramid might be used to
The Debit Template 1: Functional Loss Determination (Table 11.5) shows the Pyramid level develop debits and credits. It
number and category name. For each catego- is not intended to be a policy
ry (Hydrology, Hydraulics, etc.) the table
recommendation, but rather
shows the parameter selected from the
“food for thought”. It is a
Pyramid, the measurement method, the
pre-disturbance condition and the post-distool, not a rule; however, the
turbance condition. The key parameters are
approach does try to address
selected based on the type of impact and
requirements in the 2008
whether or not the impact is expected to
affect the parameter. For example, if a culvert Mitigation Rule.
is going to be installed in a stream with a
mature bottomland hardwood forest, the riparian vegetation parameter would be selected. This would show that the buffer is Functioning before the permitted impact and is
Not Functioning after the impact. All the information needed to complete this table is
provided in Chapters 5-9. A summary is provided in Appendix A.
The Credit Template 1: Functional Lift Determination (Table 11.6) is identical to the Debit
Template 1 (Table 11.5) with two exceptions. The pre-disturbance condition and postdisturbance condition have been changed to pre-restoration condition and post-restoration condition. Parameters and measurement methods are selected to best represent the
potential improvement in stream functions.
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3.0

Bank Height
Ratio
Entrenchment
Ratio

Floodplain
Connectivity

5 – Biology

4 – Physicochemical

3 – Geomorphology

1.0

Example

Example

Example

Enter the
actual value
determined
using the
measurement
method.

2 – Hydraulics

Choose the
appropriate
measurement
method for the
selected
parameter.

Insert key
parameter
from the
Pyramid.
Refer to
Chapters 5-9.

Functioning

Functioning

Example

Enter
Functioning,
Functioningat-Risk or Not
Functioning
based on the
performance
standard
value.

1.1

2.5

Example

Enter the
predicted or
measured value
determined
using the
measurement
method.

Not Functioning

Not Functioning

Example

Enter
Functioning,
Functioning-atRisk or Not
Functioning
based on the
performance
standard value.

RATING

VALUE

VALUE

RATING

PREDICTED POSTDISTURBANCE CONDITION

PRE-DISTURBANCE
CONDITION

1 – Hydrology

MEASUREMENT
METHOD

PARAMETER

LEVEL AND
CATEGORY

TABLE 11.5 DEBIT TEMPLATE 1: FUNCTIONAL LOSS DETERMINATION
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1.1

Bank Height
Ratio
Entrenchment
Ratio

Floodplain
Connectivity

5 – Biology

4 – Physicochemical

3 – Geomorphology

3.0

Example

Example

Example

Enter the
actual value
determined
using the
measurement
method.

2 – Hydraulics

Choose the
appropriate
measurement
method for the
selected
parameter.

Insert key
parameter
from the
Pyramid.
Refer to
Chapters 5-9.

Not
Functioning

Not
Functioning

Example

Enter
Functioning,
Functioningat-Risk or Not
Functioning
based on the
performance
standard
value.

3.0

1.0

Example

Enter the
measured value
determined
using the
measurement
method.

Functioning

Functioning

Example

Enter
Functioning,
Functioning-atRisk or Not
Functioning
based on the
performance
standard value.

RATING

VALUE

VALUE

RATING

POST-RESTORATION CONDITION

PRE-RESTORATION
CONDITION

1 – Hydrology

MEASUREMENT
METHOD

PARAMETER

LEVEL AND
CATEGORY

TABLE 11.6 CREDIT TEMPLATE 1: FUNCTIONAL LIFT DETERMINATION
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The next tables (Table 11.7 and 11.8) are templates that can be used to provide supporting text about the above pre- and post-condition tables. On the debit side, the table is
used to describe the pre-disturbance condition and the rationale for selecting the parameters and measurement methods. The rationale used to predict the post-impact condition
should also be provided. The approach is similar on the credit side. For this template, a
description of the pre- and post-restoration condition is provided, along with the rationale
for selecting key parameters and measurement methods.
TABLE 11.7 DEBIT TEMPLATE 2: PRE- AND POST-DISTURBANCE CONDITIONS AND RATIONALE
Describe Pre-and Post-Disturbance Condition and Rationale for Selecting Parameters
Enter a short description of the pre- and post-disturbance condition for each functional
category. Explain why the selected parameters and their measurement method were used.
Also include the rationale for the expected outcome. An abbreviated example is provided
below for a permitted culvert installation. The remainder of this example is provided in
Appendix B.
Hydrology: The watershed hydrology is stable and is not expected to change. Therefore,
Hydrology parameters were not selected.
Hydraulic: The existing channel is not incised and has access to a wide alluvial floodplain,
i.e., there is floodplain connectivity. In this example, the culvert will likely cause channel
incision downstream of the culvert, and bank height ratios are likely to increase, causing a
Not Functioning score. The culvert will provide grade control for the upstream channel
and the bank height ratio may decrease because of aggradation.
Geomorphology: see Appendix B, Table B2a
Physicochemical: see Appendix B, Table B2a
Biological: see Appendix B, Table B2a
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TABLE 11.8 CREDIT TEMPLATE 2: PRE- AND POST-RESTORATION CONDITIONS AND RATIONALE
Describe Pre-and Post-Restoration Condition and Rationale for Selecting Parameters
Enter a short description of the pre-and post-restoration condition for each functional
category. Explain why the selected parameters and their measurement method were used,
along with the rationale for the expected improvement. An abbreviated example is
provided below for the restoration of an incised channel. The remainder of this example is
provided in Appendix B.
Hydrology: The watershed hydrology is stable and is not expected to change. Therefore,
Hydrology parameters were not selected.
Hydraulic: The existing channel is severely incised (Bank Height Ratio of 3) and does not
have access to a wide alluvial floodplain. The channel will be reconnected to the
floodplain through a Rosgen Priority 1 Restoration. The Bank Height Ratio will be reduced
to 1.0, and all flows greater than bankfull will spread onto a floodplain that is 50 times
wider than the channel, making the entrenchment ratio well over 2.2.
Geomorphology: see Appendix B, Table B11a
Physicochemical: see Appendix B, Table B11a
Biological: see Appendix B, Table B11a

The third set of templates (Tables 11.9 and 11.10) provides debit and credit ratios based
on the results from Template 1. The ratios used to create debits and credits can be modified. The ones used in this template are for demonstration purposes and were chosen to
encourage mitigation providers to select projects that have the potential for the greatest
functional lift. Credits range from 0 to 1 credit-per-foot of restored channel. Debits range
from 1 to 2 debits-per-foot. Therefore, an impact that creates maximum functional loss
would be assigned 2 debits-per-foot. Since the maximum credit ratio is 1 credit-per-foot,
they will have to perform mitigation on twice the stream length that was impacted. Since
a portion of credits is released before a site reaches maturity, a greater amount of mitigation is necessary to address this temporal loss as well as the risk of project failure.
Table 11.9 provides example debit ratios. The first column shows the functionality of
the stream reach before an impact occurs. Functionality ranges from Low to High and is
based on the pre-disturbance condition from Debit Template 1. The remaining columns
show the predicted functional loss from the permitted impact, ranging from no functional loss to high functional loss, based on the predicted functional loss from Debit Template
1. Debit ratios are then assigned to the different levels of functional loss. Therefore,
high-quality streams that are more severely impacted would yield more debits than
degraded streams that were minimally impacted. A debit adjustment factor is provided
for scenarios that may need to be modified based on unique site conditions or because the
result fits between two categories.
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TABLE 11.9 DEBIT TEMPLATE 3: DEBIT CALCULATIONS
PRE-DISTURBANCE
CONDITION

Low (Mix of
Functioning-at-Risk
and Not
Functioning)

Moderate (Mix of
Functioning,
Functioning-at-Risk,
and Not
Functioning)

POST-DISTURBANCE CONDITION
No Functional
Loss

(Postdisturbance
condition
matches
predisturbance
condition)

No mitigation
required
High (Functioning)

Low to
Moderate
Functional Loss

Moderate to High
Functional Loss

Debit
Adjustment
(+/-)

Greater number Mostly Notof Functioning- Functioning
at-Risk and Not Scores
Functioning
Scores
1.1 to 1.2

1.2 to 1.3

Loss of
Functioning
scores and/or
greater number
of Functioningat-Risk and Not
Functioning
Scores

Mix of
Functioning-atRisk and Not
Functioning
Scores

1.3 to 1.5

1.5 to 1.7

Mix of
Functioning,
Functioning-atRisk, and Not
Functioning
Scores

Mix of
Functioning-atRisk and Not
Functioning
Scores

1.7 to 1.9

2.0

0.1

0.1

0.2

Tables 11.10 and 11.11, provide examples of credit determination method templates for
Restoration 1 and Restoration 2 projects. Specific examples are provided in Appendix B.
The table below includes four columns: Credit Category, Pre-Restoration Condition,
Post-Restoration Condition and Credit Ratio. The credit ratio is expressed as credit-perfoot with the highest ratio set at 1.0 credit–per-foot for a Restoration 1 project with a
Maximum Lift score. Maximum Lift is the first row under the Credit Category. So if a
project was 5,000 feet long, the maximum number of credits that could be attained is
5,000. The other categories are Moderate and Low lift. So a project that has several
Functioning scores in the baseline condition would have a Low lift and would be given
less credit. Note that the post-restoration condition is the same for Maximum, Moderate
and Low lift. The difference is in the baseline condition. This reflects a goal of achieving
the highest restoration or enhancement possible, but acknowledges that some sites start
in a more degraded condition; thus, more lift is created and more credit is given. Again,
these ratios are provided only as a guide. Appendix B provides other examples of credit
determination methods for other scenarios.
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TABLE 11.10 CREDIT TEMPLATE 3: CREDIT CALCULATIONS FOR RESTORATION 1
RESTORATION 1
CREDIT CATEGORIES

PRE-RESTORATION
CONDITION

POST-RESTORATION
CONDITION

CREDITS
PER FOOT

Maximum Lift

All parameters in Pyramid
Levels 2 and 3 have Not
Functioning scores.
Parameters in Levels 4 and 5
are Not Functioning or
Functioning-at-Risk.

Functioning scores
for Levels 1-5

0.8 to 1.0

Moderate Lift

Mix of Not-Functioning and
Functioning-at-Risk scores
for parameter Levels 2
through 5.

Functioning scores
for Levels 1-5

0.6 to 0.8

Low Lift

Mix of Not-Functioning,
Functioning-at-Risk and
Functioning scores for
parameter Levels 2 through 5.

Functioning scores
for Levels 1-5

0.4 to 0.6

Credits = Credit Ratio (in Credits/Ft) times the restored stream length (ft).

TABLE 11.11 CREDIT TEMPLATE 3: CREDIT CALCULATIONS FOR RESTORATION 2
RESTORATION 2
CREDIT CATEGORIES

PRE-RESTORATION
CONDITION

POST-RESTORATION
CONDITION

CREDITS
PER FOOT

Maximum Lift

All parameters in Pyramid
Levels 2 and 3 have Not
Functioning scores.

Functioning scores
for Levels 1-3

0.6 to 0.8

Moderate Lift

Mix of Not-Functioning and
Functioning-at-Risk scores
for parameter Levels 2
through 3.

Functioning scores
for Levels 1-3

0.4 to 0.6

Low Lift

Mostly Functioning-at-Risk
and Functioning scores for
parameter Levels 2 through
3. May include some NotFunctioning scores.

