








We intend for the contents of this document to both entice

and challenge the reader by what they suggest  not only work
to be studied and expanded, but work to be initiated.

The dedication of those who contributed to its production

will emerge on the landscape as restored, productive stream cor-
ridors, if the document provokes further interest, thought, and
continued cooperative action.

The Federal Interagency Stream
Restoration Working Group
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Table 1.1

Chapter 1: Overview of Stream Corridors

1.A Physical Structure and Time at Multiple Scales

What are the structural components of a stream corridor?

Why are stream corridors of special significance, and why should they be
the focus of restoration efforts?

What is the relationship between stream corridors and other landscape
units at broader and more local scales?

What scales should be considered for a stream corridor restoration?

1.B A Lateral View Across the Stream Corridor

How is a stream corridor structured from side to side?

How do these elements contribute to stream corridor functions?

What role do these elements play in the life of the stream?

What do we need to know about the lateral elements of a stream corridor
to adequately characterize a stream corridor for restoration?

How are the lateral elements of a stream corridor used to define flow pat-
terns of a stream?

1.C A Longitudinal View Along the Stream Corridor

What are the longitudinal structural elements of a stream corridor?

How are these elements used to characterize a stream corridor?

What are some of the basic ecological concepts that can be applied to
streams to understand their function and characteristics on a longitudinal
scale?

What do we need to know about the longitudinal elements that are
important to stream corrid  restoration?

Chapter 2: Stream Corridor Processes, Characteristics, and Functions

2.A Hydrologic and Hydraulic Processes

Where does stream flow come from?

What processes affect or are involved with stream flow?

How fast, how much, how ep, how often, and when does water flow?
How is hydrology different  urban stream corridors?

2.B Geomorphic Processes

What factors affect the channel cross section and channel profile?

How are water and sediment related?

Where does sediment come from and how is it transported downstream?
What is an equilibrium cha el?

What should a channel look like in cross section and in profile?

How do channel adjustments occur?

What is a floodplain?

Is there an important relationship between a stream and its floodplain?

2.C Physical and Chemical Characteristics

What are the major chemical constituents of water?

What are some important relationships between physical habitat and key
chemical parameters?

How are the chemical and physical parameters critical to the aquatic life in
a stream corridor?

What are the natural chemical processes in a stream corridor and water
column?

How do disturbances in the stream corridor affect the chemical character-
istics of stream water?



Table 1.1 (continued)
2.D Biological Community Ch. acteristics

What are the important biological components of a stream corridor?
What biological activities and organisms can be found within a stream
corridor?

How does the structure of stream corridors support various populations of
organisms?

What are the structural features of aquatic systems that contribute to the
biological diversity of stream corridors?

What are some important biological processes that occur within a stream
corridor?

What role do fish have in stream corridor restoration?

2.E Functions and Dynamic Equilibrium

What are the major ecological functions of stream corridors?
How are these ecological functions maintained over time?

Is a stream corridor stable?

Are these functions related?

How does a stream corridor respond to all the natural forces act-
ing on it (i.e., dynamic equilibrium)?

Chapter 3: Disturbance Affecting Stream Corridors

3.A Natural Disturbances

How does natural disturbance contribute to shaping a local ecology?
Are natural disturbances bad?

How do you describe or define the frequency and magnitude of natural
disturbance?

How does an ecosystem respond to natural disturbances?

What are some types of natural disturbances you should anticipate in a
stream corridor restoration?

3.B Human-Induced Disturbances

Chapter 4:

What are some examples of human-induced disturbances at several land-
scape scales?

What are the effects of some common human-induced disturbances such
as dams, channelization, and the introduction of exotic species?

What are some of the effects of land use activities such as agriculture,
forestry, mining, grazing, recreation, and urbanization?

Getting Organized and Identifying Problems and
Opportunities

4.A Getting Organized

Why is planning important?
Is an Advisory Group needed?
How js an Advisory Group formed?
Who should be on an Advisory Group?
wv can funding be identified and acquired?
How are technical teams established and what are their roles?
What procedures should an Advisory Group follow?
How is communication facilitated among affected stakeholders?



Table I.1 (continued)
4 B Problem and Opportunity Identification

Why is it important to spend resources on the problem (“When everyone
already knows what the problem is")?

How can the anthropogenic changes that caused the need for the restora-
tion initiative be altered or removed?

"low are data collection and analysis procedures organized?

How are problems affecting the stream corridor identified?

How are reference conditions for the stream corridor determined?

Why are reference conditions needed?

How are existing management activities influencing the stream corridor?
How are problems affecting the stream corridor described?

Chapter 5: Developing Goals, Objectives, and Restoration Alternatives

5.A Developing Restoration Goals and Objectives

How are restoration goals and objectives defined?

How do you describe desired future conditions for the stream corridor and
surrounding natural systems?

What is the appropriate spatial scale for the stream corridor restoration?
What institutional or legal issues are likely to be encountered during a
restoration?

What are the means to alt or remove the anthropogenic changes that
caused the need for the restoration (i.e., passive restoration)?

5.B Alternative Selection and Design

How does a restoration effort target solutions to treat causes of impair-
ment and not just symptoms?

What are important factors to consider when selecting among various
restoration alternatives?

What role does spatial scale, economics, and risk play in helping to select
the best restoration alternative?

Who makes the decisions?

When is active restoration needed?

When are passive restoration methods appropriate?

Chapter 6: Implement, Monitor, Evaluate, and Adapt

6.A Restoration Implementation

What are the steps that should be followed for successful implementation?
How are boundaries for the restoration defined?

How is adequate funding secured for the duration of the project?

What tools are useful for facilitating implementation?

Why and how are changes made in the restoration plan once implementa-
tion has begun?

How are implementation activities organized?

How are roles and responsibilities distributed among restoration
participants?

How is a schedule developed for installation of the restoration measures?
What permits and regulations will be necessary before moving forward
with restoration measures?



Table 1.1 (continued)
6.B Restoration Monitoring, Evaluation, and Adaptive Management

What is the role of monitoring in stream corridor restoration?

When should monitoring begin?

How is a monitoring plan tailored to the specific objectives of a restora-
tion initiative?

Why and how is the success or failure of a restoration effort evaluated?
What are some important considerations in developing a monitoring plan
to evaluate the restoration effort?

Chapter 7: Analysis of Corridor Condition

7.A Hydrologic Processes

How does the stream flow and why is this understanding important?

Is streamflow perennial, ephemeral, or intermittent?

What is the discharge, frequency, and duration of extreme high and low
flows?

How often does the stream flood?

How does roughness affect flow levels?

What is the discharge most effective in maintaining the stream channel
under equilibrium conditions?

How does one determine if equilibrium conditions exist?

What field measurements are necessary?

7.B Geomorphic Processes

How do | inventory geomorphic information on streams and use it to
understand and develop physically appropriate restoration plans?

How do ! interpret the dominant channel adjustment processes active at
the site?

How deep and wide should a stream be?

Is the stream stable?

Are basin-wide adjustments occurring, or is this a local problem?

Are channel banks stable, at-risk, or unstable?

What measurements are necessary?

7.C Chemical Characteristics

7.D

How do you measure the condition of the physical and chemical condi-
tions within a stream corridor?

Why is quality assurance an important component of stream corridor
analysis activities?

What are some of the water quality models that can be used to evaluate
water chemistry data?

Biological Characteristics

What are some important considerations in using biological indicators for
analyzing stream corridor conditions?

Which indicators have been used successfully?

What role do habitat surveys play in analyzing the biological condition of
the stream corridor?

How do you measure biological diversity in a stream corridor?

What is the role of stream classification systems in analyzing stream corri-
dor conditions?

How can models be used to evaluate the biological condition of a stream
corridor?

What are the characteristics of models that have been used to evaluate
stream corridor conditions?



Table 1.1 (continued)
Chapter 8: Restoration Design

8.A

8.B

8.c

8.0

8.E

8.F

8.G

Valley Form, Connectivity, and Dimension

*  How do you incorporate all the spatial dimensions of the landscape into
stream corridor restoration design?

e What criteria can be applin~ +n frrilitntn cnnd dagjmn dacicinnc £or stream
corridor restoration?

Soil Properties

e  How do soil properties impact the design of restoration activities?

e What are the major functions of soils in the stream corridor?

®*  How are important soil characteristics, such as soil microfauna and soil
salinity, accounted for in the design process?

Plant Communities

e What is the role of vegetative communities in stream corridor restoration?

e What functions do vegetative communities fulfill in a stream corridor?

s What are some considerations in designing plant community restoration
to ensure that all landscape functions are addressed?

e What is soil bioengineering and what is its role in stream corridor restora-
tion?

Habitat Measures
e What are some specific tools and techniques that can be used to ensure
recovery of riparian and terrestrial habitat recovery?

Stream Channel Restoration

e When is stream channel reconstruction an appropriate restoration option?

e How do you delineate the stream reach to be reconstructed?

e How is a stream channel designed and reconstructed?

e What are important factors to consider in the design of channel recon-
struction (e.g., alignment and average slope, channel dimensions)?

e Are there computer models that can assist with the design of channel
reconstruction?

Streambank Restoration

e When should streambank stabilization be included in a restoration?

*  How do you determine the performance criteria for streambank treat-
ment, including the methods and materials to be used?

*  What are some streambank stabilization techniques that can be consid-
ered for use?

Instream Habitat Recovery

*  What are the principal factors controlling the quality of instream habitat?

*  How do you determine if an instream habitat structure is needed, and
what type of structure is most appropriate?

e What procedures can be used to restore instream habitat?

s What are some examples of instream habitat structures?

o What are some important questions to address before designing, select-
ing, or installing an instream habitat structure?



8.H Land Use Scenarios

What role does land use play in stream corridor degradation and
restoration?

What design approaches can be used to address the impacts of various
land uses (e.q., dams, agriculture, forestry, grazing, mining, recreation,
urbanization)?

What are some disturbances that are often associated with specific land
uses?

What restoration measures can be used to mitigate the impacts of various
land uses?

What are the potential effects of the restoration measures?

Chapter 9: Restoration Implementation, Monitoring, and Management

9.A Restoration Implementation

What are passive forms of restoration and how are they “implemented”?
What happens after the decision is made to proceed with an active rather
than a passive restoration approach?

What type of activities are involved when installing restoration measures?
How can impact on the stream channel and corridor be minimized when
installing restoration measures (e.g., water quality, air quality, cultural
resources, noise)?

What types of equipment are needed for installing restoration measures?
What are some important considerations regarding construction activities
in the stream corridor?

How do you inspect and evaluate the quality and impact of construction
activities in the stream corridor?

What types of maintenance measures are necessary to ensure the ongoing
success of a restoration?

9.B Monitoring Techniques Appropriate for Evaluating Restoration

What methods are available for monitoring biological attributes of
streams?

What can assessment of biological attributes tell you about the status of
the stream restoration?

What physical parameters should be included in a monitoring manage-
ment plan?

How are the physical aspects of the stream corridor evaluated?

How is a restoration monitoring plan developed, and what issues should
be addressed in the plan?

What are the sampling plan design issues that must be addressed to ade-
quately detect trends in stream corridor conditions?

How do you ensure that the monitoring information is properly collected,
analyzed, and assessed (i.e., quality assurance plans)?

9.C Restoration Management

What are important management priorities with ongoing activities and
resource uses within the stream corridor?

What are some management decisions that can be made to support
stream restoration?

What are some example impacts and management options with various
types of resource use within the stream corridor (e.qg., forest management,
grazing, mining, fish and wildlife, urbanization)?

When is restoration complete?


















Section 1.A: Physical Structure and
Time at Multiple Scales

An important initial task is to iden-
tify the spatial and time scales most
appropriate for planning and de-
signing restoration. This subsection
introduces elements of structure
used in landscape ecology and re-
lates them to a hierarchy of spacial
scales ranging from broad to local.
The importance of integrating time
scales into the restoration process is
also discussed.

Section 1.B: A Lateral View Across
the Stream Corridor

The purpose of this and the follow-
ing subsection is to introduce the
types of structure found within

stream corridors. The focus here s
on the lateral dimension of struc-
ture, which affects the movement
of water, materials, energy, and or-
ganisms from upland areas into the
stream channel.

Section 1.C: A Longitudinal View
“‘ong the Stream Corridor
This section takes a longitudinal
view of structure, specifically as a
stream travels down the valley from
headwaters to mouth. It includes
discussions of channel form, sedi-
ment transport and deposition, and
how biological communities have
adapted to different stages of the
river continuum.

















































































Vegetation is an important and highly
variable element in the longitudinal as
well as the lateral view. Floodplains are
narrow or nonexistent in Zone 1 of the
longitudinal profile; thus flood-depen-
dent or tolerant plant communities
tend to be limited in distribution. Up-
land plant communities, such as forests
on moderate to steep slopes in the east-
ern or northwestern United States,
might come close to bordering the
stream and create a canopy that leaves
little open sky visible from the channel.
In other parts of the country, headwa-
ters in flatter terrain may support plant
communities dominated by grasses and
broad-leaved herbs, shrubs, or planted
vegetation.

Despite the variation in plant commu-
nity type, many headwaters areas pro-
vide organic matter from vegetation
along with the sediment they export to
Zones 2 and 3 downstream. For exam-
ple, logs and woody debris from head-
waters forests are among the most
ecologically important features support-
ing food chains and instream habitat
structure in Pacific Northwest rivers
from the mountains to the sea (Maser
and Sedell 1994).

Zone 2 has a wider and more complex
floodplain and larger channel than
Zone 1. Plant communities associated
with floodplains at different elevations
might vary due to differences in soil
type, flooding frequency, and soil mois-
ture. Localized differences in erosion
and deposition of sediment add com-
plexity and diversity to the types of
plant communities that become
established.

The lower gradient, larger stream size,
and less steep terrain in Zone 2 often
attract more agricultural or residential
development than in the headwaters

riffle
(@) pool [

s

. thalweg

or cross over

Figure 1.33: Sequence of pools and riffles in
(a) straight and (b) sinuous streams. Pools
typically form on the outside bank of bends
and riffles in the straight portion of the chan-
nel where the thalweg crosses over from one
side to the other.

zone. This phenomenon frequently
counteracts the natural tendency to de-
velop broad and diverse stream corridor
plant communities in the middle and
lower reaches. This is especially true
when land uses involve clearing the
native vegetation and narrowing the
corridor.