Functioning scores
for Levels 1-3

0.2 to 0.4

Credits = Credit Ratio (in Credits/Ft) times the restored stream length (ft).
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Enhancement Credits
The Pyramid Framework can be used to help develop enhancement credits, although
less emphasis is placed on these projects within this document. The 2008 Mitigation Rule
defines enhancement as the manipulation of the physical, chemical and biological characteristics of an aquatic resource to heighten, intensify or improve a specific aquatic resource function(s). Enhancement may lead to a gain in certain functions, but could also
lead to a decline in other functions. Enhancement does not increase the aquatic resource
area, e.g., stream length. An appropriate way to develop stream enhancement credits
using the Stream Functions Pyramid Framework as a guide is to complete a functionbased assessment before making the determination of whether restoration or enhancement is the better solution. The assessment may be rapid or intensive depending on the
project; however, information about which function-based parameters are Functioning
and Not Functioning must be determined before the practitioner can know what needs
to be enhanced.
Enhancement can lead to projects that achieve the same level of functionality as a
Restoration 1 approach above; however, they can also lead to projects that still have
several function-based parameters with a Functioning-at-Risk or Not Functioning score.
Therefore, the key difference between restoration and enhancement, as described here, is
the level of functional lift. Restoration 1 includes changes to many function-based parameters, along with proper site selection, to achieve a fully functioning score. Enhancement
may include a change to only one parameter to achieve a fully functioning score, if all
other key parameters are functioning, e.g., the riparian buffer. In this example, the
product is the same but the amount of functional lift is much less with an enhancement
approach. Enhancement can also improve one function-based parameter like lateral
stability, but not improve other key parameters like floodplain connectivity or bed form
diversity. This would lead to a stream that has some improvement in stream function, but
the change is not necessarily significant. And because the stream is not connected to the
floodplain, the channel could lose other functions in the future.
A table is not provided for calculating enhancement credits. Rather, some examples of
enhancement scenarios are provided below. These examples show how to focus on
enhancements to function-based parameters rather than practices like benching or
in-stream structures. These practices will likely be used; however, the credits should be
based on changes to function-based parameters and not the number of structures. Of
course, enhancement credits should also be less than restoration credits on a per, foot basis.
Example Enhancement Scenarios:
1. Projects in non-incised, rural streams within alluvial valleys. The stream is well
connected to a floodplain and there are diverse bed forms created from the appropriate plan form geometry and bed form complexity. Streambanks are not eroding at
levels above reference conditions, i.e., banks are stable. However, the riparian buffer
is thin with only a single row of trees along the streambank.
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Enhancement credits could be provided for expanding the buffer. In this case,
higher order functions like de-nitrification and even improvements to benthics and
fish may occur — if supported by the upstream watershed.
2. Same setting as number 1 and same conditions, except in addition to having a narrow
riparian buffer, the bed form diversity is also low, e.g., mostly riffle bed forms due to
straightening and vegetation/debris removal.
Enhancement would include improving the bed form diversity, e.g., percent riffle
and pool, depth variability, and improving the buffer width and composition. This
would be a higher level of enhancement because more than one function-based
parameter is being improved.
3. Urban setting, flood control channel. A channelized, trapezoidal channel with
streambanks stabilized by rip rap and some vegetation.
High level of enhancement would include providing limited floodplain connectivity by excavating bankfull benches, providing bed form diversity through the installation of in-stream structures, and planting a narrow buffer. Lower-level enhancement would be bank stabilization using vegetation, e.g., bioengineering and perhaps
bed form diversity with in-stream structures; however, significant benching and
vegetation beyond the top of the streambank would be limited.
Example of Calculating Debits and Credits
The following is an example of how the templates can be used to calculate debits and
credits from a hypothetical permitted impact site and a mitigation site.
Impact Site
• 500 feet of culvert with 200 feet of downstream impact and 100 feet of upstream
impact. Total impact length is 800 feet.
• The functional condition before disturbance shows a mix of Not-Functioning, Functioning-at-Risk and Functioning scores for Level 2 through 5 parameters. This equals a
Functionality Before Impact score of Moderate (Table 11.9).
• A standard installation approach is used instead of an arch culvert or bridge, so postconstruction functions will include a greater number of Not-Functioning and Functioning-at-Risk scores for Level 2 through 5 parameters. This equals a Moderate
Functional Loss from Table 11.9.
• A Moderate/Moderate score yields a ratio range of 1.3 to 1.5 debits per foot. For this
example, a ratio of 1.5 is used.
• The total debits equal 1.5 X 800 = 1,200 debits. In other words, 1,200 credits are
needed to compensate for the impacts.
• This example could have been broken into three reaches, including upstream of the
culvert, through the culvert, and downstream of the culvert, since the impacts will
likely vary. An example of calculating debits by reach for a culvert installation is
shown in Appendix B.
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Off-Site Mitigation
• A 10,000-foot stream restoration site is located that meets the Restoration 1 criteria. A
Restoration 1 site includes full restoration of Level 2 and 3 functions and the watershed supports Level 4 and 5 functions.
• The pre-restoration condition shows that all parameters in Pyramid Levels 2 and 3
have Not Functioning scores. Parameters in Levels 4 and 5 are Not Functioning or
Functioning-at-Risk.
• The post-restoration condition is predicted to show Functioning scores for Levels 1-5.
The stream is well connected to the floodplain with diverse and complex bed forms
that are representative of the stream type. Riparian buffer is diverse and has sufficient
width to support Level 4 and 5 functions. Since the upstream watershed supports
Level 4 and 5 functions, it is predicted that the project reach will achieve Functioning
scores for Levels 4 and 5 as well.
• This results in a Maximum Lift score, with a credit ratio range of 0.8 to 1.0 credits per foot.
• For this example, a credit ratio of 1.0 is selected.
• The total credits available at this site are 10,000 ft X 1.0 credits/ft = 10,000 credits.
As was mentioned previously, the debits and credits can be modified to meet local conditions and requirements. The debit and credit range selected for these examples was based
on two important factors. First, more credits were provided for scenarios that improved
more functions, i.e., the more functions that are restored, the more credits. Second, a
multiplier is applied to the debits to ensure that debits are never less than the length of
impact. The maximum is 2.2:1, meaning that 2.2 times the amount of impacted length
may be required for mitigation. The multiplier acknowledges the fact that impacts occur
immediately during construction and that mitigation sites take years to reach functional
maturity. Since a portion of credits is released before the site reaches maturity, a greater
amount of mitigation is warranted for temporal losses to stream functions.

11.7

»

STEPS TO DEVELOPING DEBITS AND CREDITS

The following provides general steps for using the Pyramid to develop unique debit
and credit determination methods. These steps also provide guidance on how to collect
the information necessary to complete the templates described above. Actual steps and
tasks will vary based on local needs and conditions, and additional steps will be needed
to meet other 2008 Mitigation Rule requirements. For example, the steps below do not
address how to develop the Prospectus or the Mitigation Banking Instrument.
Steps to Develop Debits Using the Pyramid
1. List types of impacts for the service area, i.e., culvert crossings, channelization, etc.
2. Select key function-based parameters from the Pyramid that are typically associated
with each type of impact. The selected parameters should be based on some form of
function-based assessment.
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3. Select the appropriate measurement method for each parameter, e.g., simple and
rapid-based or more complex and time intensive. This selection should be based on
the severity of the impact and difficulty in predicting functional loss.
4. Perform function-based assessment on stream reach proposed to be impacted.
5. Record values for each measurement method and use the performance standards to
determine if the function-based parameter is Functioning, Functioning-at-Risk and
Not Functioning. Record values on Debit Template 1 (Table 11.5).
6. Provide justification for the selection of function-based parameters and measurement
methods in Debit Template 2 (Table 11.6).
7. Develop overall scoring method (optional). Note: This document does not provide a
scoring method that combines parameters, their measurement method and performance standard into an overall index of stream function. The document does show a
method for calculating debits without this overall score; however, a function index
might be a helpful tool for future use.
8. Determine overall baseline condition using scoring method developed in step 6, or
refer to the debit calculation method shown in Debit Template 3 (Table 11.9).
9. Calculate overall debits for site. The formula used in this document is the debit ratio
multiplied by the impacted stream length.
Steps to Develop Credits Using the Pyramid
1. Develop or use existing watershed management plans for each service area. Locate
areas of water quality impairment and stream degradation. Determine the causes of
impairment. Also locate areas of high water quality and healthy stream channels.
Use the plan to identify stream reaches that can produce high-quality mitigation and,
if possible, support the overall improvement of the watershed.
2. Based on the watershed management plan, determine the different types of techniques required to improve watershed health, e.g., stormwater BMPs, stream restoration, stream enhancement, riparian corridor preservation.
3. Perform a function-based assessment of the potential project reach.
4. Determine the restoration potential based on the assessment, watershed condition
and constraints.
5. Establish function-based design goals and objectives.
6. Select key parameters from the Pyramid based on the assessment and restoration
potential. Select parameters that are expected to change as a result of the restoration
or enhancement activity.
7. Select the appropriate measurement method for each parameter, e.g., simple and
rapid-based or more complex and time intensive. This selection should be based on
the level of effort required to show functional lift.
8. Record the function-based parameter, measurement method and scores using the
performance standards on Credit Template 1 (Table 11.6).
9. Provide justification for selecting the parameters and measurement methods on Credit
Template 2 (Table 11.8).
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10. Develop overall scoring method (optional). Note: This document does not provide a
scoring method that combines parameters, their measurement method and performance standard into an overall index of stream function. The document does show a
method for calculating credits without this overall score; however, a function index
would be a helpful tool for future use.
11. Determine overall baseline condition using scoring method developed in step 10, or
refer to the credit calculation method shown in Tables 11.10 and 11.11.
12. Calculate overall credits predicted for the site. The formula used in this document is
the credit ratio multiplied by the restored or enhanced stream length.
13. Develop a monitoring plan to verify that the functional lift meets or exceeds the
performance standards.
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GEOMORPHOLOGY » FUNCTION: Transport of wood and sediment to create diverse bed forms and dynamic
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1. Technique

2. Tool
3. Tool
4. Assessment
approach

1. Bulletin 17b
1. Flow Duration
Curve
2. Crest Gauge
3. Monitoring
Devices
4. Rapid Indicators

Flood Frequency
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Flow Duration

1. Technique

1. Tool
2. Tool
3. Technique

1. Rational Method
2. HEC-HMS
3. USGS Regional
Regression
Equations

Precipitation/
Runoff
Relationship

1. Technique

TYPE

1. Regional Curves

MEASUREMENT
METHOD

Channel-Forming
Discharge

PARAMETER

HYDROLOGY

1. Moderate to
Intensive,
dependent on
data source
2. Rapid
3. Intensive
4. Rapid

1. Moderate

1. Rapid
2. Moderate
3. Rapid

1. Rapid to
Intensive,
dependent on
curve

LEVEL OF EFFORT

2. Simple
3. Moderate
4. Simple

1. Moderate/
Complex

3. Complex

1. Moderate
2. Complex
3. Moderate

1. Simple to
Complex,
dependent on
curve

LEVEL OF COMPLEXITY

2. Indirect
3. Direct
4. Indirect

1. Direct/
Indirect

1. Direct

1. Indirect
2. Indirect
3. Indirect

1. Indirect

ASSESSMENT OF
PARAMETER

c. PARAMETER & MEASUREMENT METHOD TABLE
(Details about the categories for the measurement methods, including type, level of effort, level of complexity, and direct/
indirect assessment , are provided in Chapter 4. The parameters and measurement methods shown here are examples. Additional parameters and measurement methods can be added based on user needs. Refer to Chapter 4 for instructions on how
to add parameters and measurement methods.)
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1. Tool
2. Tool
3. Tool

3. Metric

3. Stream Power
1. Piezometers
2. Tracers
3. Seepage Meters

2. Metric

2. Shear Stress

Groundwater/
SurfaceWater
Exchange

1. Metric

1. Intensive
2. Intensive
3. Intensive

1. Moderate/
Intensive
2. Moderate/
Intensive
3. Moderate/
Intensive

3. Intensive

3. Technique

1. Stream Velocity

2. Rapid/Moderate

2. Technique

Flow Dynamics

1. Rapid/Moderate

LEVEL OF EFFORT

1. Technique

TYPE

1. Bank Height
Ratio
2. Entrenchment
Ratio
3. Stage Versus
Discharge

MEASUREMENT
METHOD

Floodplain
Connectivity

PARAMETER

HYDRAULICS

c. PARAMETER & MEASUREMENT METHOD TABLE
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1. Complex
2. Complex
3. Complex

1. Moderate/
Complex
2. Moderate/
Complex
3. Moderate/
Complex

1. Simple/Moderate
2. Simple/Moderate
3. Complex

LEVEL OF COMPLEXITY

1. Direct
2. Direct
3. Direct

3. Direct

2. Direct

1. Direct

3. Indirect

2. Direct

1. Direct

ASSESSMENT OF
PARAMETER
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1. Assessment
approach
2. Assessment
approach

1. Wohl LWD
Assessment
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2. Large Woody
Debris Index

2. Moderate

1. Rapid/Moderate

3. Tool

Large Woody
Debris Transport
and Storage

3. Rapid/Moderate

2. Tool

3. Moderate/
Complex

3. Moderate/
Intensive

2. Moderate

1. Simple/Moderate

3. Simple/Moderate

1. Moderate/
Complex
2. Complex

1. Simple to
Complex,
dependent on
curve availability
2. Moderate

LEVEL OF COMPLEXITY

1. Rapid to
Intensive,
dependent on
curve availability
2. Moderate

LEVEL OF EFFORT

1. Moderate/
Intensive
2. Intensive

1. Tool

2. Technique/
Tool
3. Tool

2. Required Depth
and Slope
3. Spreadsheets
and Computer
Models
1. Computer
Models
2. FLOWSED and
POWERSED
3. BAGS

1. Technique

TYPE

1. Shear Stress
Curve

MEASUREMENT
METHOD

Sediment
Transport
Capacity

Sediment
Transport
Competency

PARAMETER

GEOMORPHOLOGY

c. PARAMETER & MEASUREMENT METHOD TABLE
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1. Direct for
storage and
Indirect for
transport
2. Direct for
storage and
Indirect for
transport

3. Indirect

2. Indirect

1. Indirect

3. Indirect

2. Indirect

1. Indirect

ASSESSMENT OF
PARAMETER
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1. Meander Width
Ratio
2. BEHI / NBS

Bank Migration/
Lateral Stability
3. Bank Pins
4. Bank Profiles
5. Cross-Sectional
Surveys
6. Bank Stability
and Toe Erosion
Model

1. Simon Channel
Evolution Model
2. Rosgen Stream
Type Succession
Scenarios

MEASUREMENT
METHOD

Channel Evolution

PARAMETER

GEOMORPHOLOGY

1. Rapid/Moderate
2. Moderate/
Intensive
3. Intensive
4. Intensive
5. Intensive
6. Intensive

2. Technique/
Tool
3. Technique
4. Technique
5. Technique
6. Tool

2. Moderate

2. Technique

1. Technique

1. Rapid/Moderate

LEVEL OF EFFORT

1. Technique

TYPE

c. PARAMETER & MEASUREMENT METHOD TABLE
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6. Complex

3. Moderate
4. Moderate
5. Moderate

2. Moderate

1. Simple

2. Moderate

1. Simple/Moderate

LEVEL OF COMPLEXITY

6. Indirect

3. Direct
4. Direct
5. Direct

2. Indirect

1. Indirect

2. Indirect

1. Indirect

ASSESSMENT OF
PARAMETER
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Riparian
Vegetation

PARAMETER

7. Proper
Functioning
Condition (PFC)
8. NRCS Visual
Assessment
Protocol
9. Rapid
Bioassessment
Protocol
10. Watershed
Assessment of
River Stability
and Sediment
Supply
(WARSSS)
11. USFWS Stream
Assessment
Ranking Protocol
(SAR)

3. Technique

3. Buffer
Composition
4. Buffer Age
5. Buffer Growth
6. Canopy Density
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10. Intensive

11. Rapid

11. Assessment
approach

9. Rapid

9. Assessment
approach
10. Assessment
approach

8. Rapid

1. Rapid
2. Moderate/
Intensive
3. Moderate/
Intensive
4. Intensive
5. Intensive
6. Moderate/
Intensive
7. Rapid

LEVEL OF EFFORT

8. Assessment
approach

7. Assessment
approach

4. Technique
5. Technique
6. Technique

1. Technique
2. Technique

TYPE

1. Buffer Width
2. Buffer Density

MEASUREMENT
METHOD

GEOMORPHOLOGY

c. PARAMETER & MEASUREMENT METHOD TABLE
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11. Simple

10. Complex

9. Simple

8. Simple

7. Simple

4. Moderate
5. Moderate
6. Moderate

3. Moderate

1. Simple
2. Moderate

LEVEL OF COMPLEXITY

11. Indirect

10. Indirect

9. Indirect

8. Indirect

7. Indirect

4. Direct
5. Direct
6. Direct

3. Direct

1. Indirect
2. Direct

ASSESSMENT OF
PARAMETER
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1. Size Class Pebble
Count Analyzer
2. Riffle Stability
Index (RSI)

Bed Material
Characterization
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Nutrients

Water Quality

PARAMETER

4. Moderate

4. Technique

4. Metric
5. Metric

4. pH
5. Turbidity

2. Technique

1. Technique

3. Metric

3. Conductivity

1. Field test kits
using reagents
reactions
2. Laboratory
analysis

1. Metric
2. Metric

TYPE

2. Technique

2. Intensive

1. Rapid for
screening

5. Rapid/Intensive

4. Rapid /Intensive

3. Rapid/ Intensive

1. Rapid/Intensive
2. Rapid/Intensive

LEVEL OF EFFORT

1. Moderate/
Intensive
2. Moderate/
Intensive

2. Moderate
3. Rapid/Moderate

2. Technique
3. Technique

1. Tool

1. Rapid/Moderate

LEVEL OF EFFORT

1. Technique

TYPE

1. Temperature
2. Dissolved
Oxygen

MEASUREMENT
METHOD

PHYSICOCHEMICAL

1. Percent Riffle
and Pool
2. Facet Slope
3. Pool-to-Pool
Spacing
4. Depth Variability

MEASUREMENT
METHOD

Bed Form
Diversity

PARAMETER

GEOMORPHOLOGY

c. PARAMETER & MEASUREMENT METHOD TABLE
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2. Complex

1. Simple

1. Simple/Moderate
2. Simple/Moderate
3. Simple/Moderate
4. Simple/Moderate
5. Simple/Moderate

LEVEL OF COMPLEXITY

2. Moderate

1. Moderate

4. Moderate

2. Moderate
3. Moderate

1. Moderate

LEVEL OF COMPLEXITY

2. Direct

1. Direct

5. Direct

4. Direct

3. Direct

1. Direct
2. Direct

ASSESSMENT OF
PARAMETER

2. Indirect

1. Direct

4. Direct

2. Indirect
3. Indirect

1. Direct

ASSESSMENT OF
PARAMETER
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1. Laboratory
analysis
1. Taxonomic
Methods
2. Non-Taxonomic
Methods
3. Biological
Indices
1. Taxonomic
Methods
2. Non-Taxonomic
Methods
3. Biological
Indices
1. Taxonomic
Methods
2. Non-Taxonomic
Methods
3. Biological
Indices
1. Taxonomic
Methods
2. Non-Taxonomic
Methods
3. Biological
Indices
1. Spatial Analysis
2. Species Tracking
3. Habitat Models

Microbial
Communities

Macrophyte
Communities

Benthic
Macroinvertebrate
Communities

Fish Communities

Landscape
Connectivity

MEASUREMENT
METHOD

Organic Carbon

PARAMETER

BIOLOGY
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1. Intensive
2. Intensive
3. Intensive

3. Moderate/
Intensive

3. Assessment
approach
1. Technique
2. Technique
3. Technique

2. Intensive

2. Technique

3. Moderate/
Intensive

3. Assessment
approach

1. Intensive

2. Intensive

2. Technique

1. Technique

1. Intensive

3. Moderate/
Intensive

3. Assessment
approach
1. Technique

2. Intensive

2. Technique

3. Moderate/
Intensive

3. Assessment
approach
1. Intensive

2. Intensive

2. Technique

1. Technique

1. Intensive

1. Intensive

LEVEL OF EFFORT

1. Technique

1. Technique

TYPE

c. PARAMETER & MEASUREMENT METHOD TABLE
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1. Complex
2. Complex
3. Complex

3. Moderate/
Complex

2. Complex

1. Complex

3. Moderate/
Complex

2. Complex

1. Complex

3. Moderate/
Complex

2. Complex

1. Complex

3. Moderate/
Complex

2. Complex

1. Complex

1. Complex

LEVEL OF COMPLEXITY

1. Direct
2. Direct
3. Direct

3. Indirect

2. Direct

1. Direct

3. Indirect

2. Direct

1. Direct

3. Indirect

2. Direct

1. Direct

3. Indirect

2. Direct

1. Direct

1. Direct

ASSESSMENT OF
PARAMETER
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Flow Dynamics

Floodplain
Connectivity

PARAMETER

HYDRAULIC

1.0 to 1.2

FUNCTIONING

4 to 6

Bankfull Velocity for B
stream types (ft/s)

3 to 6

Bankfull Velocity for C
and E stream types
(ft/s)
<3

Project site Q/Qbkf
plots on the curve

Dimensionless rating
curve

Bankfull Velocity for Cc
(ft/s)

> 1.4

Entrenchment Ratio
(ER) for B and Bc
Stream Types

6 to 7

3 to 4

6 to 7

Project site Q/Qbkf
plots above the
curve

1.2 to 1.4

2.0 to 2.2

1.3 to 1.5

FUNCTIONINGAT-RISK

PERFORMANCE STANDARD

Entrenchment Ratio
> 2.2
(ER) for C and E Stream
Types

Bank Height Ratio
(BHR)

MEASUREMENT
METHOD

Rosgen, 2001
(proceedings) and
1994 (book)

>7

>5

>7
Dunne and
Leopold 1978
(book)

Project site Q/Qbkf Dunne and
of 2.0 plots above Leopold 1978
1.6 for d/dbkf
(book)

< 1.2

< 2.0

> 1.5

NOT
FUNCTIONING

SOURCE

d. PERFORMANCE STANDARDS TABLE
Notes:
1. Since there are no Hydrology Performance Standards, there is not a Hydology Summary Table
2. Many of the performance standard values, especially the dimensionless ratios, should be considered as examples that can
be modified based on regional differences in reference conditions.
3. Great care should be taken when selecting measurement methods and performance standards. Refer to Chapters 6-10 and
the associated references before selecting measurement methods and performance standards.
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Channel
Evolution

Large Woody Debris
Index (LWDI)

Large Woody
Debris

Eb, B
C
C

7. Eb→G→B
8. C→G→F→D→C
9. C→G→F→C
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3. Degradation

G,F, Fourth C

F

A,G, F

G, F

G, F, D

G

G, Fb

Gc, F

G, F

D, Gc, F

D

Gc, F



C→G and C→C

C→F

E→A and F→C

C→G and F→C

C→G and D→C

Eb→G and G→B

B→G and Fb→B

E→Gc and F→C

C→G and F→Bc

C→D and F→C

C→D and D→C

C→Gc and F→C

SOURCE

Simon 1989
(journal)

Rosgen 2010
(conference
workshop)

LWDI of project
Davis et al., 2001
reach does not
(USFS Technical
equal LWDI of
Report)
reference reach
and is not trending
in that direction.

NOT
FUNCTIONING

2. Channelized



Simon Channel Evolution Model Stages

First and last C

B

6. B→G→Fb→B

12. C→G→F→C→C→C

E, C

5. E→Gc→F→C→E

First and last C

C, Bc

4. C→G→F→Bc

11. C→F→C→F→C

C

3. C→D→Gc→F→C

E

C

2. C→D→C

10. E→A→G→F→C→E

E, C

1. E→C→Gc→F→C→E

1. Sinuous, premodified

FUNCTIONINGAT-RISK

LWDI of project
LWDI of project
reach equals LWDI reach does not
of reference reach. equal LWDI of
reference reach,
but is trending in
that direction.

FUNCTIONING

PERFORMANCE STANDARD

Rosgen’s Stream Type Succession Scenarios

MEASUREMENT
METHOD

PARAMETER

GEOMORPHOLOGY

d. PERFORMANCE STANDARDS TABLE
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Bank Migration/
Lateral Stability

Channel
Evolution

PARAMETER



Simon 1989
(journal)

SOURCE

≥ 3.5 (based on
reference reach
surveys)
Very low to
Moderate NBS
Very low to Low
NBS
N/A

N/A
Erosion rate is
similar to
reference reach
values, generally
< 0.1 ft/yr

Meander Width Ratio
for C and E stream
types

Lateral Erosion rate –
Low BEHI Curve

Lateral Erosion rate –
Moderate BEHI Curve

Lateral Erosion rate –
High and Very High
BEHI Curve

Lateral Erosion rate –
Extreme BEHI Curve

Lateral Erosion Rate
(Bank Pins and Bank
Profiles)

0.1 to 0.5 ft/yr

Low NBS

Low to Moderate
NBS

Low to High NBS

Moderate to Very
High NBS

3.0 to 3.5 as long
as sinuosity is
≥ 1.2

> 0.5 ft/yr

Low to Extreme
NBS

Moderate to
Extreme NBS

High to Extreme
NBS

Extreme NBS

< than 3.0

Rosgen, 2001
(proceedings)
and 2006 (book)

* Only late Stage 5 of the Simon model, where the stream has begun to construct a new floodplain at a lower elevation,
is considered to be Functioning-at-Risk.

6. Quasi-equilibrium



*

NOT
FUNCTIONING

5. Aggradation and
widening

FUNCTIONINGAT-RISK


FUNCTIONING

PERFORMANCE STANDARD

4. Degradation and
widening

MEASUREMENT
METHOD

GEOMORPHOLOGY

d. PERFORMANCE STANDARDS TABLE
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Riparian
Vegetation

Bank Migration/
Lateral Stability

PARAMETER

Proper Functioning
Condition (PFC)

Canopy Density

Buffer Growth

Buffer Composition

Buffer Age

Proper
Functioning
Condition

Functional At-Risk

Parameter
deviates from
reference reach
condition, limiting
function, but the
potential exists for
full functionality
over time or with
moderate
additional
maintenance.

Parameter is
similar to
reference reach
condition, with no
additional
maintenance
required.

Buffer Density
(Stems/ac)

30 to 150

Meander belt
width at least 3.5
times the bankfull
width plus 10 to 15
feet from outside
of meander bend

> 150

Average Buffer Width
(Ft) C and E Stream
Types

= 1.2 to
1.4

1.0 < Fs > 1.3

w/Dproj
w/Dref

FUNCTIONINGAT-RISK

Buffer Width (Ft) from
Meander belt
Meander Belt Width for width at least 3.5
C and E Stream Types
times the bankfull
width plus ≥ 15
feet from outside
of meander bend

Fs > 1.3

Bank Stability and Toe
Erosion Model

= 1.0 to
1.2

FUNCTIONING

PERFORMANCE STANDARD

Lateral Erosion Rate for w/Dproj
C4 streams (Cross
w/Dref
Sections)

MEASUREMENT
METHOD

GEOMORPHOLOGY

d. PERFORMANCE STANDARDS TABLE
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= > 1.4

Nonfunctional

Significantly less
functional than
reference
condition; little or
no potential to
improve without
significant
restoration effort.

Meander belt
width ≤ 3.5 times
the bankfull width
and/or ≤ 10 feet
from outside of
meander bend

< 30

Fs < 1.0

w/Dproj
w/Dref

NOT
FUNCTIONING

Prichard et al.,
1998 (USFS
Technical Report)

Proposed as an
option in this
document

Meyer et al., 2005
(journal)

Simon and
Langendoen 2006
(proceedings)

SOURCE
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Riparian
Vegetation

PARAMETER

Natural vegetation
extends at least
one to two active
channel widths on
each side, or if
less than one
width, covers
entire floodplain.
(8-10)
Width of riparian
zone > 18 meters;
humans have not
impacted zone.
(Optimal, 9-10)

The EPA Rapid
Bioassessment
Protocol (RBP)

FUNCTIONING

Width of riparian
zone 12-18 meters;
human activities
have minimally
impacted zone.
(Sub-Optimal, 6-8)
Width of riparian
zone 6-12 meters;
human activities
have impacted
zone a great deal.
(Marginal, 3-5)

Natural vegetation
extends at least
one-half to onethird active
channel widths on
each side, or
filtering function
moderately
compromised. (3-5)

FUNCTIONINGAT-RISK

PERFORMANCE STANDARD

NRCS Rapid Visual
Assessment Protocol

MEASUREMENT
METHOD

GEOMORPHOLOGY

d. PERFORMANCE STANDARDS TABLE

APPENDIX A: STREAM FUNCTIONS PYRAMID (CONT.)

Width of riparian
zone < 6 meters;
little or no riparian
vegetation due to
human activity.
(Poor, 0-2)

Barbour et al.,
1999 (EPA
Technical Report)

Natural vegetation NRCS Technical
less than one-third Report
active channel
widths on each
side, or lack of
regeneration, or
filtering function
severly
compromised. (1)

NOT
FUNCTIONING

SOURCE
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Riparian
Vegetation

PARAMETER

USFWS Stream
Assessment Ranking
(SAR)

MEASUREMENT
METHOD

GEOMORPHOLOGY

d. PERFORMANCE STANDARDS TABLE

All three zones of
vegetation exist;
runoff is primarly
sheet flow;
hillslopes < 10%;
hillslopes > 200 ft
from stream;
ponding or
wetland areas and
litter or debris
jams are well
represented.

FUNCTIONING
Only Zone 2 of
vegetation is well
represented;
runoff is equally
sheet and
concentrated flow
(moderate gully
and rill erosion);
hillslopes 20-40%;
hillslopes 50-100 ft
from stream;
ponding or
wetland areas and
litter or debris
jams are
minimally
represented.

FUNCTIONINGAT-RISK

PERFORMANCE STANDARD

APPENDIX A: STREAM FUNCTIONS PYRAMID (CONT.)