Often, a native plant community is re-
placed by a planted vegetation commu-
nity such as agricultural crops or
residential lawns. In such cases, stream
processes involving flooding,
erosion/deposition, import or export of
organic matter and sediment, stream
corridor habitat diversity, and water
quality characteristics are usually signif-
icantly altered.

The lower gradient, increased sediment
deposition, broader floodplains, and
greater water volume in Zone 3 all set
the stage for plant communities differ-
ent from those found in either up-
stream zone. Large floodplain wetlands
become prevalent because of the gener-
ally flatter terrain. Highly productive
and diverse biological communities,



such as bottomland hardwoods, estab-
lish themselves in the deep, rich alluvial
soils of the floodplain. The slower flow
in the channel also allows emergent
marsh vegetation, rooted floating or
free-floating plants, and submerged
aquatic beds to thrive.

The changing sequence of plant com-
munities along streams from source to

yuth is an important source of biodi-
versity and resiliency to change. Al-
though many, or perhaps most, of a
stream corridor’s plant communities
might be fragmented, a continuous cor-
ridor of native plant communities is de-
sirable. Restoring vegetative connectivity
in even a portion of a stream will usu-
ally improve conditions and increase its
beneficial functions.

The River Continuum Concept is an at-
tempt to generalize and explain longitu-
dinal changes in stream ecosystems
(Figure 1.34) (Vannote et al. 1980).
This conceptual model not only helps
to identify connections between the wa-
tershed, floodplain, and stream systems,
but it also describes how biological
communities develop and change from
the headwaters to the mouth. The River
Continuum Concept can place a site or
reach in context within a larger water-
shed or landscape and thus help practi-
tioners define and focus restoration
goals.

The River Continuum Concept hypoth-
esizes that many first- to third-order
headwater streams are shaded by the ri-
parian forest canopy. This shading, in
turn, limits the growth of algae, peri-
phyton, and other aquatic plants. Since
energy cannot be created through pho-
tosynthesis (autotrophic production),
the aquatic biota in these small streams
is dependent on allochthonous materials
(i.e., materials coming from outside the
channel such as leaves and twigs).

Biological communities are uniquely
adapted to use externally derived or-
ganic inputs. Consequently, these
headwater streams are considered
heterotrophic (i.e., dependent on the
energy produced in the surrounding
watershed). Temperature regimes are
also relatively stable due to the influ-
ence of ground water recharge, which
tends to reduce biological diversity to
those species with relatively narrow
thermal niches.

Predictable changes occur as one pro-
ceeds downstream to fourth-, fifth-,
and sixth-order streams. The channel
widens, which increases the amount
of incident sunlight and average tem-
peratures. Levels of primary production
increase in response to increases in
light, which shifts many streams to a
dependence on autochthonous materials
(i.e., materials coming from inside

the channel), or internal autotrophic
production (Minshall 1978).

In addition, smaller, preprocessed or-
ganic particles are received from up-
stream sections, which serves to balance
autotrophy and heterotrophy within the
stream. Species richness of the inverte-
brate community increases as a variety
of new habitat and food resources ap-
pear. Invertebrate functional groups,
such as the grazers and collectors, in-
crease in abundance as they adapt to
using both autochthonous and al-
lochthonous food resources. Midsized
streams also decrease in thermal stabil-
ity as temperature fluctuations increase,
which further tends to increase biotic
diversity by increasing the number of
thermal niches.

Larger streams and rivers of seventh to
twelfth order tend to increase in physi-
cal stability, but undergo significant
changes in structure and biological func-
tion. Larger streams develop increased
reliance on primary productivity by






phytoplankton, but continue to receive
heavy inputs of dissolved and ultra-fine
organic particles from upstream. Inver-
tebrate populations are dominated by
fine-particle collectors, including zoo-
plankton. Large streams frequently carry
increased loads of clays and fine silts,
which increase turbidity, decrease light
penetration, and thus increase the sig-
nificance of heterotrophic processes.

The influence of storm events and ther-
mal fluctuations decrease in frequency
and magnitude, which increases the
overall physical stability of the stream.
This stability increases the strength of
biological interactions, such as competi-
tion and predation, which tends to
eliminate less competitive taxa and
thereby reduce species richness.

The fact that the River Continuum Con-
cept applies only to perennial streams is
a limitation. Another limitation is that
disturbances and their impacts on the
river continuum are not addressed by
the model. Disturbances can disrupt the
connections between the watershed and
its streams and the river continuum as
well.

The River Continuum Concept has not
received universal acceptance due to
these and other reasons (Statzner and
Higler 1985, Junk et al. 1989). Never-
theless, it has served as a useful concep-
tual model and stimulated much
research since it was first introduced

in 1980.












make appropriate decisions about
stream corridor restoration.

Section 2.B: Geomorphic Processes

This section combines basic hydro-
logic processes with physical or
geomorphic functions and charac-
teristics. Water flows through
streams but is affected by the kinds
of soils and alluvial features within
the channel, in the floodplain, and
in the uplands. The amount and
kind of sediments carried by a
stream largely determines its equi-
librium characteristics, including
size, shape, and profile. Successful
stream corridor restoration,
whether active (requiring direct
changes) or passive (management
and removal of disturbance fac-
tors), depends on an understanding
of how water and sediment are re-
lated to channel form and function
and on what processes are involved
with channel evolution.

Section 2.C: Physical and Chemical
Characteristics

The quality of water in the stream
corridor is normally a primary ob-
jective of restoration, either to im-
prove it to a desired condition, or
to sustain it. Restoration should
consider the physical and chemical
characteristics that may not be
readily apparent but that are

nonetheless critical to the functions
and processes of stream corridors.
Changes in soil or water chemistry
to achieve restoration goals usually
involve managing or altering ele-
ments in the landscape or corridor.

Section 2.D: Biological Community
Characteristics

The fish, wildlife, plants, and hu-
mans that use, live in, or just visit
the stream corridor are key ele-
ments to consider in restoration.
Typical goals are to restore, create,
enhance, or protect habitat to ben-
efit life. It is important to under-
stand how water flows, how
sediment is transported, and how
geomorphic features and processes
evolve, however, a prerequisite to
successful restoration is an under-
standing of the living parts of the
system and how the physical and
chemical processes affect the
stream corridor.

Section 2.E: Functions and
Dynamic Equilibrium

The six major functions of stream
corridors are: habitat, conduit,
barrier, fifter source, and sink.
The integrity of a stream corridor
ecosystem depends on how well
these functions operate. This
section discusses these functions
and how they relate to dynamic
equilibrium.



























underground scenarios. For example,
perched ground water occurs when a shal-
low aquitard of limited size prevents
water from moving down to the
phreatic zone. Water collects above the
aquitard and forms a “mini-phreatic
zone.” In many cases, perched ground
water appears only during a storm or
during the wet season. Wells tapping
perched ground water may experience a
shortage of water during the dry season.
Perched aquifers can, however, be im-
portant local sources of ground water.

Artesian wells are developed in con-
fined aquifers. Because the hydrostatic
pressure in confined aquifers is greater
than atmospheric pressure, water levels
in artesian wells rise to a level where at-
mospheric pressure equals hydrostatic
pressure. If this elevation is above the
ground surface, water can flow freely
out of the well.

Water also will flow freely where the
ground surface intersects a confined
aquifer. The piezometric surface is the
level to which water would rise in wells
tapped into confined aquifers if the
wells extended indefinitely above the
ground surface. Phreatic wells draw
water from below the phreatic zone in
unconfined aquifers. The water level in
a phreatic well is the same as the
ground water table.

Practitioners of stream corridor restora-
tion should be concerned with locations
where ground water and surface water
are exchanged. Areas that freely allow
movement of water to the phreatic zone
are called recharge areas. Areas where the
water table meets the soil surface or
where stream and ground water emerge
are called springs or seeps.

The volume of ground water and the
elevation of the water table fluctuate
according to ground water recharge
and discharge. Because of the fluctua-
tion of water table elevation, a stream

channel can function either as a
recharge area (influent or “losing”
stream) or a discharge area (effluent
or “gaining” stream).

When the rate of rainfall or snowmelt
exceeds infiltration capacity, excess
water collects on the soil surface and
travels downslope as runoff. Factors
that affect runoff processes include cli-
mate, geology, topography, soil charac-
teristics, and vegetation. Average annual
runoff in the contiguous United States
ranges from less than 1 inch to more
than 20 inches (Figure 2.9).

Three basic types of runoff are intro-
duced in this subsection (Figure 2.10):

Overland flow

Subsurfac  low

Saturated overland flow

Each of these runoff types can occur in-
dividually or in some combination in
the same locale.

Overland Flow

When the rate of precipitation exceeds
the rate of infiltration, water collects on
the soil surface in small depressions
(Figure 2.11). The water stored in these
spaces is called depression storage. It
eventually is returned to the atmos-
phere through evaporation or infiltrates
the soil surface.

After depression storage spaces are filled,
excess water begins to move downslope
as overland flow, either as a shallow
sheet of water or as a series of small
rivulets or rills. Horton (1933) was the
first to describe this process in the liter-
ature. The term Horton overland flow or
Hortonian flow is commonly used.

The sheet of water increases in depth
and velocity as it moves downhill. As it
travels, some of the overland flow is
trapped on the hillside and is called sur-












discharge will be less than 9,000 cfs
and a 50 percent chance it will be less
than 2,000 cfs.

The variability of streamflow is a pri-
mary influence on the biotic and abiotic
processes that determine the structure
and dynamics of stream ecosystems
(Covich 1993). High flows are impor-
tant not only in terms of sediment
transport, but also in terms of recon-
necting floodplain wetlands to the
channel.

This relationship is important because
floodplain wetlands provide spawning

and nursery habitat for fish and, later in

the year, foraging habitat for waterfowl.
Low flows, especially in large rivers,
create conditions that allow tributary
fauna to disperse, thus maintaining

Geomorphology is the study of surface
forms of the earth and the processes
that developed those forms. The hydro-
logic processes discussed in the previ-
ous section drive the geomorphic
processes described in this section. In
turn, the geomorphic processes are the
primary mechanisms for forming the
drainage patterns, channel, floodplain,
terraces, and other watershed and
stream corridor features discussed in
Chapter 1.

Three primary geomorphic processes
are involved with flowing water, as fol-
lows:

Erosion, the detachment of soil parti-
cles.

Sediment transport, the movement of
eroded soil particles in flowing water.

populations of a single species in sev-
eral locations.

In general, completion of the life cycle
of many riverine species requires an
array of different habitat types whose
temporal availability is determinec

by the flow regime. Adaptation to this
environmental dynamism allows river-
ine species to persist during periods
of droughts and floods that destroy
and recreate habitat elements (Poff

et al. 1997).

Sediment deposition, settling of erod-
ed soil particles to the bottom of a
water body or left behind as water
leaves. Sediment deposition can be
transitory, as in a stream channel
from one storm to another, or more
or less permanent, as in a larger
Teservoir.

Since geomorphic processes are so
closely related to the movement of
water, this section is organized into
subsections that mirror the hydrologic
processes of surface storm water runoff
and streamflow:

Geomorphic Processes Across the
Stream Corridor

Geomorphic Processes Along the
Stream Corridor



The occurrence, magnitude, and distrib-
ution of erosion processes in water-
sheds affect the yield of sediment and
associated water quality contaminants
to the stream corridor.

Soil erosion can occur gradually over

a long period, or it can be cyclic or
episodic, accelerating during certain
seasons or during certain rainstorm
events (Figure 2.13). Soil erosion can
be caused by human actions or by nat-
ural processes. Erosion is not a simple
process because soil conditions are con-
tinually changing with temperature,
moisture content, growth stage and
amount of vegetation, and the human
manipulation of the soil for develop-
ment or crop production. Tables 2.2
and 2.3 show the basic processes that
influence soil erosion and the different
types of erosion found within the water-
shed.

The channel, floodplain, terraces, and
other features in the stream corridor are
formed primarily through the erosion,
transport, and deposition of sediment
by streamflow. This subsection de-
scribes the processes involved with
transporting sediment loads down-
stream and how the channel and
floodplain adjust and evolve through
time.

Sediment particles found in the stream
channel and floodplain can be catego-
rized according to size. A boulder is the
largest particle and clay is the smallest
particle. Particle density depends on the
size and composition of the particle
(i.e., the specific gravity of the mineral
content of the particle).

No matter the size, all particles in the
channel are subject to being trans-
ported downslope or downstream.
The size of the largest particle a stream
can move under a given set of hy-
draulic conditions is referred to as
stream competence. Often, only very
high flows are competent to move the
largest particles.

Closely related to stream competence is
the concept of tractive stress, which cre-
ates lift and drag forces at the stream
boundaries along the bed and banks.
Tractive stress, also known as shear
stress, varies as a function of flow depth
and slope. Assuming constant density,
shape, and surface roughness, the larger
the particle, the greater the amount of
tractive stress needed to dislodge it and
move it downstream.

The energy that sets sediment particles
into motion is derived from the effect
of faster water flowing past slower
water. This velocity gradient happens
because the water in the main body of
flow moves faster than water flowing at
the boundaries. This is because bound-

Figure 2.13: Raindrop impact. One of many
types of erosion.


















Combining the four equations above
yields additional predictive relation-
ships for concurrent increases or de-
creases in streamflow and/or sediment
discharge:

Q'Q" ~ b, dh 1 st P
Q. Q ~ b, d", L, s,
Q'Q - ~ b d L) s, P
Q'Q’ ~ b, d L, s, P

Channel Slope

Channel slope, a stream’s longitudinal
profile, is measured as the difference in
elevation between two points in the
stream divided by the stream length be-
tween the two points. Slope is one of
the most critical pieces of design infor-
mation required when channel modifi-
cations are considered. Channel slope
directly impacts flow velocity, stream
competence, and stream power. Since
these attributes drive the geomorphic
processes of erosion, sediment trans-
port, and sediment deposition, channel
slope becomes a controlling factor in
channel shape and pattern.