No zones of
vegetation well
represented;
runoff is primarily
concentrated flow
(extensive gully
and rill erosion);
hillslopes > 40%;
hillslopes < 50 ft
from stream;
ponding or
wetland areas and
litter or debris
jams are not well
represented or
completely
absent.

NOT
FUNCTIONING
Allen et al., 1999

SOURCE
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Bed Form
Diversity

PARAMETER
FUNCTIONING

60 to 70
4 to 5

5 to 7

> 1.5

> 1.2

Percent Riffle

Pool-to-Pool Spacing
Ratio (Watersheds < 10
mi2)

Pool-to-Pool Spacing
Ratio (Watersheds > 10
mi2)

Depth Variability –
Gravel Bed Streams
(Pool Max Depth Ratio)

Depth Variability –
Sand Bed Streams
(Pool Max Depth Ratio)

1.1 to 1.2

1.2 to 1.5

3.5 to 5 and 7 to 8

< 1.1

< 1.2

< 3.5 and > 8

< 3.0 and > 7

< 40

40 to 60
3 to 4 and 5 to 7

> 80

NOT
FUNCTIONING

70 to 80

FUNCTIONINGAT-RISK

PERFORMANCE STANDARD

Perennial Streams in Alluvial Valleys (C, E)

MEASUREMENT
METHOD

GEOMORPHOLOGY

d. PERFORMANCE STANDARDS TABLE

APPENDIX A: STREAM FUNCTIONS PYRAMID (CONT.)

Rosgen 2006
(book)

Leopold 1994,
Gregory et al.,
1994 journal),
Whittake 1987
(book), Chin 1989
(journal), and
Grant 1990
(journal)

Leopold 1994,
Gregory et al.,
1994 journal),
Whittake 1987
(book), Chin 1989
(journal), and
Grant 1990
(journal)

Professional
Judgement

SOURCE
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Bed Form
Diversity

Bed material
composition

Bed Material
Characterization

Project Reach is
not statistically
different than
reference reach.

FUNCTIONING
N/A

FUNCTIONINGAT-RISK

PERFORMANCE STANDARD

Depth Variability (Pool
Max Depth Ratio)

Pool-to-Pool Spacing
Ratio (Slope between 3
and 5%)

> 1.5

2 to 4

1.2 to 1.5

4 to 6

Moderate Gradient Perennial Streams in Colluvial Valleys

MEASUREMENT
METHOD

PARAMETER

GEOMORPHOLOGY

d. PERFORMANCE STANDARDS TABLE

APPENDIX A: STREAM FUNCTIONS PYRAMID (CONT.)

< 1.2

>6

Project Reach is
statistically
different (finer)
than reference
reach.

NOT
FUNCTIONING

Leopold 1994,
Gregory et al.,
1994 journal),
Whittake 1987
(book), Chin 1989
(journal), and
Grant 1990
(journal)

Leopold 1994,
Gregory et al.,
1994 journal),
Whittake 1987
(book), Chin 1989
(journal), and
Grant 1990
(journal)

Bevenger and
King, 2005 (USFS
Technical Report)

SOURCE
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Water Quality

PARAMETER

pH
Conductivity
Turbidity

DO
Temperature
Turbidity

MEASUREMENT
METHOD

PHYSICOCHEMICAL

d. PERFORMANCE STANDARDS TABLE

FUNCTIONINGAT-RISK

NOT
FUNCTIONING

Representative of
values measured
in reference reach

Representative of
reference reach
and meets species
requirements

A Function-Based Framework » May 2012
Does not support
designated use or
species
requirements

Does not have
representative
reference reach
values or

Is not
representative of
reference reach
and does not
support species
requirements
Statistically
different than
reference reach
and does not
support aquatic
life

Does not support
species
requirements

Is not
representative of
the reference
reach

Meets water
Meets water
Does not meet
quality standards
quality standards
water quality
for designated use for designated use standards

FUNCTIONING

PERFORMANCE STANDARD

APPENDIX A: STREAM FUNCTIONS PYRAMID (CONT.)

Performance
standards have not
been developed for
these parameters
and are therefore
based on reference
reach comparisons
and state water
quality databases.

SOURCE
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Organic Carbon

Nutrients

PARAMETER

Laboratory analysis

Meet reference
reach OC
concentrations

Does not cause
eutrophication
Do not meet
reference reach
OC concentrations

Does not cause
eutrophication

Representative of
reference reach

Laboratory analysis

FUNCTIONINGAT-RISK

Meets water
Meets water
quality standards
quality standards
for designated use for designated
use, but is not
representative of
reference reach

FUNCTIONING

PERFORMANCE STANDARD

Field test kits using
reagents reactions

MEASUREMENT
METHOD

PHYSICOCHEMICAL

d. PERFORMANCE STANDARDS TABLE

APPENDIX A: STREAM FUNCTIONS PYRAMID (CONT.)

Do not meet
reference reach
OC concentrations
and are below a
predetermined
threshold
determined for
adequate organic
processing

Causes
eutrophication

Is not
representative of
the reference
reach

Does not meet
water quality
standards

NOT
FUNCTIONING

Performance
standards have not
been developed for
these parameters
and are therefore
based on reference
reach comparisons
and state water
quality databases.

Performance
standards have not
been developed for
these parameters
and are therefore
based on reference
reach comparisons
and state water
quality databases.

SOURCE
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Macroinvertebrate
Communities

Macrophytes

Periphyton Index of
Biological Integrity
(PIBI)

Microbial
Communities

SOS Multimetric
Index

Virginia Stream
Condition Index

WVSCI Ranges

Family-Level Biotic
Index (FBI) Ranges

Biological Indices

Reference Index (RI)

Mean Trophic Rank
(MTR)

Biological Indices

MEASUREMENT
METHOD

PARAMETER

BIOLOGY

d. PERFORMANCE STANDARDS TABLE
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Acceptable

N/A

Impaired Tier 1

Exceptional to
Similar to Ref.
12-Jul

40-60

Gray Area to Fair

61-100

Very Good to
Good

45-61

Good to Fair

Excellent to Very
Good
68-100

4.26-5.75

-70 to -50

25-65

61-71

FUNCTIONINGAT-RISK

0.00-4.25

-50 to 100

> 65

≥ 72

FUNCTIONING

PERFORMANCE STANDARD

APPENDIX A: STREAM FUNCTIONS PYRAMID (CONT.)

Unacceptable

0-6

Impaired Tier1 & 2

0-40

Poor to Very Poor

0-45

Fairly Poor to Very
Poor

5.76-10.00

< -70

< 25

≤ 60

NOT
FUNCTIONING

Engel and Voshell,
2002

Burton J. and J.
Gerritsen, 2003

Gerritsen et al.,
2000; WVDEP

Hilsenhoff, 1988
(Journal)

Meilenger, 2005
(Journal)

Holmes et al.,
1999 (Technical
Report)

Hill et al., 2000
(Journal)

SOURCE
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Fish Communities

PARAMETER

BIOLOGY

Mid-Western Fish
Community IBI

Mid-Atlantic
Highlands IBI

Biological Indices

MEASUREMENT
METHOD

d. PERFORMANCE STANDARDS TABLE

40-44
Fair

Good to Excellent

Fair

IBI = 56 to 71

FUNCTIONINGAT-RISK

48-60

Good to Excellent

IBI > 72

FUNCTIONING

PERFORMANCE STANDARD

APPENDIX A: STREAM FUNCTIONS PYRAMID (CONT.)

Poor to No Fish

0-34

Poor

IBI < 56

NOT
FUNCTIONING

Karr et al., 1986

McCormick et al.,
2001

SOURCE
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APPENDIX B: APPLICATION SCENARIOS
APPLICATION: STREAM DEBIT AND CREDIT DETERMINATION SCENARIOS
The purpose of Appendix B is to illustrate how the Stream Functions Pyramid and its
associated measurement methods and performance standards can be used as an aid in
developing debit and credit determination methods for a variety of impact and restoration
scenarios. A description of the debit and credit determination method is provided in
Chapter 11, and the examples are shown below. These examples are not from actual
permit applications or restoration projects. Rather, they are generic, yet realistic scenarios
that are used to demonstrate how the debit and credit templates can be applied to a range
of scenarios. They are broad based and lack the specificity needed for an actual debit/
credit determination method. The purpose of these examples is to generate ideas about
how function-based parameters, measurement methods and performance standards can
be used in stream mitigation Standard Operating Procedures (SOPs).
The impact or debit scenarios include:
1. Culvert installations;
2. Channelization and bank hardening; and
3. Surface mining of high gradient streams.
The restoration or credit scenarios include:
1. Restoration of incised streams;
2. Restoration of stream flow for channels that have excessive water withdrawal;
3. Salmonid fish passage and habitat restoration; and
4. Restoration of high gradient, headwater streams.
Permitted Impact Scenarios (Debits)
Scenario 1: Culvert Installations
The following is a typical example of a new rural road and culvert installation with a
stable, healthy upstream watershed. The post-impact condition is based on typical results
of culvert installation and can be modified based on actual results or more quantitative
assessments. Table B1A shows the typical impacts associated with culvert installations.
Table B2a provides a narrative to support the data shown in table B1A, including the
rationale for selecting the parameters. Table B3a shows how debits could be calculated for
the permitted impact caused by the culvert installation.
Example Scenario
A permit application has been submitted to install a 60-inch diameter culvert for 500
feet of stream length. This is a standard culvert installation and the impact is predicted to
extend 200 feet downstream and 100 feet upstream of the culvert for a total impact
length of 800 feet. Upstream and downstream impacts are included based on hydraulic
modeling analysis and impacts associated with past installations in the region. If other
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culvert installation approaches, e.g., floodplain culverts, are used, the impact length could
be reduced to the pipe length.
The upstream watershed has a drainage area of two square miles with a mix of agricultural and suburban land uses. The rainfall/runoff relationship is moderately stable and
is not expected to significantly change in the near future. The channel is mildly incised
with a Bank Height Ratio of 1.1; however, the channel was straightened in the past,
creating a sinuosity of near 1.0. This has resulted in poor bed form diversity and a rifflepool percentage of 90:10 and pool depth ratios less than 1.5. A vegetative buffer of 50 feet
on each side of the channel is providing bank stability and cover, and is an effective filter
from adjacent land uses. As a result, the basic water quality is representative of reference
reach streams in the region; however, macroinvertebrate and fish communities do not
reflect reference conditions due to poor habitat.
Degradation is expected to occur for 200 feet downstream of the culvert. The Bank
Height Ratio will increase to 2.5 and the entrenchment ratio will decrease to 1.2. Bed
form diversity will remain poor and riffle dominated with a few shallow pools. Some
trees along the streambank are predicted to fall due to the high streambanks and large
volume of water now carried by the channel. Lateral erosion is predicted to be moderate.
Aggradation is expected to occur for 100 feet upstream of the culvert. The Bank Height
Ratio decreases to 1.0 and sand covers the riffles and fills the pools creating a plane bed.
The vegetation remains intact.
Referring to Table B1A, the pre-disturbance condition is a mix of Functioning, Functioning-at-Risk, and Not Functioning scores for Levels 2-5. Therefore, the Functionality
Before Impact Category (Table BD1c) is Moderate. The post-disturbance condition,
shown on Table BD1a, indicates that most parameters will be Not Functioning through
the culvert and downstream. Impacts are less upstream of the culvert with some parameters remaining as Functioning and a few becoming Not Functioning. Therefore, the
culvert and downstream section will be evaluated together as a 700 foot impact with
High Functional loss. The 100-foot upstream section has mostly Functioning scores
with a few Not Functioning scores and is assessed with a Moderate Functional Loss.
Scenario 2: Channelization and Bank Hardening
A permit application has been submitted to straighten and “improve” 1,000 linear feet
of stream channel. The “improvement” includes dredging (lowering) and widening the
channel to carry the 100-year discharge. The bed material will remain with natural
gravel, but the streambanks will be graded to a 2:1 slope and protected with rip rap.
Backyard lawns will extend outward from the top of the streambank.
The existing channel is moderately incised with a bank height ratio of 1.4. The channel is located in an alluvial valley and has a sinuosity of 1.3 and alternating riffles (70%)
and pools (30%). The pools are generally 2 to 2.5 times deeper than the riffles. A 10-foot
riparian buffer of mature hardwood trees is present on both sides of the channel, providing bank stability and cover over the channel.
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3–
Geomorphology

2 – Hydraulics

Not affected

1 – Hydrology

Pool Max Depth
Ratio
Size Class
Pebble Count
Analyzer

< 1.5

Percent Riffle &
Pool

Bed Form
Diversity

Bed Material
Characterization

90:10

Rapid
Bioassessment
Protocol

Riparian
Vegetation

Same as
upstream

8

Low

BEHI/NBS

Lateral Stability

C or E

> 2.2

1.1

Functioning

Functioningat-Risk

Not
Functioning

Functioningat-Risk

Functioning

Functioning

Functioning

Functioning

Finer – upstream
of culvert
Same –
Downstream

< 1.2

90:10 to 100%
riffle

0 through culvert
8 – Upstream
6 – Downstream

Low – Upstream
Moderate to high
downstream

G downstream

C or E upstream

Not Functioning
upstream and culvert
Functioning
Downstream

Not Functioning

Not Functioning

Functioning upstream;
Not Functioning through
culvert and downstream

Functioning upstream;
Not Functioning
Downstream

Functioning upstream;
Not Functioning through
culvert and downstream

> 2.2 – Upstream Functioning upstream;
1.2 – Downstream Not Functioning through
culvert and downstream

1.0 – Upstream
Functioning upstream;
2.5 – Downstream Not Functioning through
culvert and downstream

RATING

VALUE

VALUE

RATING

PREDICTED POST-DISTURBANCE
CONDITION

PRE-DISTURBANCE
CONDITION

Rosgen

Entrenchment
Ratio

Bank Height
Ratio

MEASUREMENT
METHOD

Channel Evolution

Floodplain
Connectivity

PARAMETER

LEVEL AND
CATEGORY

TABLE BD1a DEBIT TEMPLATE 1: FUNCTIONAL LOSS DETERMINATION
Table BD1a is completed by interpreting the information from the paragraph above and selecting parameters, measurement
methods and performance standards from Appendix A.
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Hilsenhoff Biotic
Index (HBI)
Index of Biotic
Integrity (IBI)

Macroinvertebrate
Communities

Fish Communities

5 – Biology

Dissolved
Oxygen (mg/l)

Water Quality

4–
Physicochemical

MEASUREMENT
METHOD

PARAMETER

LEVEL AND
CATEGORY

Poor

6

Same as
upstream

Not
Functioning

Not
Functioning

Functioning

Poor

8

Lower than
upstream

Not Functioning

Not Functioning

Not Functioning

RATING

VALUE

VALUE

RATING

PREDICTED POST-DISTURBANCE
CONDITION

PRE-DISTURBANCE
CONDITION

TABLE BD1a DEBIT TEMPLATE 1: FUNCTIONAL LOSS DETERMINATION (CONT.)
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TABLE BD1b DEBIT TEMPLATE 2: PRE- AND POST-DISTURBANCE CONDITIONS AND RATIONALE
Describe Pre- and Post-Disturbance Condition and Rationale for Selecting Parameters
Hydrology – The watershed hydrology is stable and is not expected to change. Therefore,
Hydrology parameters were not selected.
Hydraulics – The existing channel is mildly incised and has access to a wide alluvial
floodplain, i.e., there is floodplain connectivity. In this example, the culvert will likely
cause channel incision downstream of the culvert, and bank height ratios are likely to
increase, causing a Not Functioning score. The culvert will provide grade control for the
upstream channel and the bank height ratio may decrease because of aggradation.
Geomorphology – The existing channel is a stable Rosgen C or E stream type that has
been straightened, i.e., in this case, a low sinuosity will not change the stream type. The
streambanks are stable with minimal bank erosion. There is a riparian buffer of
bottomland hardwood trees. The upstream watershed and stream reach is stable. The
bed form is riffle dominated due to past channelization. The channel is predicted to
remain a C stream type upstream and change to a Gc downstream. Lateral stability will
decrease from Functioning to Not Functioning due to channel incision downstream of the
culvert. The riparian vegetation is totally removed along the length of the culvert and,
therefore, would score Not Functioning. However, the riparian buffer remains intact
upstream of the culvert (Functioning). Bed form diversity is altered upstream and
downstream of the culvert. Upstream of the culvert, pools fill in with sediment during
aggradation. This decreases depth variability and shifts the substrate distribution curve
towards sand size material, which in this case is finer than the upstream riffle material.
Channel incision downstream, along with a decrease in Width/Depth ratio, causes the
riffles to erode and drain the pools. This creates a plane bed form.
Physicochemical – Since the upstream watershed is stable and there is an existing
bottomland forest, the basic water quality parameters are Functioning. The only water
quality parameter selected to measure is Dissolved Oxygen (DO). The other parameters
will likely not be impacted to the point where their functioning score would be
significantly different from the upstream reference reach or violate water quality
standards. Due to the reduction in depth variability and bed form diversity, DO may shift
from Functioning to Not Functioning.
Biology – Due to poor bed form diversity and riparian vegetation prior to culvert
installation, macroinvertebrate and fish communities are Not Functioning before and after
the disturbance.
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TABLE BD1c DEBIT TEMPLATE 3: DEBIT REQUIREMENTS
PREDISTURBANCE
CONDITION

POST-DISTURBANCE CONDITION
NO FUNCTIONAL
LOSS

Low (Mix of
Functioningat-Risk and
Not
Functioning)

(Postdisturbance
Moderate (Mix
condition
of Functioning,
matches
Functioningpre-disturbance
at-Risk, and
condition)
Not
Functioning)

High
(Functioning)

No mitigation
required

LOW TO MODERATE
FUNCTIONAL LOSS

MODERATE TO
HIGH FUNCTIONAL
LOSS

Greater number of
Functioning-at-Risk
and Not
Functioning Scores

Mostly NotFunctioning
Scores

1.1 to 1.2

1.2 to 1.3

Loss of Functioning
scores and/or
greater number of
Functioning-at-Risk
and Not
Functioning Scores

Mix of
Functioning-atRisk and Not
Functioning
Scores

1.3 to 1.5

1.5 to 1.7

Mix of Functioning,
Functioning-atRisk, and Not
Functioning Scores

Mix of
Functioning-atRisk and Not
Functioning
Scores

1.7 to 1.9

2.0

DEBIT
ADJUSTMENT
(+/-)

0.1

0.1

0.2

The overall calculations are shown below. The total debits calculated for this impact is 1260.
REACH

LENGTH
(FT)

CATEGORY FROM
TABLE B3

DEBIT RATIO TOTAL
(DEBITS/FT)

Upstream

100

Moderate /
Moderate

1.4

100 X 1.4 = 140

Culvert and Downstream

700

Moderate / High

1.6

700 X 1.6 = 1120

Total

800

1120 + 140 = 1260

The upstream watershed is rural to suburban and moderately stable without major
point sources of pollution. Nonpoint source pollution includes runoff from existing yards,
homes, and secondary roads. These land uses have not caused significant increases to the
rainfall/runoff relationship. A healthy community of benthic organisms and small native
fish lives in the stream. Temperature and DO levels are representative of reference streams.
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5 – Biology

4–
Physicochemical

2 – Hydraulics

Fish Communities

Macroinvertebrate
Communities

Same as
reference

Same as
reference

Index of Biotic
Integrity (IBI)

Good

Family Level Biotic 4
Index (FBI)

Temperature

Dissolved Oxygen

2 – 2.5

Pool Max Depth
Ratio
Water Quality

70:30

Percent Riffle &
Pool

Bed Form
Diversity

10

Average buffer
width

Riparian
Vegetation

1.4

Functioning

Functioning

Functioning

Functioning

Functioning

Functioning

Not
Functioning

Functioningat-Risk

Not
Functioning

Not
Functioning

Not
Functioning

Not
Functioning

Poor

8

Not
Functioning

Not
Functioning

Is not representative Not
of reference reach
Functioning
and does not meet
species requirements

Is not representative Not
of reference reach
Functioning
and does not meet
species requirements

< 1.2

90:10 to 100% riffle

0

>2

RATING

VALUE

VALUE

RATING

PREDICTED POST-DISTURBANCE
CONDITION

PRE-DISTURBANCE
CONDITION

Bank Height Ratio

Not affected

1 – Hydrology

MEASUREMENT
METHOD

Floodplain
Connectivity

PARAMETER

LEVEL AND
CATEGORY

TABLE BD2a DEBIT TEMPLATE 1: FUNCTIONAL LOSS DETERMINATION
Table BD2a is completed by interpreting the information from the paragraph above and selecting parameters, measurement
methods and performance standards from Appendix A.
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TABLE BD2b DEBIT TEMPLATE 2: PRE- AND POST-DISTURBANCE CONDITIONS AND RATIONALE
Describe Pre- and Post-Disturbance Condition and Rationale for Selecting Parameters
Hydrology – The watershed hydrology is stable and is not expected to change. Therefore,
Hydrology parameters were not selected.
Hydraulics – The pre-disturbance Bank Height Ratio was provided in the summary report
as 1.4, which is Functioning-at-Risk. The predicted post-disturbance ratio was not
provided; however, it was stated that the channel would be designed to carry the 100-yr
discharge. A Bank Height Ratio much greater than 2.0 is required to carry that amount of
water and would be Not Functioning for floodplain connectivity.
Geomorphology – Information about the width of the riparian vegetation and bed form
diversity (percent riffle/pool and depth variability) were provided in the summary report.
Due to a narrow buffer width, the pre-disturbance condition is Not Functioning for
riparian vegetation. Bed form diversity is Functioning. In order to transport water as
quickly as possible, it is predicted that the buffer will be maintained as rip rap and maybe
grass. Therefore, the riparian vegetation will remain Not Functioning. The channel will
also be straightened and designed with a uniform cross section and profile, eliminating
pool features. Therefore, a Not Functioning score is given to both bed form diversity
measures.
Physicochemical – The summary report stated that the pre-disturbance DO and
temperature levels matched the reference reach, which is a Functioning score. The postdisturbance condition is predicted to be Not Functioning due to the lack of buffer and pool
features, and an overly wide channel, all of which contribute to higher stream
temperatures and therefore lower DO levels.
Biology – The summary report states that a healthy community of benthic organisms and
small native fish live in the stream pre-disturbance. Due to the removal of pool habitat
and the decline in water quality, the post-disturbance score is Not Functioning.

Referring to Table BD2a, the majority of the pre-disturbance parameters are Functioning. The riparian vegetation is the only Not Functioning parameter and Floodplain Connectivity is Functioning-at-Risk. Using Table BD2c, this provides a Functionality Before
Impact score of Moderate, but it would be the high end of Moderate. Table BD2a shows
that the predicted post-disturbance condition is mostly Not Functioning with only one
measurement method, conductivity, scoring a Functioning-at-Risk. This equals a High
Functional Loss on Table BD2c. A Moderate/High yields a debit ratio range of 1.5 to 1.7.
Since the pre-disturbance condition was on the higher end of Moderate, the 1.7 ratio is
used. Therefore, the total debits for this site is 1,000 linear feet X 1.7 = 1,700 debits.
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TABLE BD2c DEBIT TEMPLATE 3: DEBIT REQUIREMENTS
PREDISTURBANCE
CONDITION

Low (Mix of
Functioning-atRisk and Not
Functioning)
Moderate (Mix
of Functioning,
Functioning-atRisk, and Not
Functioning)

High
(Functioning)

POST-DISTURBANCE CONDITION
NO FUNCTIONAL
LOSS

LOW TO MODERATE
FUNCTIONAL LOSS

MODERATE TO
HIGH
FUNCTIONAL
LOSS

Greater number of
Functioning-at-Risk
and Not
Functioning Scores
1.1 to 1.2

Mostly NotFunctioning
Scores
1.2 to 1.3

(Postdisturbance
condition
Loss of Functioning
matches
scores and/or
pre-disturbance
greater number of
condition)
Functioning-at-Risk
and Not
No mitigation
Functioning Scores
required
1.3 to 1.5
Mix of Functioning,
Functioning-atRisk, and Not
Functioning Scores
1.7 to 1.9

Mix of
Functioning-atRisk and Not
Functioning
Scores
1.5 to 1.7
Mix of
Functioning-atRisk and Not
Functioning
Scores
2.0

DEBIT
ADJUSTMENT
(+/-)

0.1

0.1

0.2

Scenario 3: Surface Mining of High Gradient Streams
A permit has been submitted to impact 10,000 feet of headwater streams related to a
large surface mine. The streams are all located in v-shaped and colluvial valleys and are
classified as Rosgen A and B stream types. The streams are vertically and laterally stable
with appropriate access to a floodprone area. The bank height ratio is 1.0 and the entrenchment ratio is 1.5. Bed form diversity is characterized by step-pools comprised of
cobbles, boulders and large woody debris (LWD). Pool depths are typically greater than
1.5 times the mean riffle depth. Pool to pool spacing is less than 4 times the bankfull
width. The riparian buffer spans the entire width of the valley and includes most of the
hillslope as well. Buffer composition is characterized by a mature hardwood forest that
totally covers the channel with an appropriate understory and minimal invasive species.
Water quality is excellent with temperature, DO, pH, and conductivity levels representative of reference conditions. Large woody debris and smaller sticks and leaves can be
found in the channel and on the floodprone area in quantities that are representative of
reference conditions. Macroinvertebrate and small fish communities are also representative of reference conditions for small headwater channels.
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The permitted surface mining operation requires the complete removal of the natural
stream channel and associated riparian vegetation during mining. Stormwater BMPs,
erosion control devices, and drainage channels will be constructed to comply with federal
and state regulations; however, these practices do not prevent the loss of many stream
functions. The new drainage channels will carry a 100-year discharge, which is much
larger than the bankfull discharge. The channel bed and banks will be stabilized with rip
rap. A uniform channel dimension and profile will be designed and constructed. Temporary vegetation will be established to provide erosion control. The post-disturbance
water quality is predicted to increase conductivity and temperature and reduce pH and
DO levels. The system will be devoid of LWD and smaller organic material. Macroinvertebrate and fish communities will not be representative of reference conditions.
From Table BD3a, the pre-disturbance condition is high with Functioning scores in all
five Levels. This equals a High for Functionality Before Impact in Table BD3c. Again
from Table BD3a, the post-disturbance condition shows mostly Not Functioning scores in
all five Levels. This equals a High Functional Loss in Table BD3c. A High/High yields a
debit ratio of 2.0 debits per foot. Therefore, the total debits are 10,000 ft X 2.0 debits/ft =
20,000 debits.
Stream Mitigation Scenarios (Credits)
The credit examples below represent restoration projects that are offsite from the
permitted impact. A description of the credit determination method is provided in Chapter 11. For the scenarios below, a variety of credit determination methods are used to: 1)
show different approaches to developing stream credits and 2) reflect the sometimes
unique characteristics of a site, e.g., water withdrawal and dam removal. It may be
helpful to review all of the credit determination methods in order to see the variety of
approaches that are used.
The restoration or credit scenarios include:
1. Restoration of incised channels in alluvial valleys;
2. Restoration of stream flow for channels that have excessive water withdrawal;
3. Salmonid fish passage and habitat restoration; and
4. Restoration of high gradient, headwater streams.
Scenario 1: Restoration of Incised Channels in Alluvial Valleys
Channelization and subsequent incision is one of the biggest contributors to stream
impairment. Incised channels can be found throughout the US and lead to excessive
sedimentation from eroding bed and banks, which smothers aquatic habitats and reduces
bed form diversity. These channels are often classified as unstable Rosgen Gc and F
stream types. Restoration methods often follow Rosgen’s Priority Levels of restoring
incised channels (Rosgen, 1997), which is described in Chapter 3. The template below
deviates from this approach by specifically focusing on the parameters from the Stream
Functions Pyramid that relate to functions. This provides a more direct method for
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describing functional lift. However, the same restoration methods that are used to implement Rosgen’s Priority Levels can be used here.
Example Scenario
A mitigation provider has secured a restoration project reach of 5,000 feet. The site is
located immediately downstream from a state forest and the entire upstream watershed
is forested and stable. The existing reach is located on a beef farm and the cattle have full
access to the channel. The stream is highly incised with a bank height ratio of 3.0;
however, there is a bedrock knickpoint at the upstream end of the project. The stream is
not incised upstream of the knickpoint. The channel is very straight and devoid of bed
form diversity. Over 90% of the bed is riffle. There is no buffer and bank erosion is
prevalent throughout the reach. Because of these impacts, there are few aquatic organisms living in the channel. Stream temperatures are high and DO levels are low, based on
a comparison to the upstream reference reach.
Because the upstream watershed is very healthy, the mitigation provider proposes to
complete a Restoration 1 approach. As a review, the restoration options are shown below.
A description of each is provided in Chapter 11.
Restoration 1 – Reach scale restoration, connected to a healthy watershed
Restoration 2 – Reach scale restoration, variable upstream watershed conditions
For this project, a Rosgen Priority Level 1 restoration approach is proposed. A new
meandering channel will be constructed and reconnected to the original floodplain at the
bedrock knickpoint. The floodplain is 50 times wider than the channel and a sinuosity of
1.4 is used. The new stream type is a C4. The design includes alternating riffles and
pools, with the pools containing root wads with cover logs and other structures to
provide stability, LWD and cover. The depth variability includes a percent riffle:pool ratio
of 70:30 and maximum pool depth ratios greater than 2.0. A meander width ratio of 7 is
used with a buffer that extends for 25 feet beyond the belt width. The old channel (prior
to restoration) is filled with material excavated for the new channel with large portions
converted into riparian wetlands. Additional wood is used to create wetland complexity
and provide habitat for salamanders, frogs and other amphibians. Due to the excellent
health of the upstream watershed and the structural improvements to the project reach,
DO and temperature levels return to reference condition by the fourth year after restoration construction. The aquatic macroinvertebrate and fish communities return to reference condition by year 5.
Table BC1a shows that the pre-restoration condition for all parameters was Not Functioning and that the predicted post-restoration condition improved all of those parameters to Functioning score. Using Table BC1c, this would yield a Maximum Lift, and 0.8
to 1.0 credits per foot could be assigned to the restored channel length. Based on the high
quality of this example, a ratio of 1.0 is selected. The restored channel length is 5,000 feet
X 1.4 sinuosity = 7,000 feet. Total credits = 7,000 ft X 1.0 = 7,000 credits.
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3–
Geomorphology