Most longitudinal profiles of streams
are concave upward. As described previ-
ously in the discussion of dynamic
equilibrium, streams adjust their pro-
file and pattern to try to minimize the
time rate of expenditure of potential
energy, or stream power, present in
flowing water. The concave upward
shape of a stream’s profile appears to
be due to adjustments a river makes

to help minimize stream power in a
downstream direction. Yang (1983)
applied the theory of minimum stream
power to explain why most longitudinal
streambed profiles are concave upward.
In order to satisfy the theory of mini-
mum stream power, which is a special
case of the general theory of minimum

energy dissipation rate (Yang and Song
1979), the following equation must be
satisfied:

ar ds dQ
— = YQ —+S — =0
dx dx dx
Where:
P = QS = Stream power
x = Longitudinal distance
Q = Water discharge
S = Water surface or energy slope
vy = Specific weight of water

Stream power has been defined as the
product of discharge and slope. Since
stream discharge typically increases in

a downstream direction, slope must
decrease in order to minimize stream
power. The decrease in slope in a down-
stream direction results in the concave-
up longitudinal profile.

Sinuosity is not a profile feature, but it
does affect stream slope. Sinuosity is
the stream length between two points
on a stream divided by the valley
length between the two points. For
example, if a stream is 2,200 feet long
from point A to point B, and if a valley
length distance between those two
points is 1,000 feet, that stream has a
sinuosity of 2.2. A stream can increase
its length by increasing its sinuosity,
resulting in a decrease in slope. This
impact of sinuosity on channel slope
must always be considered if channel
reconstruction is part of a proposed
restoration.

Pools and Riffles

The longitudinal profile is seldom
constant, even over a short reach. Dif-
ferences in geology, vegetation pat-
terns, or human disturbances can
result in flatter and steeper reaches
within an overall profile. Riffles occur






Roughness plays an important r ole in
streams. It helps determine the depth or
stage of flow in a stream reach. As flow
velocity slows in a stream reach due to
roughness, the depth of flow has to in-
crease to maintain the volume of flow
that entered the upstream end of the
reach (a concept known as flow conti-
nuity). Typical roughness along the
boundaries of the stream includes the
following:

Sediment particles of different sizes.
Bedforms.
Bank irregularities.

The type, amount, and distribution
of living and dead vegetation.

Other obstructions.

Roughness generally increases with in-
creasing particle size. The shape and
size of instream sediment deposits, or
bedforms, also contribute to roughness.

Sand-bottom streams are good exam-
ples of how bedform roughness
changes with discharge. At very low dis-
charges, the bed of a sand stream may
be dominated by ripple bedforms. As
flow increases even more, sand dunes
may begin to appear on the bed. Each
of these bedforms increases the rough-
ness of the stream bottom, which tends
to slow velocity.

The depth of flow also increases due to
increasing roughness. If discharge con-
tinues to increase, a point is reached
when the flow velocity mobilizes the
sand on the streambed and the entire
bed converts again to a planar form.
The depth of flow may actually decrease
at this point due to the decreased
roughness of the bed. If discharge in-
creases further still, antidunes may
form. These bedforms create enough
friction to again cause the flow depth to
increase. The depth of flow for a given
discharge in sand-bed streams, there-

fore, depends on the bedforms present
when that discharge occurs.

Vegetation can also contribute to rough-
ness. In streams with boundaries con-
sisting of cohesive soils, vegetation is
usually the principal component of
roughness. The type and distribution of
vegetation in a stream corridor depends
on hydrologic and geomorphic
processes, but by creating roughness,
vegetation can alter these processes and
cause changes in a stream’s form and
pattern.

Meandering streams offer some resis-
tance to flow relative to straight
streams. Straight and meandering
streams also have different distributions
of flow velocity that are affected by the
alignment of the stream, as shown in
Figure 2.17. In straight reaches of a
stream, the fastest flow occurs just
below the surface near the center of the
channel where flow resistance is lowest
(see Figure 2.17 (a) Section G). In me-
anders, velocities are highest at the out-
side edge due to angular momentum
(see Figure 2.17 (b) Section 3). The dif-
ferences in flow velocity distribution in
meandering streams result in both ero-
sion and deposition at the meander
bend. Erosion occurs at the outside of
bends (cutbanks) from high velocity
flows, while the slower velocities at the
insides of bends cause deposition on
the point bar (which also has been
called the slip-off slope).

The angular momentum of flow
through a meander bend increases the
height or super elevation at the outside
of the bend and sets up a secondary
current of flow down the face of the

cut bank and across the bottom of the
pool toward the inside of the bend. This
rotating flow is called helical flow and
the direction of rotation is illustrated
on the diagram on the previous page by
the arrows at the top and bottom of
cross sections 3 and 4 in the figure.






habitat than occurs in the depositional
environment of the slip-off slope.

Floodplains are built by two stream
processes, lateral and vertical accretion.
Lateral accretion is the deposition of
sediment on point bars on the insides
of bends of the stream. The :am -
erally migrates across the floodplain as
the outside of the meander bend
erodes and the point bar builds wi
coarse-textured sediment. This naturally
occurring process maintains the cross
section needed to convey water and

The quality of water in the stream corri-
dor might be a primary objective of
restoration, either to improve it to a de-
sired condition or to sustain it. Estab-
lishing an appropriate flow regime and
geomorphology in a stream corridor
may do little to ensure a healthy ecosys-
tem if the physical and chemical charac-
teristics of the water are inappropriate.
For example, a stream containing high
concentrations of toxic materials or in
which high temperatures, low dissolved
oxygen, or other physical/chemical
characteristics are inappropriate cannot
support a healthy stream corridor. Con-
versely, poor condition of the stream
corridor—such as lack of riparian shad-
ing, poor controls on erosion, or exces-
sive sources of nutrients and oxygen-
demanding waste—can result in degra-
dation of the physical and chemical
conditions within the stream.

This section briefly surveys some of the
key physical and chemical characteristics
of flowing waters. Stream water quality
is a broad topic on which many books
have been written. The focus here is on

sediment from the watershed. Vertical
accretion is the deposition of sediment
on flooded surfaces. This sediment
generally is finer textured than point
bar sediments and is considered to be
an overbank deposit. Vertical accretion
occurs on top of the lateral accretion
deposits in the point bars; however,
lateral accretion is the dominant
process. It typically makes up 60 to 80
percent of the total sediment deposits
in floodplains (Leopold et al. 1964).
It is apparent that lateral migration of
meanders is an important natural
process since it plays a critical role in
reshaping floodplains.

a few key concepts that are relevant to
stream corridor restoration. The reader
is referred to other sources (e.g.,
Thomann and Mueller 1987, Mills et al.
1985) for a more detailed treatment.

As in the previous sections, the physical
and chemical characteristics of streams
are examined in both the lateral and
longitudinal perspectives. The lateral
perspective refers to the influence of the
watershed on water quality, with partic-
ular attention to riparian areas. The lon-
gitudinal perspective refers to processes
that affect water quality during trans-
port instream.

Section 2.B discussed total sediment
loads in the context of the evolution of
stream form ar © omorphology. In ad-
dition to its role in shaping stream
form, suspended sediment plays an im-
portant role in water quality, both in
the water column and at the sediment-
water interface. In a water quality con-



text, sediment usually refers to soil par-
ticles that enter the water column from
eroding land. Sediment consists of par-
ticles of all sizes, including fine clay
particles, silt, and gravel. The term sedi-
mentation is used to describe the depo-
sition of sediment particles in
waterbodies.

Although sediment and its transport
occur naturally in any stream, changes
in sediment load and particle size can
have negative impacts (Figure 2.18).
Fine sediment can severely alter aquatic
communities. Sediment may clog and
abrade fish gills, suffocate eggs and
aquatic insect larvae on the bottom,
and fill in the pore space between bot-
tom cobbles where fish lay eggs. Sedi-
ment interferes with recreational
activities and aesthetic enjoyment at
waterbodies by reducing water clarity
and f ing in waterbodies. Sediment
also may carry other pollutants into wa-
terbodies. Nutrients and toxic chemicals
may attach to sediment particles on
land and ride the particles into surface
waters where the pollutants may settle
with the sediment or become soluble in
the water column.

Studies have shown that fine sediment
intrusion can significantly impact the
quality of spawning habitat (Cooper
1965, Chapman 1988). Fine sediment
intrusion into streambed gravels can re-
duce permeability and intragravel water
velocities, thereby restricting the supply
of oxygenated water to developing
salmonid embryos and the removal of
their metabolic wastes. Excessive fine
sediment deposition can effectively
smother incubating eggs and entomb
alevins and fry. A sediment intrusion
model (Alonso et al. 1996) has been
developed, verified, and validated to
predict the within-redd (spawning area)
sediment accumulation and dissolved
oxygen status.

Sediment Across the Stream Corridor

Rain erodes and washes soil particles
off plowed fields, construction sites,
logging sites, urban areas, and strip-
mined lands into waterbodies. Eroding
streambanks also deposit sediment into
waterbodies. In sum, sediment quality
in the stream represents the net result
of erosion processes in the watershed.

The lateral view of sediment is dis-
cussed in more detail in Section 2.B.

[t is worth noting, however, that from

a water quality perspective, interest may
focus on specific fractions of the sedi-
ment load. For instance, controlling
fine sediment load is often of particular
concern for restoration of habitat for
salmonid fish.

Restoration efforts may be useful for
controlling loads of sediment and sedi-
ment-associated pollutants from the
watershed to streams. These may range
from efforts to reduce upland erosion
to treatments that reduce sediment de-
livery through the riparian zone. Design
of restoration treatments is covered in
Chapter 8.

Figure 2.18: Stream sedimentation. Although
sediment and its transport occur naturally,
changes in sediment load and particle size
have negative impacts.






ocean, and evapotranspiration occurs
throughout the cycle. / ’

this journey, its chemi:

Wh :in the air, water

atmospheric gases. In :

undergoes chemical ex

organic and organic m

soil gases. In ground w

times are longer, there are more oppor-
tunities for minerals to dissolve. Similar
chemical reactions continue along
stream corridors. Everywhere, water in-
teracts with everything it touches—air,
rocks, bacteria, plants, and fish—and is
affected by human disturbances.

Scientists have been able to define sev-

eral interdependent cycles for many of

the common dissolved constituents in

water. Central among these cycles is the
behavior of oxygen, carbon, and nutri-

ents, such as nitrogen (N), phosphorus
(P), sulfur (S), and smaller amounts of
common trace elements.

Iron, for example, is an essential ele-
ment in the metabolism of animals and
plants. Iron in aquatic systems may be
present in one of two oxidation states.
Ferric iron (Fe3+) is the more oxidized
form and is very sparingly soluble in
water. The reduced form, ferrous iron
(Fel+), is more soluble by many orders
of magnitude. In many aquatic systems,
such as lakes for example, iron can cycle
from the ferric state to the ferrous state
and back again (Figure 2.19). The oxi-
dation of ferrous iron followed by the
precipitation of ferric iron results in
iron coatings on the surfaces of some
stream sediments. These coatings, along
with organic coatings, play a substantial
role in the aquatic chemistry of toxic
trace elements and toxic organic chemi-
cals. The chemistry of toxic organic
chemicals and metals, along with the
cycling and chemistry of oxygen, nitro-
gen, and phosphorus, will be covered
later in this section.

Clay Sand

Figure 2.19: The organic coatings on suspend-
ed sediment from streams. Water chemistry
determines whether sediment will carry
adsorbed materials or if stream sediments

will be coated.

The total concentration of all dissolved
ions in water, also known as salinity,
varies widely. Precipitation typically
contains only a few parts per thousand
(ppt) of dissolved solids, while the
salinity of seawater averages about 35
ppt (Table 2.5). The concentration of
dissolved solids in freshwater may vary
from only 10 to 20 mg/L in a pristine
mountain stream to several hundred
mg/L in many rivers. Concentrations
may exceed 1,000 mg/L in arid water-
sheds. A dissolved solids concentration
of less than 500 mg/L is recommended
for public drinking water, but this
threshold is exceeded in many areas of
the country. Some crops (notably fruit
trees and beans) are sensitive to even
modest salinity, while other crops, such
as cotton, barley, and beets, tolerate
high concentrations of dissolved solids.
Agricultural return water from irrigation
may increase salinity in streams, partic-
ularly in the west. Recommended salin-
ity limits for livestock vary from 2,860
mg/L for poultry to 12,900 mg/L for
adult sheep. Plants, fish, and other
aquatic life also vary widely in their
adaptation to different concentrations
of dissolved solids. Most species have a
maximum salinity tolerance, and few
can live in very pure water of very low
lonic concentration.






minerals present in the watershed. For
example, when water interacts with
limestone, the following dissolution
reaction occurs:

H +CaCO,=Ca + HCO,

This reaction consumes hydrogen ions,
thus raising the pH of the water. Con-
versely, runoff may acidify when all al-
kalinity in the water is consumed by
acids, a process often attributed to the
input of strong mineral acids, such as
sulfuric acid, from acid mine drainage,
and weak organic acids, such as humic
and fulvic acids, which are naturally
produced in large quantities in some
types of soils, such as those associated
with coniferous forests, bogs, and wet-
lands. In some streams, pH levels can
be increased by restoring degraded wet-
lands that intercept acid inputs, such as
acid mine drainage, and help neutralize
acidity by converting sulfates from sul-
furic acid to insoluble nonacidic metal
sulfides that remain trapped in wetland
sediments.

pH, Alkalinity, and Acidity Along the
Stream Corridor

Witl 1 a stream, similar reactions occur
between acids in the water, atmospheric
CO, alkalinity in the water column, an
streambed material. An additional char-
acteristic of pH in some poorly buffered
waters is high daily variability in pH lev-
els attributable to biological processes
that affect the carbonate buffering sys-
tem. In waters with large standing crops
of aquatic plants, uptake of carbon diox-
ide by pl.  ts during photosynthesis re-
moves carbonic acid from the water,
which can increase pH by several units.
Conversely, pH levels may fall by several
units during the night when photosyn-
thesis does not occur and plants give off
carbon dioxide. Restoration techniques
that decrease instream plant growth
through increased shading or reduction
in nutrient loads or that increase reaera-

tion also tend to stabilize highly vari-
able pH levels attributable to high rates
of photosynthesis.

The pH within streams can have impor-
tant consequences for toxic materials.
High acidity or high alkalinity tend t
convert insoluble metal sulfides to solu-
ble forms and can increase the concen-
tration of toxic metals. Conversely, high
pH can promote ammonia toxicity. Am-
monia is present in water in two forms,
unionized (NH,) and ionized (NH,’).
Of these two forms of ammonia, un-
ionized ammonia is relatively highly
toxic to aquatic life, while ionized am-
monia is relatively negligibly toxic. The
proportion of un-ionized ammonia is
determined by the pH and temperature
of the water (Bowie et al. 1985)—as pH
or temperature increases, the propor-
tion of un-ionized ammonia and the
toxicity also increase. For example, with
a pH of 7 and a temperature of 68°F,
only about 0.4 percent of the total am-
monia is in the un-ionized form, while
at a pH of 8.5 and a temperature of
78°F 15 percent of the total ammonia
is in the un-ionized form, representing
35 times greater potential toxicity to
aquatic life.