2 – Hydraulics

1 – Hydrology

LEVEL AND
CATEGORY

RSI

Bed material
characterization

< 70

Same as
reference
condition

Pool Max Depth
Ratio
LWDI

> 1.5

Pool to Pool
Spacing

Bed Form
Diversity

Large Woody
Debris

<4

RBP

Riparian
Vegetation

9

N/A

1.4

Entrenchment
Ratio
Groundwater/
Surface-Water
Interaction

1.0

Bank Height Ratio

Floodplain
Connectivity

N/A

N/A

N/A

N/A

Runoff

Functioning

Functioning

Functioning

Functioning

Functioning

Functioning

Functioning

Functioning

Functioning

Functioning

> 85

Does not equal
reference condition
and is not trending
in that direction

< 1.2

>4

0

N/A

1.2

>2

N/A

N/A

Not
Functioning

Not
Functioning

Not
Functioning

Not
Functioning

Not
Functioning

Not
Functioning

Functioningat-Risk

Not
Functioning

Not
Functioning

Not
Functioning

RATING

VALUE

VALUE

RATING

PREDICTED POST-DISTURBANCE
CONDITION

PRE-DISTURBANCE
CONDITION

Flow Duration

MEASUREMENT
METHOD

PARAMETER

TABLE BD3a DEBIT TEMPLATE 1: FUNCTIONAL LOSS DETERMINATION
Table BD3a is completed by interpreting the information from the paragraph above and selecting parameters, measurement
methods and performance standards from Appendix A.
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5 – Biology

4–
Physicochemical

LEVEL AND
CATEGORY

Fish Communities

Macroinvertebrate
Communities

Water Quality

PARAMETER

Index of Biotic
Integrity (IBI)

Good

4

Same as
reference

pH

Family-Level
Biotic Index (FBI)

Same as
reference

Same as
reference

Temperature

Conductivity

Same as
reference

Functioning

Functioning

Functioning

Functioning

Functioning

Functioning

Poor

8

Is not
representative of
reference reach
and does not meet
species
requirements

Is not
representative of
reference reach
and does not meet
species
requirements

Is not
representative of
reference reach
and does not meet
species
requirements

Is not
representative of
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and does not meet
species
requirements

Not
Functioning

Not
Functioning

Not
Functioning

Not
Functioning

Not
Functioning

Not
Functioning

RATING

VALUE

VALUE

RATING

PREDICTED POST-DISTURBANCE
CONDITION

PRE-DISTURBANCE
CONDITION

Dissolved Oxygen

MEASUREMENT
METHOD

TABLE BD3a DEBIT TEMPLATE 1: FUNCTIONAL LOSS DETERMINATION (CONT.)
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TABLE BD3b DEBIT TEMPLATE 2: PRE- AND POST-DISTURBANCE CONDITIONS AND RATIONALE
Describe Pre- and Post-Disturbance Condition and Rationale for Selecting Parameters
Hydrology – Performance standards have not been provided for Runoff and Flow Duration
parameters. However, they are included in this example because surface mining
negatively impacts these function-based parameters. Runoff often increases and flow
duration decreases to Not Functioning levels, based on a comparison to reference or
pre-mining conditions.
Hydraulics – These high-gradient streams do not have floodplains, but they do have
floodprone areas that should be accessed at flows greater than bankfull. The postdisturbance bank height ratio is not provided in the report summary; however, the value
will be well over 2 to carry the 100-yr discharge. The entrenchment ratio is predicted to
decrease slightly as the bankfull channel is replaced with a large trapezoidal channel.
Groundwater/surface-water interaction was also selected, even though it doesn’t have a
performance standard. The pre-disturbance condition would likely include Functioning
groundwater/surface-water interaction. If the surface mining operation raises the channel
and/or places the channel on fill, these processes will become Not Functioning.
Geomorphology – A mature forest provides a Functioning score for riparian vegetation
prior to the disturbance. The riparian vegetation becomes Not Functioning after mining
because the vegetation is totally removed. The temporary vegetation does not provide
the same stability, cover and water quality as the mature forest. Bed form diversity
measures all changes from Functioning to Not Functioning because the drainage channels
are not designed with reference condition values of pool-pool-spacing and depth
variability. Large woody debris is expected to become Not Functioning because the forest
will be cleared (removing the wood source) and the design channels do not incorporate
wood. Bed material will move from Functioning to Not Functioning because native
mixtures of colluvium will be replaced by rip rap.
Physicochemical – All water quality measurement methods shift from Functioning to Not
Functioning because they no longer resemble reference conditions. Dissolved oxygen and
pH will likely decrease and conductivity and possibly temperature will increase.
Biology – The macroinvertebrate and fish communities also shift from Functioning to Not
Functioning because of all the impacts to the supporting functions. The Hydrology,
Hydraulic and Geomorphology functions cannot support the water quality functions that
in turn support the Biology functions.
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TABLE BD3c DEBIT TEMPLATE 3: DEBIT REQUIREMENTS
PREDISTURBANCE
CONDITION

POST-DISTURBANCE CONDITION
NO FUNCTIONAL
LOSS

Low (Mix of
Functioningat-Risk and
Not
Functioning)

(Postdisturbance
Moderate (Mix
condition
of Functioning,
matches
Functioningpre-disturbance
at-Risk, and
condition)
Not
Functioning)

High
(Functioning)

No mitigation
required

LOW TO MODERATE
FUNCTIONAL LOSS

MODERATE TO
HIGH FUNCTIONAL
LOSS

Greater number of
Functioning-at-Risk
and Not
Functioning Scores

Mostly Not
Functioning
Scores

1.1 to 1.2

1.2 to 1.3

Loss of Functioning
scores and/or
greater number of
Functioning-at-Risk
and Not
Functioning Scores

Mix of
Functioning-atRisk and Not
Functioning
Scores

1.3 to 1.5

1.5 to 1.7

Mix of Functioning,
Functioning-atRisk, and Not
Functioning Scores

Mix of
Functioning-atRisk and Not
Functioning
Scores

1.7 to 1.9

2.0

DEBIT
ADJUSTMENT
(+/-)

0.1

0.1

0.2

Scenario 2: Restoration of Stream Flow for Channels That Have Excessive
Water Withdrawal
The following example is a common stream impairment in the western U.S. where
water supply is scarce. In these systems, baseflow often diminishes in a downstream
direction due to excessive water withdrawals for drinking water, irrigation, etc. This can
have a negative effect on baseflow duration and stream biota. In many cases, water
withdrawal can convert a perennial stream to intermittent, with the streambed being
totally dry in the summer months.
The literal restoration of stream flows, where water is returned to the channel and not
used for irrigation or other uses, requires policy decisions that do not apply to the Stream
Functions Pyramid. However, there are cases where stream restoration activities may be
able to improve base flow conditions. The example below focuses on a scenario that can
benefit from alterations to the stream channel (morphology) rather than an example
where water is returned to the channel by manipulating the hydrologic cycle.
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3 – Geomorphology

2 – Hydraulics

N/A

1 – Hydrology

LWDI

Rosgen Stream Type
Succession
Scenarios
BEHI/NBS

Channel
Evolution
Bank Migration/
Lateral Stability

Entrenchment Ratio

Bank Height Ratio

MEASUREMENT
METHOD

Large Woody
Debris Storage
and Transport

Floodplain
Connectivity

PARAMETER

LEVEL AND
CATEGORY

Moderate to
Extreme NBS

High and Very
High BEHI Curve

G or F4

LWDI does not
equal LWDI of
reference reach

1.1

3.0

Not
Functioning

Not
Functioning

Not
Functioning

Not
Functioning

Not
Functioning

Very low to
Moderate NBS

Low BEHI Curve

C4

LWDI of
reference reach

LWDI equals

> 2.2

1.0

Functioning

Functioning

Functioning

Functioning

Functioning

RATING

VALUE

VALUE

RATING

PREDICTED POST-DISTURBANCE
CONDITION

PRE-DISTURBANCE CONDITION

TABLE BC1a CREDIT TEMPLATE 1: FUNCTIONAL LIFT DETERMINATION
Table BC1a is completed by interpreting the information from the paragraphs above and selecting parameters, measurement
methods and performance standards from Appendix A.
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5 – Biology

4 – Physicochemical

3 – Geomorphology

LEVEL AND
CATEGORY

Fish
Communities

Benthic

Basic Water
Chemistry

Bed Form
Diversity
< 1.2

Project Reach is
statistically
different (higher)
than reference
reach.
Project Reach is
statistically
different (lower)
than reference
reach.

Depth Variability
(Pool Max Depth
Ratio)
Temperature

Dissolved Oxygen

McCormick Index of
Biological Integrity

50

8

90:10

Family-level
Biological Index (FBI)

Not
Functioning

Not
Functioning

Not
Functioning

Not
Functioning

Not
Functioning

Not
Functioning

Not
Functioning

Significantly less No
functional than
Functioning
reference reach
condition; little or
no potential to
improve without
significant
restoration effort.

Percent Riffle and
Pool

Buffer Density,
Composition, Age,
Growth and Canopy
Density

Buffer Width (ft) from 0
Meander Belt Width

Riparian
Vegetation

75

2

Project Reach is
not statistically
different than
reference reach
by year 4.

Project Reach is
not statistically
different than
reference reach
by year 4.

>2

70:30

By year 5,
riparian
vegetation is on
a trajectory to
become similar
to the upstream
reference
condition.

MWR of 7 and
additional width
of 25 ft

Functioning

Functioning

Functioning

Functioning

Functioning

Functioning

Functioning

Functioning

RATING

VALUE

VALUE

RATING

PREDICTED POST-DISTURBANCE
CONDITION

PRE-DISTURBANCE CONDITION

MEASUREMENT
METHOD

PARAMETER
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TABLE BC1b CREDIT TEMPLATE 2: PRE- AND POST-RESTORATION CONDITIONS AND RATIONALE
Describe Pre- and Post-Restoration Condition and Rationale for Selecting Parameters
Hydrology – The watershed hydrology is stable and is not expected to change. Therefore,
Hydrology parameters were not selected.
Hydraulic – The existing channel is severely incised (Bank Height Ratio of 3) and does not
have access to a wide alluvial floodplain. The channel will be reconnected to the
floodplain through a Rosgen Priority Level 1 Restoration. The Bank Height Ratio will be
reduced to 1.0 and all flows greater than bankfull will spread onto a floodplain that is 50
times wider than the channel, making the entrenchment ratio well over 2.2.
Geomorphology – The existing channel is an incised Gc or F4 channel. The stream is
straight and incised with poor bed form diversity and severe bank erosion. The valley is
wide without constraints, but the riparian buffer is very thin. The new channel will include
a sinuosity of 1.4, which will reduce stream velocity and help support bed form diversity.
The additional wood structures will also help create deeper pools and better depth
variability. A wide riparian buffer will be planted to help maintain bank stability, provide
cover, and regulate water and air temperatures. Large woody debris will be incorporated
into the channel to provide further bed form complexity and habitat. The predicted result
is that all of the Geomorphology parameters and associated measurement methods
shown in Table B4a will shift from Not Functioning to Functioning.
Physicochemical – Since the upstream watershed is nearly pristine, water quality entering
the project reach is very good. Temperature does increase through the project reach due
to lack of vegetative cover and the high channel width associated with G/F channels,
creating Not Functioning scores pre-restoration. The lack of bed form diversity and high
temperatures cause low DO levels. These two parameters are selected because they are
impaired but can likely be improved with restoration efforts. The restoration activities
under the Geomorphology category, along with healthy watershed, will provide the
channel form necessary to reduce water temperature and increase DO levels. This is
primarily through the increase in bed form diversity (improved riffles) and the
establishment of a wide riparian buffer. Since these parameters and measurement
methods require an established buffer in addition to proper channel form, they are
predicted to take 4 years to reach a Functioning score.
Biology – Similar to the Physicochemical parameters, the Biology conditions entering the
project reach are Functioning, but become degraded due to the reach conditions.
Macroinvertebrate and Fish Community parameters are selected because the reach scale
activities in combination with the high quality watershed indicate a high potential for
restoring these parameters to a Functioning level. The improvement to Pyramid Levels 2-4,
along with the health of the upstream watershed, will provide the channel form and processes
necessary to support Functioning macroinvertebrate and fish communities. However, since
the water quality parameter will not reach a Functioning level until year 4, it is predicted to
take 5 years to reach a Functioning score for macroinvertebrate and fish communities.
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TABLE BC1c CREDIT TEMPLATE 3: CREDIT CALCULATIONS
RESTORATION 1
CREDIT CATEGORIES

PRE-RESTORATION
CONDITION

POST-RESTORATION
CONDITION

CREDITS
PER FOOT

Maximum Lift

All parameters in Pyramid Functioning scores for
Levels 2 and 3 have Not
Levels 1-5
Functioning scores.
Parameters in Levels 4
and 5 are Not Functioning
or Functioning-at-Risk.

0.8 to 1.0

Moderate Lift

Mix of Not-Functioning
and Functioning-at-Risk
scores for parameter
Levels 2 through 5

Functioning scores for
Levels 1-5

0.6 to 0.8

Low Lift

Mix of Not-Functioning,
Functioning-at-Risk and
Functioning scores for
parameter Levels 2
through 5

Functioning scores for
Levels 1-5

0.4 to 0.6

Example Scenario
A 5,000 foot restoration project has been secured to improve base flow conditions that
have been impacted by excessive water withdrawals. The project reach is in an agricultural setting and the withdrawals are used for irrigation. The stream is in a wide alluvial
valley and is approximately 75 feet wide. The sinuosity is 1.3, which is appropriate given
the stream and valley condition. The channel is moderately incised with a Bank Height
Ratio of 1.2. There is a 10-foot buffer with a mixture of cottonwoods and some herbaceous vegetation; however, beyond that is cropland. The moderate incision and lack of
buffer has created localized bank erosion in the outside of several meander bends. The
streambed and banks are comprised of well-graded (poorly sorted) gravel, sand, and
cobble with the median particle size in the gravel range. Bed form diversity is moderate
with pools existing in the outside of the meander bends; however, the overall depth
variability and complexity is low. This is primarily caused by the lack of baseflow and
LWD. When baseflow is present, basic water quality parameters of DO, temperature and
pH are representative of reference conditions. However, due to the adjacent cropland, lack
of buffer and incision, nitrate-nitrogen levels are higher than reference conditions, but not
high enough to cause eutrophication. Macroinvertebrate and fish communities reflect
reference reach conditions in the winter, but not the summer when baseflow is low or absent.
The goal of the restoration project is to improve baseflow duration in the summer
months, reduce streambank erosion, and to reduce nitrate-nitrogen levels. A restoration
approach is proposed to work with the existing channel alignment since the overall
planform geometry is stable and to save the existing cottonwoods that help provide bank
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stability, cover and denitrification. The dimension of the channel will be modified to
create a smaller baseflow channel within the existing bankfull channel. In addition,
in-stream structures will be used to raise the stream bed and thereby reduce the Bank
Height Ratio to 1.0. The objective with this approach is to improve groundwater/surfacewater interaction by raising the water table and increasing bank storage in the winter
months. Gravel material will be excavated from the pools and used to construct the
riffles. Cross vanes will be used to raise the bed, provide grade control and increase the
number of pools. Large woody debris will also be introduced into the channel to further
aid in raising the bed and creating pools. The increased number of pools in conjunction
with the improved groundwater/surface-water interaction is predicted to improve baseflow. Bioengineering and LWD will be used to stabilize the eroding streambanks. In
addition, the buffer will be expanded to 100 feet on both sides of the stream. This will
provide a buffer to treat nutrient (nitrogen) runoff and create favorable conditions for
denitrification. These changes are predicted to return water quality, nutrient, macroinvertebrate and fish communities to reference conditions.
Table BC2c shows the credit ratios in credits per foot for restoration projects associated
with excessive water withdrawals. The rows represent the function scores from the
pre-restoration condition provided in Table BC2a. The columns are from the post-restoration scores in Table BC2a. Credits are only provided for functional lift, so if the post-restoration condition is equal to or less than the pre-restoration condition, credits are not
provided. In addition, categories are assigned to the different levels of functional lift.
Projects with low pre-restoration functionality scores are eligible for restoration credits,
moderate pre-restoration scores for enhancement, and high pre-restoration scores for
preservation. This is shown in Table BC2a.
For this example, the Before Functionality score is Low — Flow duration is Not Functioning, there is a mix of Functioning-at-Risk and Not Functioning scores for Levels 2-4 and
the Level 5 scores are Not Functioning. All post-restoration scores are Functioning, so this
equals a High After Functionality score. A Low/High result yields a credit ratio of 1.0.
Therefore, the total amount of credits for this site is 5,000 ft X 1.0 credits/ft = 5,000 credits.
Scenario 3: Salmonid Fish Passage and Habitat Restoration
The restoration of salmonid fish passage and habitat is a major focus in the Pacific
Northwest and to a lesser degree in the Atlantic Northeast. In the Northwest, the construction and maintenance of dams have had a negative impact on the migration of
salmonids from the ocean to headwater spawning areas. In addition, fish habitat has been
reduced from logging and other impacts that have created channel incision and changes
to bed material size and composition.

A Function-Based Framework » May 2012

326

A Function-Based Framework » May 2012

2 – Hydraulics

1 – Hydrology

10
Significantly
less functional
than reference
reach condition;
little or no
potential to
improve without
significant
restoration
effort.

Buffer Density,
Composition,
Age, Growth
and Canopy
Density

LWDI does not
equal LWDI of
reference reach.

Average Buffer
Width (ft)

LWDI

Large Woody
Debris Storage
and Transport

Riparian
Vegetation

N/A

Groundwater/
Surface-Water
Interaction

1.2

High and Very
High BEHI Curve
Moderate to
Extreme NBS

Bank Height
Ratio

Floodplain
Connectivity

Not
Functioning

Not
Functioning

Functioningat-Risk

Not
Functioning

Functioningat-Risk

Functioning

Not
Functioning

Functioning

Functioning

Functioning

Functioning

Functioning

Functioning

By year 5,
Functioning
riparian
vegetation is on a
trajectory to
become similar
to the upstream
reference
condition.

100 ft

Low BEHI Curve
Very low to
Moderate NBS

LWDI equals
LWDI of
reference reach.

N/A

1.0

N/A

RATING

VALUE

VALUE

RATING

POST-RESTORATION CONDITION

PRE-RESTORATION CONDITION

Bank Migration/ BEHI/NBS in
Lateral Stability meander bends

N/A

MEASUREMENT
METHOD

Flow Duration

LEVEL AND CATEGORY PARAMETER
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5 – Biology

4 – Physicochemical

2 – Hydraulics

Fish
Communities

McCormick
Index of
Biological
Integrity

Family-Level
Biological Index
(FBI)

Benthic

50 / 75

5/8

Not
representative
of reference
reach, but does
not cause
eutrophication.

Project Reach is
not statistically
different than
reference.

Dissolved
Oxygen

Nitrate-Nitrogen

Project Reach is
not statistically
different than
reference.

1.2

80:20

Not
Functioning
in summer/
Functioning
in winter

Not
Functioning
in summer/
Functioning
in winter

FunctioningAt-Risk

Functioning

Functioning

Functioningat-Risk

Functioningat-Risk

75

8

Project reach is
representative of
reference reach.

Project Reach is
not statistically
different than
reference reach.

Project Reach is
not statistically
different than
reference reach.

>2

65:35

Functioning

Functioning

Functioning

Functioning

Functioning

Functioning

Functioning

RATING

VALUE

VALUE

RATING

POST-RESTORATION CONDITION

PRE-RESTORATION CONDITION

Temperature

Depth Variability
(Pool Max Depth
Ratio)

Percent Riffle
and Pool

MEASUREMENT
METHOD

Nutrients

Water Quality

Bed Form
Diversity

LEVEL AND CATEGORY PARAMETER
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TABLE BC2b CREDIT TEMPLATE 2: PRE- AND POST-RESTORATION CONDITIONS
AND RATIONALE
Describe Pre- and Post-Restoration Condition and Rationale for Selecting Parameters
Hydrology – Performance standards are not provided from flow duration; however, the
summary report states that flow duration does not support species requirements in the
summer months. For these scenarios, the upstream reach or paired watershed can be
used to set a performance standard based on the reference condition.
Hydraulic – Floodplain connectivity is Functioning with a Bank Height Ratio of 1.2;
however, this is on the border between Functioning and Functioning-at-Risk. The postrestoration condition is predicted to improve floodplain connectivity by decreasing the
ratio to 1.0. This may help improve groundwater/surface-water interactions and support
denitrification. Groundwater/surface-water interaction was selected even though there is
not a performance standard to acknowledge that these processes are key to improving
flow duration. Groundwater/surface-water interaction can be assessed directly with
shallow wells or tracers or indirectly assessed by measuring the results like the
Physicochemical and Biology parameters and measurement methods.
Geomorphology – Large woody debris has been removed from the channel and is Not
Functioning. Large woody debris will be added to the channel to create pools and
encourage bed aggradation. The prediction is that post-restoration condition will be
Functioning. There is a 10-foot buffer with cottonwood trees that will remain. The buffer
will be expanded to 100 feet to provide bank stability, cover, and treatment of agricultural
runoff. The existing bank erosion is on the outside of the meander bends, and since the
overall pattern is stable, bioengineering and wood structures will be used to improve
lateral stability to a Functioning level. Existing bed form diversity is Functioning-at-Risk
because pools are shallow and only located in the apex of bends. Large woody debris and
in-stream structures will be used to create a more complex bed form.
Physicochemical – Temperate and DO levels are used to measure water quality and are
both Functioning when water is present. These levels are supported by the existing
cottonwood trees, moderate bed form diversity, and health of the upstream watershed.
No change in the function score is predicted post-restoration, however these parameters
will be measurable for longer periods of time due to longer flow duration. Elevated levels
of nitrate-nitrogen enter the stream before restoration from adjacent cropland. Postrestoration buffer and higher water table will support denitrification processes.
Biology – Macroinvertebrate and fish communities are Not Functioning in the summer
months when flow duration is below the level needed to support aquatic life. Postrestoration, macroinvertebrate and fish communities will be Functioning year round.
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0.2

1.0

High (Flow duration
is Functioning. Other
key parameters in
Level 2-5 are
Functioning)

High (Flow duration is Not
Functioning. Other key parameters
in Level 2-4 are a mix of Functioning,
Functioning-at-Risk and Not
Functioning). Key parameters in
Level 5 are Functioning-at-Risk and
Not Functioning)

0.8

Moderate (Flow
duration is
Functioning. Other
key parameters in
Level 2-4 are
Functioning-at-Risk
or Not Functioning).
Key parameters in
Level 5 are Not
Functioning)

0.6

Low (Flow duration is
Functioning-at-Risk.
Other key parameters
in Level 2-4 are
Functioning-at-Risk
or Not Functioning).
Key parameters in
Level 5 are Not
Functioning)

AFTER FUNCTIONALITY

Moderate (Flow duration is Not
Functioning. Other key parameters
in Level 2-4 are a mix of Functioning,
Functioning-at-Risk and Not
Functioning). Key parameters in
Level 5 are Functioning-at-Risk and
Not Functioning)

Low (Flow duration is Not
Functioning. Other key parameters
in Level 2-4 are Functioning-at-Risk
or Not Functioning). Key parameters
in Level 5 are Not Functioning)

BEFORE FUNCTIONALITY

TABLE BC2c CREDIT TEMPLATE 3: CREDIT CALCULATIONS

Preservation

Enhancement

Restoration

Category
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Restoration efforts have focused on dam removal and restoring salmonid habitat,
typically by adding large woody debris to the channels. These engineered log jams are
often used to raise the stream bed, stabilize streambanks, and to create sediment storage
areas upstream of the log jam while coarsening the bed downstream. The example below
includes the removal of a dam to create fish passage and the installation of LWD and
other natural structures to stabilize the bed and create salmonid habitat.
Example Scenario
A restoration site has been secured that includes a 10-foot high dam removal and
10,000 feet of degraded channel, 2,000 feet downstream of the dam and 8,000 feet
upstream. The stream is approximately 50 feet wide with a gravel/cobble bed. The
watershed is forested, but is managed for silviculture. The existing Bank Height Ratio is
1.5 downstream of the dam with moderate bank erosion and a coarse bed. The bed has
aggraded upstream of the dam, reducing the Bank Height Ratio to 1.2 and creating a finer
grain size distribution for the bed material. Streambank erosion is low. A forested buffer
extends the width of the valley throughout the full length of the project reach. Basic
water quality (pH, DO, conductivity and turbidity) meets the species requirements for
salmonids, which are plentiful downstream of the dam. These fish, however, are unable
to migrate past the dam due to its height. In addition, the bed material upstream is
unsuitable for salmonid habitat due to the aggradation of fine sediments.
The restoration approach includes the removal of the 10-foot high dam and the installation of engineered log jams and other structures to stabilize the stream bed. The structures will be installed throughout the project length to reduce Bank Height Ratios downstream of the dam and to spread out the elevation drop throughout the reach. The
structures will create a step-pool bed form, creating more resting areas for salmonids.
Fine grain sediments will still accumulate upstream of the structures leaving coarser
material downstream. However, the individual facet length of finer grained sediment will
be much less than above the dam. In addition, the wood will provide refuge for the fish
and habitat for aquatic insects.
The pre-restoration condition is a mix of Functioning, Functioning-at-Risk and Not
Functioning scores, with the downstream condition scoring lower for Hydraulic, Geomorphology and Biology functions. This equals a Before Functionality score of Moderate. The post-restoration condition is predicted to be Functioning for all key parameters,
yielding an After Restoration score of High. A Moderate/High score provides a credit
ratio of 0.7. The total number of credits is 10,000 feet X 0.7 credit/ft = 7,000 credits.
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Depth Variability
(Pool Max Depth
Ratio)