Dissolved oxygen (DO) is a basic re-
quirement for a healthy aquatic ecosys-
tem. Most fish and aquatic insects
“breathe” oxygen dissolved in the water
column. Some fish and aquatic organ-
isms, such as carp and sludge worms,
are adapted to low oxygen conditions,
but most sport fish species, such as
trout and salmon, suffer if DO concen-
trations fall below a concentration of 3
to 4 mg/L. Larvae and juvenile fish are
more sensitive and require even higher
concentrations of DO {USEPA 1997).

Many fish and other aquatic organisms
can recover from short periods of low



DO in the water. However, prolonged
episodes of depressed dissolved oxygen
concentrations of 2 mg/L or less can re-
sult in “dead” waterbodies. Prolonged
exposure to low DO conditions can suf-
focate adult fish or reduce their repro-
ductive survival by suffocating sensitive
eggs and larvae, or can starve fish by
killing aquatic insect larvae and other
prey. Low DO concentrations also favor
an: b’ 7 acteria that produce the
noxious gases or foul odors often asso-
ciated with polluted waterbodies.

Water absorbs oxygen directly from the
atmosphere, and from plants as a result
of photosynthesis. The ability of water
to hold oxygen is influenced by temper-
ature and salinity. Water loses oxygen
primarily by respiration of aquatic
plants, animals, and microorganisms.
Due to their shallow depth, large sur-
face exposure to air, and constant mo-
tion, undisturbed streams generally
contain an abundant DO supply. How-
ever, external loads of oxygen-demand-
ing wastes or excessive plant growt
induced by nutrient loading followed
by death and decomposition of vegeta-
tive material can deplete oxygen.

Dissolved Oxygen Across the
Stream Corridor

Oxygen concentrations in the water col-
umn fluctuate under natural conditions,
but oxygen can be severely depleted as
a result of human activities that in -
duce large quantities of biodegrad: le
organic materials into surface waters.
Excess loading of nutrients also can de-
plete oxygen when plants within a
stream produce large quantities of plant
biomass.

Loads of oxygen-demandii  waste
ally are reported as biochemical oxygen
demand (BOD). BOD is a measure of
the amount of oxygen required to oxi-
dize organic material in water by bio-
logical activity. As such, BOD is an

equivalent indicator rather than a true
physical or chemical substance. It mea-
sures the total concentration of DO that
eventually would be demanded as
wastewater degrades in a stream.

BOD also is often separated into car-
bonaceous and nitrogenous compo-
nents. This is because the two fractions
tend to degrade at different rates. Many
water quality models for dissolved oxy-
gen require as input estimates of ulti-
mate carbonaceous BOD (CBOD ) and
either ultimate nitrogenous BOD
(NBOD ) or concentrations of individ-
ual nitrogen species.

Oxygen-demanding wastes can be
loaded to streams by point source dis-
charges, nonpoint loading, and ground
water. BOD loads from major point
sources typically are controlled and
monitored and thus are relatively easy
to analyze. Nonpoint source loads of
BOD are much more difficult to ana-
lyze. In general, any loading of organic
material from a watershed to a stream
results in an oxygen demand. Excess
loads of organic material may arise
from a variety of land use practices,
coupled with storm events, erosion,
and washoff. Some agricultural activi-
ties, particularly large-scale animal
operations and improper manure appli-
cation, can result in significant BOD
loads. Land-disturbing activities of silvi-
culture and construction can result in
high organic loads through the erosion
of organic topsoil. Finally, urban runoff
often is loaded with high concentra-
tions of organic materials derived from
a variety of sources.

Dissolved Oxygen Along the
Stream Corridor

Within a stream, DO content is affected
by reaeration from the atmosphere, pro-
duction of DO by aquatic plants as a
by-product of photosynthesis, and con-
sumption of DO in respiration by






Stream restoration techniques often
take advantage of these relationships,
for instance by the installation of artifi-
cial cascades to increase reaeration.
Many empirical formulations have been
developed for estimating stream reaera-
tion rate coefficients; a detailed sum-
mary is provided in Bowie et al. (1985).

In addition to reaeration, oxygen is pro-
duced instream by aquatic plants.
Through photosynthesis, plants cap re
energy from the sun to fix carbon diox-
ide into reduced organic matter:

6CO,+6HO=CH_ O, +60,

Note that photosynthesis also produces
oxygen. Plants utilize their simple pho-
tosynthetic sugars and other nutrients
(notably nitrogen [N], phosphorus [P],
and sulfur [S] with smaller amounts of
several common and trace elements) to
operate their metabolism and to build
their structures.

Most animal life depends on the release
of energy stored by plants in the photo-
synthetic process. In a reaction that is
the reverse of photosynthesis, animals
consume plant material or other ani-
mals and oxidize the sugars, starches,
and proteins to fuel their metabolism
and build their own structure. This
process is known as respiration and
consumes dissolved oxygen. The actual
process of respiration involves a series
of energy converting oxidation-reduc-
tion reactions. Higher animals and
many microorganisms depend on suffi-
cient dissolved oxygen as the terminal
electron acceptor in these reactions and
cannot survive without it. Some mi-
croorganisms are able to use other com-
pounds (such as nitrate and sulfate) as
electron acceptors in metabolism and
can survive in anaerobic (oxygen-
depleted) environments.

Detailed information on analysis and
modeling of DO and BOD in streams
is contained in a number of references

(e.g., Thomann and Mueller 1987), and
a variety of well-tested computer mod-
els are available. Most stream water
quality models account for CBOD in
the water column separately from
NBOD (which is usually represented
via direct mass balance of nitrogen
species) and sediment oxygen demand or
SOD. SOD represents the oxygen de-
mand of sediment organism respiration
and the benthic decomposition of or-
ganic material. The demand of oxygen
by sediment and benthic organisms
can, in some instances, be a significant
fraction of the total oxygen demand in
a stream. This is particularly true in
small streams. The effects may be par-
ticularly acute during low-flow and
high-temperature conditions, as micro-
bial activity tends to increase with in-
creased temperature.

The presence of toxic pollutants in the
water column can indirectly lower oxy-
gen concentrations by killing algae,
aquatic weeds, or fish, which provide
an abundance of food for oxygen-
consuming bacteria. Oxygen depletion
also can result from chemical reactions
that do not involve bacteria. Some p«
lutants trigger chemical reactions that
place a chemical oxygen demand on
receiving waters.

In addition to carbon dioxide and
water, aquatic plants (both algae and
higher plants) require a variety of other
elements to support their bodily struc-
tures and metabolism. Just as with ter-
restrial plants, the most important of
these elements are nitrogen and phos-
phorus. Additional nutrients, such as
potassium, iron, selenium, and silica,
are needed in smaller amounts and
generally are not limiting factors to
plant growth. When these chemicals are
mited, plant growth may be limited.
This is an important consideration in



stream management. Plant biomass
(either created instream or loaded from
the watershed) is necessary to support
the food chain. However, excessive
growth of algae and other aquatic
plants instream can result in nuisance
conditions, and the depletion of dis-
solved oxygen during nonphotosyn-
thetic periods by the respiration of
plants and decay of dead plant material
can create conditions unfavorable to
aquatic life.

Phosphorus in freshwater systems exists
in either a particulate phase or a dis-
solved phase. Both phases include or-
ganic and inorganic fractions. The
organic particulate phase includes living
and dead particulate matter, such as
plankton and detritus. Inorganic partic-
ulate phosphorus includes phosphorus
precipit: s and phosphorus adsorbed
to particulates. Dissolved organic phos-
phorus includes organic phosphorus
excreted by organisms and colloidal
phosphorus compounds. The soluble
inorganic phosphate forms H PO,
HPO,”, and PO,”, collectively known
as soluble reactive phosphorus (SRP) are
readily available to plants. Some con-
densed phosphate forms, such as those
found in detergents, are inorganic but
are not directly available for plant up-
take. Aquatic plants require nitrogen
and phosphorus in different amounts.
For hytoplankton, as an example, cells
contain approximately 0.5 to 2.0 ug
phosphorus per ug chlorophyll, and 7
to 10 ug nitrogen per pg chlorophyll.
From this relationship, it is clear that
the ratio of nitrogen and phosphorus
required is in the range of 5 to 20
(depending on the characteristics of
individual species) to support full
utilization of available nutrients and
maximize plant growth. When the
ratio deviates from this range, plants
cannot use the nutrient present in ex-
cess amounts. The other nutrient is then

said to be the limiting nutrient on plant
growth. In streams experiencing exces-
sive nutrient loading, resource man-
agers often seek to control loading of
the limiting nutrient at levels that pre-
vent nuisance conditions.

In the aquatic environment, nitrogen
can exist in several forms—dissolved ni-
trogen gas (N ), ammonia and ammo-
nium ion (NH, and NH_"), nitrite
(NO,’), nitrate (NO,"), and organic ni-
trogen as proteinaceous matter or in
dissolved or particulate phases. The
most important forms of nitrogen in
terms of their immediate impacts on
water quality are the readily available
ammonia ions, nitrites, and nitrates. Be-
cause they must be converted to a form
more usable by plants, particulate and
organic nitrogen are less important in
the short term.

It may seem unusual that nitrogen
could limit plant growth, given that the
atmosphere is about 79 percent nitro-
gen gas. However, only a few life-forms
(for example, certain bacteria and blue-
green algae) have the ability to fix nitro-
gen gas from the atmosphere. Most
plants can use nitrogen only if it is
available as ammonia (NH,, commonly
present in water as the ionic form am-
monium, NH ") or as nitrate (NO,’)
(Figure 2.21). However, in freshwater
systems, growth of aquatic plants is
more commonly limited by phospho-
rus than by nitrogen. This limitation oc-
curs because phosphate (PO, forms
insoluble complexes with common
constituents in water (Ca™ and variable
amounts of OH", CI, and F'). Phospho-
rus also sorbs to iron coatings on clay
and other sediment surfaces and is
therefore removed from the water col-
umn by chemical processes, resulting in
the reduced ability of the water body to
support plant growth.









sediments in the water column or sub-
strate and be removed from circula Hn.
The SRP (usually as orthophosphate) is
assimilated by aquatic plants and con-
verted to organic phosphorus. Aquatic
plants then may be consumed by detri-
tivores and grazers, which in turn ex-
crete some of the organic phospho s
as SRP. Continuing the cycle, the SRP is
rapidly assimilated by aquatic plants.

Pollutants that cause toxicity in animals
or humans are of obvious concern to
restoration efforts. Toxic organic chemi-
cals (TOC) are synthetic compounds
that contain carbon, such as polychlori-
nated biphenyls (PCBs) and most pesti-
cides and herbicides. Many of these
synthesized compounds tend to persist
and accumulate in the environment be-
cause they do not readily break down
in natural ecosystems. Some of the
most toxic synthetic organics, DDT and
PCBs, have been banned from use in
the United States for decades yet con-
tinue to cause problems in the aquatic
ecosystems of many streams.

Toxic Organic Chemicals Across the
Stream Corridor

TOCs may reach a water body via both
point and nonpoint sources. Because
permitted NPDES point sources must
meet water quality standards instream
and because of whole effluent toxicity
requirements, continuing TOC prob-
lems in most streams are due to non-
point loading, recycling of materials
stored in stream and riparian sedi-
ments, illegal dumping, or accidental
spills. Two important sources of nc
point loading of organic chemicals are
application of pesticides and herbicides
in connection with agriculture, silvicul-
ture, or suburban lawn care, and runoff
from potentially polluted urban and in-
dustrial land uses.

The movement of organic chemicals
from the watershed land surface to a
water body is largely determined by the
characteristics of the chemical, as dis-
cussed below under the longitudinal
perspective, Pollutants that tend to sorb
strongly to soil particles are primarily
transported with eroded sediment. Con-
trolling sediment delivery from source
area land uses is therefore an effective
management strategy. Organic chemi-
cals with significant solubility may be
transported directly with the flow of
water, particularly stormflow from im-
pervious urban surfaces.

Toxic Organic Chemicals Along the
Stream Corridor

Among all the elements of the earth,
carbon is unique in its ability to form a
virtually infinite array of stable covalent
bonds with itself: long chains, branches
and rings, spiral helixes. Carbon mole-
cules can be so complex that they are
able to encode information for the orga-
nization of other carbon structures and
the regulation of chemical reactions.

The chemical industry has exploited
this to produce many useful organic
chemicals: plastics, paints and dyes,
fuels, pesticides, pharmaceuticals, and
other items of modern life. These prod-
ucts and their associated wastes and by-
products can interfere with the health
of aquatic ecosystems. Understanding
the transport and fate of synthetic or-
ganic compounds (SOC) in aquatic envi-
ronments continues to challenge
scientists. Only a general overview of
the processes that govern the behavior
of these chemicals along stream corri-
dors is presented here.

Solubility

It is the nature of the carbon-carbon
bond that electrons are distributed rela-
tively uniformly between the bonded
atoms. Thus a chained or ringed hydro-
carbon is a fairly nonpolar compound.
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Figure 2.23: Aromatic hydrocarbons. Benzene
is soluble in water because of its “aromatic”
structure.

matic increase in solubility (to 82,000
mg/L). Adding a chloride atom to the
benzene ring diminishes its aromatic
character (chloride inhibits the dancing
electrons), and thus the solubility of
chlorobenzene (448 mg/L) is less than
benzene.

Sorption

In the 1940s, a young pharmaceutical
industry sought to develop medicines
that could be transported in digestive
fluids and blood (both of which are
essentially aqueous solutions) and
could also diffuse across cell mem-
branes (which have, in part, a rather
nonpolar character). The industry devel-
oped a parameter to quantify the polar
versus nonpolar character of potential
drugs, and they called that parameter
the octanol-water partition coefficient.
Basically they put water and octanc

(an eight-carbon alcohol) into a vessel,
added the organic compound of inter-
est, and shook the combination up.
After a period of rest, the water and oc-

Table 2.7: Solubility of six-carbon compounds.

tanol separate (neither is very soluble in
the other), and the concentration of the
organic compound can be measured in
each phase. The octanol-water partition
coefficient, or K ,is defined simply as:

K = concentration in octanol /
concentration in water

The relation between water solubility
and K_ is shown in Figure 2.24. Gener-
ally we see that very insoluble com-
pounds like DDT and PCBs have very
high values of K . Alternatively, organic
acids and small organic solvents like
TCE are relatively soluble and have low
K values.

The octanol-water partition coefficient
has been determined for many com-
pounds and can be useful in under-
standing the distribution of SOC
between water and biota, and between
water and sediments. Compounds with
high K  tend to accumulate in fish
tissue (Figure 2.25). The sediment-water
distribution coefficient, often expressed
as K, is defined in a sediment-water
mixture at equilibrium as the ratio of
the concentration in the sediment to
the concentration in the water:

K, = concentration in sediment /
concentration in water

One might ask whether this coefficient
is constant for a given SOC. Values of K|
for two polyaromatic hydrocarbons in
various soils are shown in Figure 2.20.
For pyrene (which consists of four ben-
zene rings stuck together), the K ratios
vary from about 300 to 1500. For
phenanthrene (which consists of three
benzene rings stuck together), K, varies
from about 10 to 300. Clearly K is not a
constant value for either compound.
But, K, does appear to bear a relation to
the fraction of organic carbon in the var-
ious sediments. What appears to be con-
stant is not K_ itself, but the ratio of K,
to the fraction of organic carbon in the
sediment. This ratio is referred to as K :












priate enzymes for the oxidation of the
compound. A sufficient supply of other
nutrients and a terminal electron accep-
tor are also required.

The principle of microbial infallibility in-
formally refers to the idea that given
a supply of potential food, microbial
communities will develop the meta-
bolic capability to use that food for
biochemical energy. Not all degrada-
tion reactions, however, involve the
oxidation of SOC. Some of the most
problematic organic contaminants
are chlorinated compounds.

Chlorinated SOC do not exist naturally,
so microbial systems generally are not
adapted for their degradation. Chlorine
is an extremely electronegative eler nt.
The electronegativity of chlorine refers

to its penchant for sucking on electrons.

This tendency explains why chloride ex-
ists as an anion and why an attached
chloride diminishes the solubility of
an aromatic ring. Given this character,
it is difficult for biological systems to
oxidize chlorinated compounds. An
initial step in that degradation, there-
fore, is often reductive dechlorination.
The chlorine is removed by reducing
the compound (i.e., by giving it elec-
trons). After the chlorines are removed,
degradation may proceed along oxida-
tive pathways. The degradation of
chlorinated SOC thus may require a
sequence of reducing and oxidizing
environments, which water may experi-
ence as it moves between stream and
hyporheic zones.

The overall degradation of SOC often
follows complex pathways. Figure 2.29
shows a complex web of metabolic
reaction for a single parent pesticide.
Hydrolysis, reduction, and oxidation
are all involved in the degradation of
SOC, and the distribution and behavior
of degradation products can be ex-
tremely variable in space and time.

Chemical consequences are rarely the
immediate goal of most restoration
actions. Plans that alter chemical
processes and attributes are usually
focused on changing the physical and
biological characteristics that are vital
to the restoration goals.

A variety of naturally occurring metals,
ranging from arsenic to zinc, have been
established to be toxic to various forms
of aquatic life when present in suffi-
cient concentrations. The primary
mechanisms for water column toxicity
of most metals is adsorption at the gill
surface. While some studies indicate
that particulate metals may contribute
to toxicity, perhaps because of factors
such as desorption at the gill surface,
the dissolved metal concentration most
closely approximates the fraction of
metal in the water column that is
bioavailable. Accordingly, current EPA
policy is that dissolved metal concentra-
tions should be used to set and mea-
sure compliance with water quality
standards (40 CFR 22228-22236, May
4, 1995). For most metals, the dissolved
fraction is equivalent to the inorganic
ionic fraction. For certain metals, most
notably mercury, the dissolved fraction
also may include the metal complexed
with organic binding agents (e.g.,
methyl mercury, which can be produced
in sediments by methanogenic bacteria,
is soluble and highly toxic, and can ac-
cumulate through the food chain).

Toxic Concentrations of Bioavailable
Metals Across the Stream Corridor

Unlike synthetic organic compounds,
toxic metals are naturally occurring. In
common with synthetic organics, met-
als may be loaded to waterbodies from
both point and nonpoint sources. Pol-
lutants such as copper, zinc, and lead






various water soluble ions, and various
gases and water. These components
each have their own physical and chem-
ical characteristics which can either sup-
port or restrict a particular form of life.

Soils can be mineral or organic depend-
ing on which material makes up the
greater percentage in the soil matrix.
Mineral soils develop in materials
weathered from rocks while organic
soils develop in decayed vegetation.
Both soils typically develop horizons or
layers that are approximately parallel to
the soil surface. The extreme variety of
specific niches or conditions soil can
create has enabled a large variety of
fauna and flora to evolve and live under
those conditions.

Soils, particularly riparian and wetland
soils, contain and support a very high
diversity of flora and fauna both above
and below the soil surface. A large vari-
ety of specialized organisms can be
found below the soil surface, outnum-
bering those above ground by several or-
ders of magnitude. Generally, organisms
seen above ground are higher forms of
life such as plants and wildlife. However,
at and below ground, the vast majority
of life consists of plant roots having the
responsibility of supporting the above
ground portion of the plant; many in-
sects, mollusks, and fungi living on dead
organic matter; and an infinite number
of bacteria which can live on a wide va-
riety of energy sources found in soil.

It is important to identify soil bound-
aries and to understand the differences
in soil properties and functions occur-
ring within a stream corridor in order
to identify opportunities and limita-
tions for restoration. Floodplain and
terrace soils are often areas of dense
population and intensive agricultural
development due to their flat slopes,
proximity to water, and natural fertility.
When planning stream corridor restora-
tion initiatives in developed areas, it is

important to recognize these alterations
and to consider their impacts on goals.

Soils perform vital functions through-
out the landscape. One of the most im-
portant functions of soil is to provide a
physical, chemical, and biological set-
ting for living organisms. Soils support
biological activity and diversity for
plant and animal productivity. Soils
also regulate and partition the flow of
water and the storage and cycling of nu-
trients and other elements in the land-
scape. They filter, buffer, degrade,
immobilize, and detoxify organic and
inorganic materials and provide the me-
chanical support living organisms need.
These hydrologic, geomorphic, and bio-
logic functions involve processes that
help build and sustain stream corridors.

Organic matter provides the main source
of energy for soil microorganisms. Soil
organic matter normally makes up 1 to
5 percent of the total weight in a min-
eral topsoil. It consists of original tissue,
partially decomposed tissue, and humus.
Soil organisms consume roots and vege-
tative detritus for energy and to build
tissue. As the original organic matter is
decomposed and modified by microor-
ganisms, a gelatinous, more resistant
compound is formed. This material is
called humus. It is generally black or
brown in color and exists as a colloid, a
group of small, insoluble particles sus-
pended in a gel. Small amounts of
humus greatly increase a soil’s ability to
hold water and nutrient ions which en-
hances plant production. Humus is an
indicator of a large and viable popula-
tion of microorganisms in the soil and it
increases the options available for vege-
tative restoration.

Bacteria play vital roles in the organic

transactions that support plant growth.
They are responsible for three essential
transformations: denitrification, sulfur



oxidation, and nitrogen fixation. Micro-
bial reduction of nitrate to nitrite and
then to gaseous forms of nitrogen is
termed denitrification. A water content
of 60 percent generally limits denitrifi-
cation and the nrocess only occurs at
soil temperawures between 5°C and
75°C. Other soil properties optimizing
the rate of denitrification include a pH
between 6 and 8, soil aeration below
the biological oxygen demand of the or-
ganisms in the soil, sufficient amounts
of water-soluble carbon compounds,
readily available nitrate in the soil, and
the presence of enzymes needed to start
the reaction.

Soil properties change with topographic
position. Elevation differences generally
mark the boundaries of soils and
drainage conditions in stream corridors.
Different landforms generally have dif-
ferent types of sediment underlying
them. Surface and subsurface drainage
patterns also vary with landforms.

Soils of active channels. The active
channel forms the lowest and usually
youngest surfaces in the stream corri-
dor. There is generally no soil devel-
oped on these surfaces since the
unconsolidated materials forming
the stream bottom and banks are
constantly being eroded, transported,
and redeposited.

Soils of active floodplains. The next
highest surface in the stream corridor
is the flat, depositional surface of the
active floodplain. This surface floods
frequently, every 2 out of 3 years, so
it receives sediment deposition.

Soils of natural levees. Natural levees
are built adjacent to the stream by
deposition of coarser, suspended sed-
iment dropping out of overbank
flows during floods. A gentle back-

slope occurs on the floodplain side
of the natural levee, so the floodplain
becomes lowest at a point far from
the river. Parent materials decrease in
grain size away from the river due to
the decrease in sediment-transport
capacity in the slackwater areas.

Soils of topographic floodplains. Slightly
higher areas within and outside the
active floodplain are defined as the
topographic floodplain. They are
usually inundated less frequently
than the active floodplain, so soils
may exhibit more profile develop-
ment than the younger soils on the
active floodplain.

Soils of terraces. Abandoned flood-
plains, or terraces, are the next high-
est surfaces in stream corridors. These
surfaces rarely flood. Terrace soils, in
general, are coarser textured than
floodplain soils, are more freely
drained, and are separated from
stream processes.

Upon close examination, floodplain
deposits can reveal historical events of
given watersheds. Soil profile develop-
ment offers clues to the recent and geo-
logic history at a site. Intricate and
complex analysis methods such as car-
bon dating, pollen analysis, ratios of
certain isotopes, etc. can be used to
piece together an area’s history. Cycles
of erosion or deposition can at times be
linked to catastrophic events like forest
fires or periods of high or low precipita-
tion. Historical impacts of civilization,
such as extensive agriculture or denuda-
tion of forest cover will at times also
leave identifiable evidence in soils.

Soil temperature and moisture control
biological processes occurring in soil.
Average and expected precipitation and
temperature extremes are critical pieces



of information when considering goals
for restoration initiatives. The mean an-
nual soil temperature is usually very
similar to the mean annual air tempera-
ture. Soil temperatures do experience
daily, seasonal, and annual fluctuations
caused by solar radiation, weather pat-
terns, and climate. Soil temperatures are
also affected by aspect, latitude, and ele-
vation.

Soil moisture conditions change sea-
sonally. If changes in vegetation species
and composition are being considered
as part of a restoration initiative, a
graph comparing monthly precipitation
and evapotranspiration for the vegeta-
tion should be constructed. If the water
table and capillary fringe is below the
predicted rooting depth, and the graph
indicates a deficit in available water, ir-
rigation may be required. If no supple-
mental water is available, different plant
species must be considered.

The soil moisture gradient can decrease
from 100 percent to almost zero along
the transriparian continuum as one
progresses from the stream bottom,
across the riparian zone, and into the
higher elevations of the adjacent up-
lands (Johnson and Lowe 1985), which
results in vast differences in moisture
available to vegetation. This gradient in
soil moisture directly influences the
characteristics of the ecological commu-
nities of the riparian, transitional, and
upland zones. These ecological differ-
ences result in the presence of two eco-
tones along the stream corridor—an
aquatic-wetland/riparian ecotone and a
non-wetland riparian/floodplain eco-
tone—which increase the edge effect of
the riparian zone and, therefore, the bi-
ological diversity of the region.

Wet or “hydric” soils present special
challenges to plant life. Hydric soils are

present in wetlands areas, creating such
drastic changes in physical and chemical
conditions that most species found in
uplands cannot survive. Hence the com-
position of flora and fauna in wetlands
are vastly different and unique, espe-
cially in wetlands subject to permanent
or prolonged saturation or flooding.

Hydric soils are defined as those that are
saturated, flooded, or ponded long
enough during the growing season to
develop anaerobic conditions in the
upper part. These anaerobic conditions
affect the reproduction, growth, and
survival of plants. The driving process
behind the formation of hydric soils is
flooding and/or soil saturation near the
surface for prolonged periods (usually
more the seven days) during the grow-
ing season (Tiner and Veneman 1989).

The following focuses primarily on
mineral hydric soil properties, but or-
ganic soils such as peat and muck may
be present in the stream corridor.

In aerated soil environments, atmos-
pheric oxygen enters surface soils
through gas diffusion, as soil pores are
mostly filled with air. Aerated soils are
found in well drained uplands, and gen-
erally all areas having a water table well
below the root zone. In saturated soils,
pores are filled with water, which diffuse
gases very slowly compared to the at-
mosphere. Only small amounts of oxy-
gen can dissolve in soil moisture, which
then disperses into the top few inches of
soil. Here, soil microbes quickly deplete
all available free oxygen in oxidizing or-
ganic residue to carbon dioxide. This re-
action produces an anaerobic
chemically reducing environment in
which oxidized compounds are changed
to reduced compounds that are soluble
and also toxic to many plants. The rate
of diffusion is so slow that oxygenated
conditions cannot be reestablished
under such circumstances. Similar mi-



crobial reactions involving decomposi-
tion of organic matter in waterlogged
anaerol  environments produce ethyl-
ene gas, which is highly toxic to plant
roots and has an even stronger effect
than a lack ~f avygen. After all free oxy-
gen is utilizea, anaerobic microbes re-
duce other chemical constituents of the
soil including nitrates, manganese ox-
ides, and iron oxides, creating a further
reduced condition in the soil.

Prolonged anaerobic reducing condi-
tions result in the formation of readily
visible signs of reduction. The typical
gray colors encountered in wet soils are
the result of reduced iron, and are
known as gleyed soils. After iron oxides
are depleted, sulfates are reduced to sul-
tides, producing the rotten egg odor of
wet soils. Under extremely waterlogged
conditions, carbon dioxide can be re-
duced to methane. Methane gas, also
known as “swamp gas” can be seen at
night, as it fluoresces.

Some wetland plants have evolved spe-
cial mechanisms to compensate for hav-
ing their roots immersed in anoxic
environments. Water lilies, for example,
force a gas exchange within the entire
plant by closing their stomata during
the heat of the day to raise the air pres-
sure within special conductive tissue
(aerenchyma). This process tends to in-
troduce atmospheric oxygen deep into
the root crown, keeping vital tissues
alive. Most emergent wetland plants
simply keep their root systems close to
the soil surface to avoid anaerobic con-
ditions 1 deeper strata. This is true of
sedges and rushes, for example.