1.2 (Downstream
of dam)
< 1.2 (Upstream
of dam)

Similar to
reference reach
condition

Buffer Density,
Composition,
Age, Growth and
Canopy Density
Bed Form
Diversity

> 150

Average Buffer
Width (ft)

Riparian
Vegetation

Not
Functioning

Not
Functioning

N/A

Functioningat-Risk
Not
Functioning

Functioning

Functioning

Moderate
Functioningdownstream of
at-Risk
dam
Functioning
Low upstream of
dam

BEHI/NBS

LWDI does not
equal LWDI of
reference reach

Bank Migration/
Lateral Stability

LWDI

Velocity

Flow Dynamics

3 – Geomorphology Large Woody
Debris Storage
and Transport

Bank Height Ratio 1.5 (Downstream Functioningof dam)
at-Risk
1.2 (Upstream of Functioning
dam)

Floodplain
Connectivity

2 – Hydraulics

Does not meet
species
requirements

N/A

N/A

1 – Hydrology

>2

Similar to
reference
reach
condition

> 150

Low

LWDI equals
LWDI of
reference
reach

Meets
species
requirements

1.2

N/A

Functioning

Functioning

Functioning

Functioning

Functioning

Functioning

Functioning

N/A

RATING

VALUE

VALUE

RATING

POST-RESTORATION
CONDITION

PRE-RESTORATION CONDITION

MEASUREMENT
METHOD

LEVEL AND CATEGORY PARAMETER
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Family-Level
Biological Index
(FBI)
McCormick Index
of Biological
Integrity

Fish Communities

Functioningat-Risk
Not
Functioning

Functioning

Functioning

Functioning

70 (Downstream) Functioning55 (Upstream)
at-Risk
Not
Functioning

8 (Upstream)

5 (Downstream)

Project Reach is
not statistically
different than
reference.

Conductivity, pH

Benthic
Macroinvertebrate
Communities

Project Reach is
not statistically
different than
reference.

Dissolved
Oxygen

5 – Biology

Project Reach is
not statistically
different than
reference.

Temperature

4 – Physicochemical Basic
Water Quality

75

2

Project Reach
is not
statistically
different than
reference
reach.

Project Reach
is not
statistically
different than
reference
reach.

Project Reach
is not
statistically
different than
reference
reach.

Functioning

Functioning

Functioning

Functioning

Functioning

RATING

VALUE

VALUE

RATING

POST-RESTORATION
CONDITION

PRE-RESTORATION CONDITION

MEASUREMENT
METHOD

LEVEL AND CATEGORY PARAMETER

TABLE BC3a CREDIT TEMPLATE 1: FUNCTIONAL LIFT DETERMINATION (CONT.)
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TABLE BC3b CREDIT TEMPLATE 2: PRE- AND POST-RESTORATION CONDITIONS
AND RATIONALE
Describe Pre- and Post-Restoration Condition and Rationale for Selecting Parameters
Hydrology – While silviculture can change the rainfall/runoff relationship, the watershed
hydrology in this example is stable. Hydrology parameters are used for the design, but
not as performance standards.
Hydraulic – A Bank Height Ratio of 1.5 indicates that the channel is moderately incised
downstream of the dam. This may be due to reduced sediment supply caused by the dam,
past changes to hydrology, past channelization, or a combination of impacts. The lower
Bank Height Ratio of 1.2 upstream of the dam is caused by sedimentation. Flow dynamics
was not described in the example scenario; however, the dam and channel incision will
increase channel velocities downstream of the dam. For this reason, velocity was added
as a measurement method. For this example, a performance standard was added based
on species requirements.
Geomorphology – Large woody debris has been removed from the channel and is therefore
Not Functioning before restoration. Engineered log jams will be the primary structure
used in the restoration and will create a Functioning score post-restoration. There is
moderate bank erosion downstream of the dam, which is primarily a result of channel
incision. This has created a Functioning-at-Risk pre-restoration score. The structures will
be used to reduce the bank heights and improve bank stability, improving the score to
Functioning. A mature forest exists throughout the project reach and is Functioning preand post-restoration. Bed form diversity is measured by depth variability and shows a
Functioning-at-Risk pre-restoration score downstream of the dam. This is caused by a
reduction in sediment supply and channel incision. There are fewer riffles and pools
upstream of the dam due to sedimentation, resulting in a Not Functioning score.
Physicochemical – All water quality measurement methods are Functioning pre- and
post-restoration for this example due to the health of the upstream watershed and low
water retention from the dam.
Biology – The two methods of measurement shown are examples from Chapter 10 and
were developed for different regions. As methods are developed for the Northwest, they
should be added as a measurement method. If indexes are not available, a reference
reach approach could be used to compare the pre- and post-restoration condition to a
reference condition specifically for salmonids.
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0.6

Moderate (Dam is in place. Key
parameters in Level 2-4 are a mix of
Functioning, Functioning-at-Risk and
Not Functioning). Key parameters in
Level 5 are Functioning-at-Risk and
Not Functioning)

Moderate (Dam is
removed. Key
parameters in Level
2-4 are Functioning
or Functioning-atRisk. Key parameters
in Level 5 are
Functioning-at-Risk)
0.8

Low (Dam is
removed. Key
parameters in Level
2-4 are Functioningat-Risk or Not
Functioning). Key
parameters in Level 5
are Not Functioning)

AFTER FUNCTIONALITY

Low (Dam is in place. Key
parameters in Level 2-4 are
Functioning-at-Risk or Not
Functioning). Key parameters in
Level 5 are Not Functioning)

BEFORE FUNCTIONALITY

TABLE BC3c CREDIT TEMPLATE 3: CREDIT CALCULATIONS

0.7

1.0

High (Dam is
removed. Key
parameters in Level
2-5 are Functioning)

Enhancement

Restoration

Category
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Scenario 4: Restoration of High Gradient, Headwater Streams
The restoration of high gradient, headwater streams is common in mountain regions of
the US, especially the Appalachian Mountains where restoration is often associated with
coal mining impacts. In addition, mountain headwater streams are often restored in the
East and the West to improve trout fishing. These streams are often found in v-shaped or
colluvial valleys and are often A or B stream types, and sometimes Cb stream types.
Energy is dissipated through vertical meandering rather than lateral meandering, which is
measured by sinuosity. In these higher-gradient streams, step-pool bed forms create
vertical meandering, which dissipates energy and creates the habitat needed for many
fish species, including trout. Therefore, restoration efforts focus more on bed form diversity and more specifically measurement methods like pool-to-pool spacing and pool
depths than measures like sinuosity.
Example Scenario
A stream restoration project has been secured to restore 12,000 feet of mountain
headwater streams. The representative valley slope is 5% and the stream types are a B4.
The streams are located on an abandoned mine site. A uniform channel was sized to
carry the 25-year discharge and material from the mine site was used to line the channels. There are no trees along the riparian corridor other than a few small shrubs. Over
the years, the channels have further incised and bank erosion is prevalent throughout the
reaches. The streams are ephemeral to perennial; however, due to poor bed form diversity and high flow energy, the stream does not support aquatic life in the perennial
reaches. The pH of the stream is a little lower than reference conditions.
The restoration approach is a watershed scale effort. The ephemeral, intermittent and
perennial streams are reconstructed based on natural channel design principles. The focus
of the restoration is to create a channel that only carries the bankfull discharge. All other
flows are transported onto a floodprone area, including the 25-year discharge. This is also
called a nested-channel approach. The pool-to-pool spacing and pool depths are designed
based on the slope of the channel, with steeper reaches having shorter pool spacing than
flatter reaches. A combination of boulders and wood are used to create the step-pool
structures. The channels are connected through a dendritic drainage pattern. Topsoil and
mulch are used to amend the soils in the riparian area and a 200-foot buffer of hardwood
trees and native shrubs is established.
This scenario fits the same credit determination method as the restoration of incised
channels. For this example, the pre-restoration condition included all Not Functioning
scores. Since this is a watershed scale approach, all of the post-restoration scores are
Functioning through Level 5. This results in a Maximum Lift with a credit range of
0.8 to 1.0. For this example, 0.9 credits are used. The total credits are 12,000 feet X 0.9
credits/ft = 10,800 credits.
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Connectivity

2 – Hydraulics
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Depth
Variability
(Pool Max
Depth Ratio)

< 1.2

None

Buffer
Density,
Composition,
Age, Growth
and Canopy
Density
Bed Form
Diversity

0

Average
Buffer Width
(ft)

Riparian
Vegetation

High

LWDI does not
equal LWDI of
reference reach

> 2.0

BEHI/NBS

LWDI

Bank Height
Ratio

N/A

Not
Functioning

Not
Functioning

Not
Functioning

Not
Functioning

Not
Functioning

Not
Functioning

N/A

>2

Similar to
reference reach
condition

> 150

Low

LWDI equals LWDI
of reference reach

1.0

N/A

Functioning

Functioning

Functioning

Functioning

Functioning

Functioning

N/A

RATING

VALUE

VALUE

RATING

POST-RESTORATION CONDITION

PRE-RESTORATION CONDITION

Bank Migration/
Lateral Stability

3 – Geomorphology Large Woody
Debris Storage
and Transport

N/A

1 – Hydrology

LEVEL AND CATEGORY PARAMETER

TABLE BC4a CREDIT TEMPLATE 1: FUNCTIONAL LIFT DETERMINATION

Appendix B: Application Scenarios, Restoration of High Gradient Streams

337

pH

WVSCI

Mid-Atlantic
Highlands IBI

4 – Physicochemical Water Quality

Benthic
Macroinvertebrate
Communities
Fish Communities

5 – Biology

LEVEL AND CATEGORY PARAMETER

35

40

Slightly lower
than reference
condition

Not
Functioning

Not
Functioning

Functioningat-Risk

75 by year 10

70 by year 10

Project Reach is
not statistically
different than
reference reach
and support
species
requirements by
year 10.

Functioning

Functioning

Functioning

RATING

VALUE

VALUE

RATING

POST-RESTORATION CONDITION

PRE-RESTORATION CONDITION
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Appendix B: Application Scenarios, Restoration of High Gradient Streams

A Function-Based Framework » May 2012

338

Appendix B: Application Scenarios, Restoration of High Gradient Streams

TABLE BC4b CREDIT TEMPLATE 2: PRE- AND POST-RESTORATION CONDITIONS AND RATIONALE
Describe Pre- and Post-Restoration Condition and Rationale for Selecting Parameters
Hydrology – For this example, the Hydrology is stable enough to proceed with the project,
especially since the restoration is a watershed-scale effort. Restoration efforts will likely
reduce runoff and may increase flow duration. Therefore, there parameters could be
added as performance standards and evaluated against a reference condition.
Hydraulic – The Bank Height Ratio was not provided for the pre-restoration scenario;
however, the channel was designed to carry a 25-year discharge and would therefore be
severely incised. The new channel will be sized within the larger channel to carry the
bankfull discharge and the larger channel will be used as a floodprone area. This will
convert the Hydraulic functions from Not Functioning to Functioning. Groundwater/
surface-water exchange was not selected for this example, because the restoration
approach is a watershed-scale approach and there isn’t a concern about the stream
classification, e.g., ephemeral or intermittent. If this was a concern, additional restoration
approaches could be used to change the groundwater/surface-water interaction. And in
reality, the addition of step-pools will likely improve flow through the hyporheic zone.
Geomorphology – The existing channel is devoid of LWD. Wood will be incorporated into
the step-pool channels so that the restored stream has an amount of wood that is
representative of reference streams. Pre-restoration bank erosion is high due to the
oversized channel and absence of vegetation. The change in channel dimension and the
establishment of a riparian buffer will reduce bank erosion to Functioning levels. The crux
of the restoration approach is the establishment of step-pool bed forms. These features
will provide vertical control and dissipate energy. They will also provide key habitat, along
with LWD, for native fish species.
Physicochemical – pH is Functioning-at-Risk due to past mining activities, the over-sized
channel, and lack of riparian vegetation. The combination of changes to channel
dimension (nested-channel), bed form diversity (LWD and step-pools), re-establishment
of the drainage network, and establishment of a riparian buffer will slowly improve water
quality. It is predicted to take 10 years before fully Functioning scores will be obtained.
Biology – Macroinvertebrate and fish communities are Not Functioning pre-restoration
due to all of the impacts to Level 2-4 functions. The restoration of these functions will
support the recruitment of aquatic insects and native fish. It is predicted that Functioning
levels will be achieved by year 10.
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TABLE BC4c CREDIT TEMPLATE 3: CREDIT CALCULATIONS
CREDIT CATEGORIES

PRE-RESTORATION CONDITION

POST-RESTORATION
CONDITION

CREDITS PER
FOOT

Maximum Lift

All parameters in Pyramid
Levels 2 and 3 have Not
Functioning scores.
Parameters in Levels 4 and 5
are Not Functioning or
Functioning-at-Risk.

Functioning scores
for Levels 1-5.

0.8 to 1.0

Moderate Lift

Mix of Not-Functioning and
Functioning scores
Functioning-at-Risk scores for for Levels 1-5.
parameter Levels 2 through 5.

0.6 to 0.8

Low Lift

Mix of Not-Functioning,
Functioning scores
Functioning-at-Risk and
for Levels 1-5.
Functioning scores for
parameter Levels 2 through 5.

0.4 to 0.6
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