When s¢ s are continually saturated
throug ut, reactions can occur equally
throug ut the soil profile as opposed
to wet soils where the water level fluctu-
ates. Tt produces soils with little zo-
nation, and materials tend to be more

unif  Most differences in texture en-

countered with depth are related to
stratification of sediments sorted by size
during deposition by flowing water.
Clay formation tends to occur in place
and little translocation happens within
the profile, as essentially no water
moves through the soil to transport the
particles. Due to the reactivity of wet
soils, clay formation tends to progress
much faster than in uplands.

Soils which are seasonally saturated or
have a fluctuating water table result in
distinct horizonation within the profile.
As water regularly drains through the
profile, it translocates particles and
transports soluble ions from one layer
to another, or entirely out of the profile.
Often, these soils have a thick horizon
near the surface which is stripped of all
soluble materials including iron; known
as a depleted matrix. Seasonally saturated
soils usually have substantial organic
matter accumulated at the surface,
nearly black in color. The organics add
to the cation exchange capacity of the
soil, but base saturation is low due to
stripping and overabundance of hydro-
gen ions. During non-saturated times,
organic materials are exposed to atmos-
pheric oxygen, and aerobic decomposi-
tion can take place which results in
massive liberation of hydrogen ions.
Seasonally wet soils also do not retain
base metals well, and can release high
concentrations of metals in wet cycles
following dry periods.

Wet soil indicators will often remain in
the soil profile for long periods of time
(even after drainage), revealing the his-
torical conditions which prevailed. Ex-
amples of such indicators are rust
colored iron deposits which at one time
were translocated by water in reduced
form. Organic carbon distribution from
past fluvial deposition cycles or zones
of stripped soils resulting from wetland
situations are characteristics which are
extremely long lived.












small breaks in corridor continuity can
have significant impacts on animal
movement or on the suitability of
stream conditions to support certain
aquatic species. In others, establishing
corridors that are structurallv different
from native systems or tnat are imnappro-
priately configured can be equally dis-
ruptive. Narrow corridors that are
essentia 7 edge habitat may encourage
generalist species, nest parasites, and
predators, and, where corridors have
been established across historic barriers
to animal movement, they can disrupt
the integrity of regional animal assem-
blages (Knopf et al. 1988).

Landscape Scale

The ecological characteristics and distri-
bution of plant communities in a wa-
tershed influence the movement of
water, sediment, nutrients, and wildlife.
Stream corridors provide links with
other features of the landscape. Links
may invc 7e continuous corridors be-
tween headwater and valley floor
ecosystems or periodic interactions be-
tween terrestrial systems. Wildlife use
corridors to disperse juveniles, to mi-
grate, and to move between portions of
their home range. Corridors of a natural
origin are preferred and include streams
and rivers, riparian strips, mountain
passes, isthmuses, and narrow straits
(Payne and Bryant 1995).

It is important to understand the differ-
ences b ween a stream-riparian ecosys-
tem and a river-floodplain ecosystem.
Flooding in the stream-riparian ecosys-
tem is brief and unpredictable. The ri-
parian zone supplies nutrients, water,
and sediment to the stream channel,
and riparian vegetation regulates tem-
perature and light. In the river-flood-
plain ecosystem, floods are often more
predictal :and longer lasting, the river
channel is the donor of water, sedi-
ment, and inorganic nutrients to the

floodplain, and the influx of turbid and
cooler channel water influences light
penetration and temperature of the
inundated floodplain.

Stream Corridor Scale

A. .ae stream corridor scale, the compo-
sition and regeneration patterns of veg-
etation are characterized in terms of
horizontal complexity. Floodplains along
unconstrained channels typically are
vegetated with a mosaic of plant com-
munities, the composition of which
varies in response to available surface
and ground water, differential patterns
of flooding, fire, and predominant
winds, sediment deposition, and oppor-
tunities for establishing vegetation.

A broad floodplain of the southern,
midwestern, or eastern United States
may support dozens of relatively dis-
tinct forest communities in a complex
mosaic reflecting subtle differences in
soil type and flood characteristics (e.g.,
frequency, depth, and duration). In
contrast, while certain western stream
systems may support only a few woody
species, these systems may be struc-
turally complex due to constant rework-
ing of substrates by the stream, which
produces a mosaic of stands of varying
ages. The presence of side channels,
oxbow lakes, and other topographic
variation can be viewed as elements of
structural variation at the stream corri-
dor level. Riparian areas along con-
strained stream channels may consist
primarily of upland vegetation orga-
nized by processes largely unrelated to
stream characteristics, but these areas
may have considerable influence on the
stream ecosystem.

The River Continuum Concept, as dis-
cussed in Chapter 1, is also generally
applicable to the vegetative components
of the riparian corridor. Riparian vegeta-
tion demonstrates both a transriparian
gradient (across the valley) and an









matically with the surrounding uplands
and provides essential habitat for many
animals (Knopf et al. 1988). Even
within compositionally simple riparian
systems, different developmental stages
may provide different resources.

Plant communities are distributed on
floodplains in relation to flood dej 1,
duration, and frequency, as well as vari-
ations in soils and drainage condition.
Some plant species, such as cottonwood
(Populus sp.), willows (Salix sp.), and
silver maple (Acer saccharinum), are
adapted to colonization of newly de-
posited sediments and may require very
specific patterns of flood recession dur-
ing a brief period of seedfall to be suc-
cessfully established (Morris et al. 1978,
Rood and Mahoney 1990). The resul-
tant pattern is one of even-aged tree
stands established at different intervals
and locations within the active meander
belt of the stream. Other species, such
as the bald cypress (Taxodium dis-
tichum), are particularly associated with
oxbow lakes formed when streams cut
off channel segments, while still others
are associated with microtopographic
variations within floodplains that re-
flect the slow migration of a stream
channel across the landscape.

Plant communities are dynamic and
change over time. The differing regener-
ation strategies of particular vegetation
types lead to characteristic patterns of
plant succession following disturbances
in which pioneer species well-adapted
to bare soil and plentiful light are grad-
ually replaced by longer-lived species
that can regenerate under more shaded
and protected conditions. New distur-
bances reset the successional process.
Within stream corridors, flooding,
channel migration, and, in certain bio-
mes, fire, are usually the dominant nat-
ural sources of disturbance. Restoration
practitioners should understand pat-
terns of natural succession in a stream

corridor and should take advantage of
the successional process by planting
hardy early-successional species to sta-
bilize an eroding streambank, while
planning for the eventual replacement
of these species by longer-lived and
higher-successional species.

Stream corridors are used by wildlife
more than any other habitat type
(Thomas et al. 1979) and are a major
source of water to wildlife populations,
especially large mammals. For example,
60 percent of Arizona’s wildlife species
depend on riparian areas for survival
(Ohmart and Anderson 1986). In the
Great Basin area of Utah and Nevada,
288 of the 363 identified terrestrial ver-
tebrate species depend on riparian
zones (Thomas et al. 1979). Because of
their wide suitability for upland and ri-
parian species, midwestern stream corri-
dors associated with prairie grasslands
support a wider diversity of wildlife
than the associated uplands. Stream cor-
ridors play a large role in maintaining
biodiversity for all groups of vertebrates.

The faunal composition of a stream cor-
ridor is a function of the interaction of
food, water, cover, and spatial arrange-
ment (Thomas et al. 1979). These habi-
tat components interact in multiple
ways to provide eight habitat features of
stream corridors:

Presence of permanent sources of
water.

High primary productivity and bio-
mass.

Dramatic spatial and temporal con-

trasts in cover types and food avail-
ability.

Critical microclimates.

Horizontal and vertical habitat diver-
sity.



Maximized edge effect.
Effective seasonal migration routes.

High connectivity between vegetated
patches.

Stream corricd~ ~#~-«-~ gptimal habi-
tat for many forms ot wildlife because
of the proximity to a water source and
an ecological community that consists
primarily of hardwoods in many parts
of the country, which provide a source
of food, such as nectar, catkins, buds,
fruit, and seeds (Harris 1984). Up-
stream sources of water, nutrients, and
energy ultimately benefit downstream
locations. In turn, the fish and wildlife
return and disperse some of the nutri-
ents and energy to uplands and wet-
lands during their movements and
migrations (Harris 1984).

Water is especially critical to fauna in
areas such as the Southwest or Western
Prairie regions of the U.S. where stream
corridors are the only naturally occur-
ring permanent sources of water on the
landscape. These relatively moist envi-
ronments contribute to the high pri-
mary productivity and biomass of the
riparian area, which contrasts dramati-
cally with surrounding cover types and
food sources. In these areas, stream cor-
ridors provide critical microclimates
that ameliorate the temperature and
moisture extremes of uplands by pro-
viding water, shade, evapotranspiration,
and cover.

The spatial distribution of vegetation is
also a critical factor for wildlife. The lin-
ear arrangement of streams results in a
maximized edge effect that increases
species richness because a species can
simultaneously access more than one
cover (or habitat) type and exploit the
resources of both (Leopold 1933).
Edges occur along multiple habitat
types including the aquatic, riparian,
and upland habitats.

Forested connectors between habitats
establish continuity between forested
uplands that may be surrounded by un-
forested areas. These act as feeder lines
for dispersal and facilitate repopulation
by plants and animals. Thus, connectiv-
ity is very important for retaining biodi-
versity and genetic integrity on a
landscape basis.

However, the linear distribution of
habitat, or edge effect, is not an effec-
tive indicator of habitat quality for all
species. Studies in island biogeography,
using habitat islands rather than
oceanic islands, demonstrate that a
larger habitat island supports both a
larger population of birds and also a
larger number of species (Wilson and
Carothers 1979). Although a continu-
ous corridor is most desirable, the next
preferable situation is minimal frag-
mentation, i.e., large plots (“islands”)
of riparian vegetation with minimal
spaces between the large plots.

Reptiles and Amphibians

Nearly all amphibians (salamanders,
toads, and frogs) depend on aquatic
habitats for reproduction and overwin-
tering. While less restricted by the pres-
ence of water, many reptiles are found
primarily in stream corridors and ripar-
ian habitats. Thirty-six of the 63 reptile
and amphibian species found in west-
central Arizona were found to use ripar-
ian zones. In the Great Basin, 11 of 22
reptile species require or prefer riparian
zones (Ohmart and Anderson 1986).

Birds

Birds are the most commonly observed
terrestrial wildlife in riparian corridors.
Nationally, over 250 species have been
reported using riparian areas during
some part of the year.

The highest known density of nesting
birds in North America occurs in south-
western cottonwood habitats (Carothers



and Johnson 1971). Seventy-three per-
cent of the 166 breeding bird species in
the Southwest prefer riparian habitats
(Johnson et al. 1977).

Bird species richness in midwestern
stream corridors reflects the vegetative
diversity and width of the corridor.
Over half of these breeding birds are
species that forage for insects on foliage
(vireos, warblers) or species that forage
for seeds on the ground (doves, orioles,
grosbeaks, sparrows). Next in abun-
dance are insectivorous species that for-
age on the ground or on trees
(thrushes, woodpeckers).

Smith (1977) reported that the distrib-
ution of bird species in forested habi-
tats of the Southeast was closely li1 ed
to soil moisture. Woodcock (Scolopax
minor) and snipe (Gallinago gallinago),
red-shouldered hawks (Buteo lineatus),
hooded and prothonotary warblers
(Wilsonia citrina, Protonotaria citrea),
and many other passerines in the
Southeast prefer the moist ground con-
ditions found in riverside forests and
shrublands for feeding. The cypress and
mangrove swamps along Florida's wa-
terways harbor many species found al-
most nowhere else in the Southeast.

Mammals

The combination of cover, water, and
food resources in riparian areas m: e
them desirable habitat for large m: 1-
mals such as mule deer (Odocoileus
hemionus), white-tailed deer (Odocoileus
virginianus), moose (Alces alces), and elk
(Cervus elaphus) that can use multiple
habitat types. Other mammals depend
on riparian areas in some or all of their
range. These include otter (Lutra
canadensis), ri1  ail (Bassarisdus astutus),
raccoon (Procyon lotor), beaver (Castor
canadensis), muskrat (Ondatra zibethi-
cus), swamp rabbit (Sylvilagus aquati-
cus), short-tailed shrew (Blarina
brevicauda), and mink (Mustela vison).

Riparian areas provide tall dense cover
for roosts, water, and abundant prey for
a number of bat species, including the
little brown bat (Myotis lucifugus), big
brown bat (Eptesicus fuscus), and the
pallid bat (Antrozous pallidus). Brinson
et al. (1981) tabulated results from sev-
eral studies on mammals in riparian
areas of the continental U.S. They con-
cluded that the number of mammal
species generally ranges from five to 30,
with communities including several
furbearers, one or more large mammals,
and a few small to medium mammals.

Hoover and Wills (1984) reported 59
species of mammals in cottonwood ri-
parian woodlands of Colorado, second
only to pinyon-juniper among eight
other forested cover types in the region.
Fifty-two of the 68 mammal species
found in west-central Arizona in Bureau
of Land Management inventories use ri-
parian habitats. Stamp and Ohmart
(1979) and Cross (1985) found that ri-
parian areas had a greater diversity and
biomass of small mammals than adja-
cent upland areas.

The contrast between the species diver-
sity and productivity of mammals in
the riparian zone and that of the sur-
rounding uplands is especially high in
arid and semiarid regions. However,
bottomland hardwoods in the eastern
U.S. also have exceptionally high habi-
tat values for many mammals. For ex-
ample, bottomland hardwoods support
white-tail deer populations roughly
twice as large as equivalent areas of up-
land forest (Glasgow and Noble 1971).

Stream corridors are themselves influ-
enced by certain animal activities (For-
man 1995). For example, beavers build
dams that cause ponds to form within a
stream channel or in the floodplain. The
pond kills much of the existing vegeta-
tion, although it does create wetlands
and open water areas for fish and mi-



gratory waterfowl. If appropriate woody
plants in the floodplain are scarce,
beavers extend their cutting activities
into the uplands and can significantly
alter the riparian and stream corridors.
Over time, the pond is renlaced hv a
mudflat, wiicn b

eventually gives way to woody succes-
sional stages. Beaver often then build a
dam at a new spot, and the cycle begins
anew with only a spatial displacement.

The sequence of beaver dams along a
stream corridor may have major effects
on hydrology, sedimentation, and min-
eral nutrients (Forman 1995). Water
from stormflow is held back, thereby af-
fording some measure of flood control.
Silts and other fine sediments accumu-
late in the pond rather than being
washed downstream. Wetland areas
usually form, and the water table rises
upstream of the dam. The ponds com-
bine slow flow, near-constant water lev-
els, and low turbidity that support fish
and other aquatic organisms. Birds may
use beaver ponds extensively. The wet-
lands also have a relatively constant
water table, unlike the typical fluctua-
tions across a floodplain. Beavers cut-
ting trees diminish the abundance of
such species as elm (Ulmus spp.) and
ash (Fraxinus spp.) but enhance the
abundance of rapidly sprouting species,
such as alder (Alnus spp.), willow, and

poplar (Populus spp.).

The bic gical diversity and species
abundance in streams depend on the
diversity of available habitats. Naturally
functioning, stable stream systems pro-
mote the diversity and availability of
habitats. This is one of the primary rea-
sons stream stability and the restoratic
of natural functions are always consid-
ered in stream corridor restoration ac-

tivities. A stream’s cross-sectional shape
and dimensions, its slope and confine-
ment, the grain-size distribution of bed
sediments, and even its planform affect
aquatic habitat. Under less disturbed
citnatinne a narrow, steep-walled cross
less physical area for
habitat than a wider cross section with
less steep sides, but may provide more
biologically rich habitat in deep pools
compared to a wider, shallower stream
corridor. A steep, confined stream is a
high-energy environment that may limit
habitat occurrence, diversity, and stabil-
ity. Many steep, fast flowing streams are
coldwater salmonid streams of high
value. Unconfined systems flood fre-
quently, which can promote riparian
habitat development. Habitat increases
with stream sinuosity. Uniform sedi-
ment size in a streambed provides less
potential habitat diversity than a bed
with many grain sizes represented.

Habitat subsystems occur at different
scales within a stream system (Frissell
et al. 1986) (Figure 2.32). The grossest
scale, the stream system itself, is mea-
sured in thousands of feet, while seg-
ments are measured in hundreds of feet
and reaches are measured in tens of
feet. A reach system includes combina-
tions of debris dams, boulder cascades,
rapids, step/pool sequences, pool/riffle
sequences, or other types of streambed
forms or “structures,” each of which
could be 10 feet or less in scale. Fris-
sell’s smallest scale habitat subsystem
includes features that are a foot or less
in size. Examples of these microhabitats
include leaf or stick detritus, sand or silt
over cobbles or other coarse material,
moss on boulders, or fine gravel
patches.

Steep slopes often form a step/pool se-
quence in streams, especially in cobble,
boulder, and bedrock streams. Each
step acts as a miniature grade stabiliza-
tion structure. The steps and pools work









are bounded perpendicularly on the
landward side by upland, the channel
bank (including natural and manufac-
tured levees), or by Palustrine wetlands.
In braided streams, riverine wetlands
are bounded by the banks forming e
outer limits of the depression within
which the braiding occurs.

Vegetated floodplain wetlands of the
river corridor are classified as Palustrine
under this system. The Palustrine sys-
tem was developed to group the vege-
tated wetlands traditionally called by
such names as marsh, swamp, bog, fen,
and prairie pothole and also includes
small, shallow, permanent, or intermit-
tent water bodies often called ponds.
Palustrine wetlands may be situated
shoreward of lakes, river channels, or
estuaries, on river floodplains, in iso-
lated catchments, or on slopes. They
also may occur as islands in lakes or
rivers. The Palustrine system includes all
nontidal wetlands dominated by trees,
shrubs, persistent emergents, emergent
mosses and lichens, and all such wet-
lands that occur in tidal areas where
salinity due to ocean-derived salts is
below 0.5 ppt. The Palustrine system is
bounded by upland or by any of the
other four systems. They may merge
with non-wetland riparian habitat
where hydrologic conditions cease to
support wetland vegetation or may be
totally absent where hydrologic condi-
tions do not support wetlands at all
(Cowardin et al. 1979).

The hydrogeomorphic (HGM) approach is
a system that classifies wetlands into
similar groups for conducting functional
assessments of wetlands. Wetlands are
classified based on geomorphology,
water source, and hydrodynamics. This
allows the focus to be placed on a
group of wetlands that function much
more similarly than would be the case
without classifying them. Reference wet-
lands are used to develop reference

standards against which a wetland is
evaluated (Brinson 1995).

Under the HGM approach, riverine wet-
lands occur in floodplains and riparian
corridors associated with stream chan-
nels. The dominant water sources are
overbank flow or subsurface connec-
tions between stream channel and wet-
lands. Riverine wetlands lose water by
surface and subsurface flow returning to
the stream channel, ground water
recharge, and evapotranspiration. At the
extension closest to the headwaters,
riverine wetlands often are replaced by
slope or depressional wetlands where
channel bed and bank disappear, or
they may intergrade with poo rdrained
flats and uplands. Usually forested, they
extend downstream to the intergrade
with estuarine fringe wetlands. Lateral
extent is from the edge of the channel
perpendicularly to the edge of the flood-
plain. In some landscape situations,
riverine wetlands may function hydro-
logically more like slope wetlands, and
in headwater streams with little or no
floodplain, slope wetlands may lie adja-
cent to the stream channel (Brinson et
al. 1995). Table 2.11 summarizes func-
tions of riverine wetlands under the
HGM approach. The U.S. Fish and
Wildlife Service is testing an operational
draft set of hydrogeomorphic type de-
scriptors to help bridge the gap between
the Cowardin system and the HGM ap-
proach (Tiner 1997).

For purposes of regulation under Sec-
tion 404 of the Clean Water Act, only
areas with wetland hydrology, hy-
drophytic vegetation, and hydric soils
are classified as regulated wetlands.

As such, they represent a subset of the
areas classified as wetlands under the
Cowardin system. However, many areas
classified as wetlands under the Cow-
ardin system, but not classified as wet-
lands for purposes of Section 404, are
nevertheless subject to regulation be-









(snails, limpets, and some caddisfly and
mayfly nymphs), or feed on material
deposited on the substrate (dipteran
larvae and some mayfly nymphs) (Moss
1988). These feeding activities rest  in
the breakdown of organic matter in ad-
dition to the elaboration of invert  te
tissue, which other consumer groups,
such as fish, feed on.

Benthic macroinvertebrates, particularly
aquatic insect larvae and crustaceans,
are widely used as indicators of stream
health and condition. Many fish species
rely on benthic organisms as a food
source either by direct browsing on the
benthos or by catching benthic organ-
isms that become dislodged and drift
downstream (Walburg 1971).

Fish are ecologically important in
stream ecosystems because they are usu-
ally the largest vertebrates and often are
the apex predator in aquatic systems.
The numbers and species composition
of fishes in a given stream depends on
the geographic location, evolutionary
history, and such intrinsic factors as
physical habitat (current, depth, sub-
strates, riffle/pool ratio, wood snags,
and undercut banks), water quality
(temperature, dissolved oxygen, sus-
pended solids, nutrients, and toxic
chemicals), and biotic interactions (ex-
ploitation, predation, and competition).

There are approximately 700 native
freshwater species of fish in North
America (Briggs 1986). Fish species
richness is highest in the Mississippi
River Basin where most of the adaptive
radiations have occurred in the United
States (Allan 1995). In the Midwest, as
many as 50 to 100 species can occur in
a local area, although typically only half
the species native to a region may be
found at any one location (Horwitz
1978). Fish species richness generally
declines as one moves westward across
the United States, primarily due to ex-

tinction during and following the Pleis-
tocene Age (Fausch et al. 1984). For ex-
ample, 210 species are found west of the
Continental Divide, but only 40 of
these species are found on both sides of
the cantinent (Minckley and Douglas
1yv1}. 1ne relauvely depauperate fauna
of the Western United States has been
attributed to the isolating mechanisms
of tectonic geology. Secondary biologi-
cal, physical, and chemical factors may
further reduce the species richness of a
specific community (Minckley and
Douglas 1991, Allan 1995).

Fish species assemblages in streams will
vary considerably from the headwaters
to the outlet due to changes in many
hydrologic and geomorphic factors
which control temperature, dissolved
oxygen, gradient, current velocity, and
substrate. Such factors combine to de-
termine the degree of habitat diversity
in a given stream segment. Fish species
richness tends to increase downstream
as gradient decreases and stream size
increases. Species richness is generally
lowest at small headwater streams due
to increased gradient and small stream
size, which increases the frequency and
severity of environmental fluctuations
(Hynes 1970, Matthews and Styron
1980). In addition, the high gradient
and decreased links with tributaries re-
duces the potential for colonization
and entry of new species.

Species richness increases in mid-order
to lower stream reaches due to in-
creased environmental stability, greater
numbers of potential habitats, and in-
creases in numbers of colonization
sources or links between major
drainages. As one proceeds down-
stream, pools and runs increase over rif-
fles, allowing for an increase in fine
bottom materials and facilitating the
growth of macrophytic vegetation.
These environments allow for the pres-
ence of fishes more tolerant of low oxy-



gen and increased temperatures. Fur-
ther, the range of body forms increases
with the appearance of those species
with less fusiform body shapes, which
are ecologically adapted to areas typi-
fied by decreased water velocities. In
higher order streams or large rivers the
bottom substrates often are typified by
finer sediments; thus herbivores, omni-
vores, and planktivores may increase in
response to the availability of aquatic
vegetation and plankton (Bond 1979).

Fish have evolved unique feeding and
reproductive strategies to survive in the
diverse habitat conditions of North
America. Horwitz (1978) examined the
structure of fish feeding guilds in 15
U.S. river systems and found that most
fish species (33 percent) were benthic
insectivores, whereas piscivores (16 per-
cent), herbivores (7 percent), omni-
vores (6 percent), planktivores (3
percent), and other guilds contained
fewer species. However, Allan (1995)
indicated that fish frequently change
feeding habits across habitats, life
stages, and season to adapt to changing
physical and biological conditions. Fish
in smaller headwater streams tend to be
insectivores or specialists, whereas the
number of generalists and the range of
feeding strategies increases downstream
in response to increasing diversity of
conditions.

Some fish species are migratory, return-
ing to a particular site over long dis-
tances to spawn. Others may exhibit
great endurance, migrating upstream
against currents and over obstacles such
as waterfalls. Many must move between
salt water and freshwater, requiring
great osmoregulatory ability (McKeown
1984). Species that return from the
ocean environment into freshwater
streams to spawn are called anadromous
species.

Species generally may be referred to as
cold water or warm water, and grada-
tions between, depending on their tem-
perature requirements (Magnuson et al.
1979). Fish such as salmonids are usu-
ally restricted to higher elevations or
northern climes typified by colder,
highly oxygenated water. These species
tend to be specialists, with rather nar-
row thermal tolerances and rather spe-
cific reproductive requirements. For
example, salmonids typically spawn by
depositing eggs over or within clean
gravels which remain oxygenated and
silt-free due to upwelling of currents
within the interstitial spaces. Reproduc-
tive movement and behavior is con-
trolled by subtle thermal changes
combined with increasing or decreasing
day-length. Salmonid populations,
therefore, are highly susceptible to
many forms of habitat degradation, in-
cluding alteration of flows, temperature,
and substrate quality.

Numerous fish species in the U.S. are
declining in number. Williams and
Julien (1989) presented a list of North
American fish species that the American
Fisheries Society believed should be
classified as endangered, threatened, or
of special concern. This list contains
364 fish species warranting protection
because of their rarity. Habitat loss was
the primary cause of depletion for ap-
proximately 90 percent of the species
listed. This study noted that 77 percent
of the fish species listed were found in
25 percent of the states, with the high-
est concentrations in eight southwestern
states. Nehlsen et al. (1991) provided a
list of 214 native naturally spawning
stocks of depleted Pacific salmon, steel-
head, and sea-run cutthroat stocks from
California, Oregon, Idaho, and Wash-
ington. Reasons cited for the declines
were alteration of fish passage and mi-
gration due to dams, flow reduction as-
sociated with hydropower and



agriculture, sedimentation and habitat
loss due to logging and agriculture,
overfishing, and negative interactions
with other fish, including nonnative
hatchery salmon and steelhead.

The widespread decline in the numbers
of native fish species has led to current
widespread interest in restoring the
quality and quantity of habitats for fish.
Restoration activities have frequently
centered on improving local habitats,
such as fencing or removing livestock
from streams, constructing fish pas-
sages, o1 1stalling instream physical
habitat. However, research has demon-
strated that in most of these cases the
success has been limited or question-
able because the focus was too narrow
and did not address restoration of the
diverse array of habitat requirements
and reso ces that are needed over the
life span of a species.

Stream corridor restoration practition-
ers and « 1ers are now acutely aware
that fish require many different habitats
over the season and lifespan to fulfill
needs for feeding, resting, avoiding
predators, and reproducing. For exam-
ple, Livingstone and Rabeni (1991) de-
termined that juvenile smallmouth bass
in the Ja s Fork River of southeastern
Missouri fed primarily on small
macroinvertebrates in littoral vegeta-
tion. Vegetation represented not only a
source of food but a refuge from preda-
tors and a warmer habitat, factors that
can collectively optimize chances for
survival and growth (Rabeni and Jacob-
son 1993). Adult smallmouth bass,
however, tended to occupy deeper pool
habitats, and the numbers and biomass
of adults at various sites were attributed
to these specific deep-water habitats
(McClendon and Rabeni 1987). Rabeni
and Jac son (1993) suggested that an
understanding of these specific habitats,
combine with an understanding of the
fluvial hydraulics and geomorphology

that form and maintain them, are key
to developing successful stream restora-
tion initiatives.

The emphasis on fish community
restoration is increasing due to many
ecological, economic, and recreational
factors. In 1996 approximately 35 mil-
lion Americans older than 16 partic-
ipated in recreational fishing, resulting
in over $36 billion in expenditures
(Brouha 1997). Much of this activity is
in streams, which justifies stream corri-
dor restoration initiatives.

While fish stocks often receive the great-
est public attention, preservation of
other aquatic biota may also may be a
goal of stream restoration. Freshwater
mussels, many species of which are
threatened and endangered, are often of
particular concern. Mussels are highly
sensitive to habitat disturbances and
obviously benefit from intact, well-
managed stream corridors. The south-
central United States has the highest
diversity of mussels in the world. Mus-
sel ecology also is intimately linked
with fish ecology, as fish function as
hosts for mussel larvae (glochidia).
Among the major threats they face are
dams, which lead to direct habitat loss
and fragmentation of remaining habi-
tat, persistent sedimentation, pesticides,
and introduced exotic species, such as
fish and other mussel species.

Much of the spatial and temporal vari-
ability of stream biota reflects variations
in both abiotic and biotic factors, in-
cluding water quality, temperature,
streamflow and flow velocity, substrate,
the availability of food and nutrients,
and predator-prey relationships. These
factors influence the growth, survival,
and reproduction of aquatic organisms.
While these factors are addressed indi-



vidually below, it is important to re-
member that they are often interdepen-
dent.

Flow Condition

The flow of water from upstream to
downstream distinguishes streams from
other ecosystems. The spatial and tem-
poral characteristics of streamflow, such
as fast versus slow, deep versus shallow,
turbulent versus smooth, and flood g
versus low flows, are described previ-
ously in this chapter. These flow charac-
teristics can affect both micro- and
macro-distribution patterns of numer-
ous stream species (Bayley and Li 1992,
Reynolds 1992, Ward 1992). Many or-
ganisms are sensitive to flow velocity
because it represents an important
mechanism for delivering food and nu-
trients yet also may limit the ability of
organisms to remain in a stream seg-
ment. Some organisms also respond to
temporal variations in flow, which can
change the physical structure of the
stream channel, as well as increase mor-
tality, modify available resources, and
disrupt interactions among species
(Resh et al. 1988, Bayley and Li 1992).

The flow velocity in streams determines
whether planktonic forms can develop
and sustain themselves. The slower e
currents in a stream, the more closely
the composition and configuration of
biota at the shore and on the bottom
approach those of standing water (Rut-
tner 1963). High flows are cues for tim-
ing migration and spawning of some
fishes. High flows also cleanse and sort
streambed materials and scour pools.
Extreme low flows may limit young sh
production because such flows often
occur during periods of recruitment and
growth (Kohler and Hubert 1993).

Water Temperature

Water temperature can vary markedly
within and among stream systems as a
function of ambient air temperature, al-

titude, latitude, origin of the water, and
solar radiation (Ward 1985, Sweeney
1993). Temperature governs many bio-
chemical and physiological processes in
cold-blooded aquatic organisms be-
cause their body temperature is the
same as the surrounding water; thus,
water temperature has an important
role in determining growth, develop-
ment, and behavioral patterns. Stream
insects, for example, often grow and de-
velop more rapidly in warmer portions
of a stream or during warmer seasons.
Where the thermal differences among
sites are significant (e.g., along latitudi-
nal or altitudinal gradients), it is possi-
ble for some species to complete two or
more generations per year at warmer
sites; these same species complete one
or fewer generations per year at cooler
sites (Sweeney 1984, Ward 1992).
Growth rates for algae and fish appear
to respond to temperature changes in a
similar fashion (Hynes 1970, Reynolds
1992). The relationships between tem-
perature and growth, development, and
behavior can be strong enough to affect
geographic ranges of some species
(Table 2.13).

Water temperature is one of the most
important factors determining the dis-
tribution of fish in freshwater streams,
due both to direct impacts and influ-
ence on dissolved oxygen concentra-
tions, and is influenced by local
conditions, such as shade, depth and
current. Many fish species can tolerate
only a limited temperature range. Such
fish as salmonids and sculpins domi-
nate in cold water streams, whereas
such species as largemouth bass, small-
mouth bass, suckers, minnows, sun-
fishes and catfishes may be present in
warmer streams (Walburg 1971).

Effects of Cover

For the purposes of restoration, land
use practices that remove overhead












species composition and abundance
can be observed among macroinverte-
brate assemblages found in snags, sand,
bedrock, and cobble within a single
stream reach (Benke et al. 1984, Smock
et al. 1985, Huryn and Wallace 1987).
This preference for conditions associ-
ated with different substrates con-
tributes to patterns observed at larger
spatial scales where different macroin-
vertebrate assemblages are found in
coastal, piedmont, and mountain
streams (Hackney et al. 1992).

Stream substrates can be viewed in the
same functional capacity as soils in the
terrestrial system; that is, stream sub-
strates constitute the interface between
water and the hyporheic subsurface of
the aquatic system. The hyphorheic zone
is the area of substrate which lies below
the substrate/water interface, and may
range from a layer extending only
inches beneath and laterally from the
stream channel, to a very large subsur-
face environment. Alluvial floodplains
of the Flathead River, Montana, have a
hyphorheic zone with significant sur-
face water/ground water interaction
which is 2 miles wide and 33 feet deep
(Stanford and Ward 1988). Naiman et
al. (1994) discussed the extent and con-
nectivity of hyphorheic zones around
streams in the Pacific Northwest. They
hypothesized that as one moves from
low-order (small) streams to high-order
(large) streams, the degree of hy-
phorheic importance and continuity
first increases and then decreases. In
small streams, the hyphorheic zone is
limited to small floodplains, meadows,
and stream segments where coarse sedi-
ments are deposited over bedrock. The
hyphorheic zones are generally not con-
tinuous. In mid-order channels with
more extensive floodplains, the spatial
connectivity of the hyphorheic zone in-
creases. In large order streams, the spa-
tial extent of the hyphorheic zone is

usually greatest, but it tends to be
highly discontinuous because of fea-
tures associated with fluvial activities
such as oxbow lakes and cutoff chan-
nels, and because of complex interac-
tions of local, intermediate, and
regional ground water systems (Naiman
et al. 1994) (Figure 2.35).

Stream substrates are composed of vari-
ous materials, including clay, sand,
gravel, cobbles, boulders, organic mat-
ter, and woody debris. Substrates form
solid structures that modify surface and
interstitial flow patterns, influence the
accumulation of organic materials, and
provide for production, decomposition,
and other processes (Minshall 1984).
Sand and silt are generally the least
favorable substrates for supporting
aquatic organisms and support the
fewest species and individuals. Flat or
rubble substrates have the highest den-
sities and the most organisms (Odum
1971). As previously described, sub-
strate size, heterogeneity, stability with
respect to high and baseflow, and dura-
bility vary within streams, depending
on particle size, density, and kinetic en-
ergy of flow. Inorganic substrates tend
to be larger upstream than downstream
and tend to be larger in riffles than in
pools (Leopold et al. 1964). Likewise,
the distribution and role of woody de-
bris varies with stream size (Maser and
Sedell 1994).

In forested watersheds, and in streams
with significant areas of trees in their ri-
parian corridor, large woody debris that
falls into the stream can increase the
quantity and diversity of substrate and
aquatic habitat or range (Bisson et al.
1987, Dolloff et al. 1994). Debris dams
» sediment behind them and often
create scour holes immediately down-
stream. Eroded banks commonly occur
at the boundaries of debris blockages.









The previous sections presented the bio-
logical components and functional
processes that shape stream corridors.
The terrestrial and aquatic environ-
ments were discussed separately for the
sake of simplicity and ease of under-
standing. Unfortunately, this is fre-
quently the same approach taken in
environmental restoration initiatives,
with efforts placed separately on the
uplands, riparian area, or instream
channel. The stream corridor must be
viewed as a single functioning unit or
ecosystem with numerous connections
and interactions between components.
Successful stream corridor restoration
cannot ignore these fundamental rela-
tionships.

The structure and functions of vegeta-
tion are interrelated at all scales. They
are also directly tied to ecosystem dy-
namics. Particular vegetation types may
have characteristic regeneration strate-
gies (e.g., fire, treefall gaps) that main-
tain those types within the landscape at
all times. Similarly, certain topographic
settings may be more likely than others
to be subject to periodic, dramatic
changes in hydrology and related vege-
tation structure as a result of massive
debris jams or occupation by beavers.
However, in the context of stream corri-
dor ecosystems, some of the most fun-
damental dynamic interactions relate to
stream flooding and channel migration.

Many ecosystem functions are influ-
enced by the structural characteristics of
vegetation. In an undeveloped water-
shed, the movement of water and other
materials is moderated by vegetation
and detritus, and nutrients are mobi-
lized and conserved in complex pat-
terns that generally result in balanced
interactions between terrestrial and

aquatic systems. As the character and
distribution of vegetation is altered by
removal of biomass, agriculture, live-
stock grazing, development, and other
land uses, and the flow patterns of
water, sediment, and nutrients are mod-
ified, the interactions among system
components become less efficient and
effective. These problems can become
more pronounced when they are aggra-
vated by introductions of excess nutri-
ents and synthetic toxins, soil
disturbances, and similar impacts.

Stream migration and flooding are
principal sources of structural and
compositional variation within and
among plant communities in most
undisturbed floodplains (Brinson et al.
1981). Although streams exert a com-
plex influence on plant communities,
vegetation directly affects the integrity
and characteristics of stream systems.
For example, root systems bind bank
sediments and moderate erosion
processes, and floodplain vegetation
slows overbank flows, inducing sedi-
ment deposition. Trees and smaller
woody debris that fall into the channel
deflect flows, inducing erosion at some
points and deposition at others, alter
pool distribution, the transport of or-
ganic material, as well as a number of
other processes. The stabilization of
streams that are highly interactive with
their floodplains can disrupt the funda-
mental processes controlling the struc-
ture and function of stream corridor
ecosystems, thereby indirectly affecting
the characteristics of the surrounding
landscape.

In most instances, the functions of veg-
etation that are most apparent are those
that influence fish and wildlife. At the
landscape level, the fragmentation of
native cover types has been shown to
significantly influence wildlife, often fa-
voring opportunistic species over those
requiring large blocks of contiguous



habitat. In some systems, relatively
small breaks in corridor continuity can
have significant impacts on animal
movement or on the suitability of
stream conditions to support certain
aquatic species. In others, establishment
of corridors that are structurally differ-
ent from native systems or inappropri-
ately configured can be equally
disruptive. Narrow corridors that are
sentially edge habitat may encourage
generalist species, nest parasites, and
predators, and where corridors have
been established across historic barriers
to animal movement, they can disrupt
the integrity of regional animal assem-
blages (Knopf et al. 1988).

Some riparian dependent species are
linked to streamside riparian areas with
fairly contiguous dense tree canopies.
Without new trees coming into the
population, older trees creating this
linked canopy eventually drop out, cre-
ating ever smaller patches of habitat.
Restoration that influences tree stands
so that sufficient recruitment and patch
size can be attained will benefit these
species. For similar reasons, many ripar-
ian-related raptors such as the common
black-hawk (Buteogallus anthracinus),
gray hawk (Buteo nitidus), bald eagle
(Haliaeetus leucocephalus), Cactus ferrug-
inous pygmy-owl (Glaucidium brasil-
ianum cactorum), and Cooper’s hawk
(Accipiter cooperii), depend upon various
sizes and shapes of woody riparian trees
for nesting substrate and roosts.
Restoration practices that attain suffi-
cient tree recruitment will greatly bene-
fit these species in the long term, and
other species in the short term.

Some aspects related to this subject
have been discussed as ecosystem com-
ponents and functions under other sec-
tions. Findings from the earliest studies
of the impacts of fragmentation of ri-
parian habitats on breeding birds were
published for the Southwest (Carothers

and Johnson 1971, Johnson 1971,
Carothers et al. 1974). Subsequent
studies by other investigators found
similar results. Basically, cottonwood-
willow gallery forests of the North
American Southwest supported the
highest concentrations of noncolonial
nesting birds for North America. De-
struction and fragmentation of these ri-
parian forests reduced species richness
and resulted in a nearly straight-line re-
lationship between numbers of nesting
pairs/acre and number of mature
trees/acre. Later studies demonstrated
that riparian areas are equally impor-
tant as conduits for migrating birds
(Johnson and Simpson 1971, Stevens et
al. 1977).

When considering restoration of ripar-
ian habitats, the condition of adjacent
habitats must be considered. Carothers
(1979) found that riparian ecosystems,
especially the edges, are widely used by
nonriparian birds. In addition he found
that some riparian birds utilized adja-
cent nonriparian ecosystems. Carothers
et al. (1974) found that smaller breed-
ing species [e.g., warblers and the West-
ern wood pewee (Contopus sordidulus)|
tended to carry on all activities within
the riparian ecosystem during the
breeding season. However, larger
species (e.g., kingbirds and doves) com-
monly foraged outside the riparian
ecosystem in adjacent habitats. Larger
species (e.g., raptors) may forage miles
from riparian ecosystems, but still de-
pend on them in critical ways (Lee et al.
1989).

Because of more mesic conditions cre-
ated by the canyon effect, canyons and
their attendant riparian vegetation serve
as corridors for short-range movements
of animals along elevational gradients
(e.g., between summer and winter
ranges). Long-range movements that
occur along riparian zones ' oughout
North America include migration of



birds and bats. Riparian zones also
serve as stopover habitat for migrating
birds (Stevens et al. 1977). Woody vege-
tation is generally important, not only
to most riparian ecosystems, but also to
adjacent aquatic and even upland
ecosystems. However, it is important to
establish clear management objectives
before attempting habitat modification.

Restoring all of a given ecosystem to its
“pristine condition” may be impossible,
especially if upstream conditions have
been heavily modified, such as by a
dam or other water diversion project.
Even if complete restoration is a possi-
bility, it may not accomplish or com-
plement the restoration goals.

For example, encroachment of woody
vegetation in the channel below several
dams in the Platte River Valley in Ne-

braska has greatly decreased the
amount of important wet meadow
habitat. This area has been declared
critical habitat for the whooping crane
(Grus americana) (Aronson and Ellis
1979), for piping plover, and for the in-
terior least tern. It is also an important
staging area for up to 500,000 sandhill
cranes (Grus canadensis) from late Feb-
ruary to late April and supports 150 to
250 bald eagles (Haliaeetus
leucocephalus). Numerous other impor-
tant species using the area include the
peregrine falcon (Falco peregrinus),
Canada goose (Branta canadensis), mal-
lard (Anas platyrhynchos), numerous
other waterfowl, and raptors (USFWS
1981). Thus, managers here are con-
fronted with means of reducing riparian
groves in favor of wet meadows.









Habitat is a term used to describe an
area where plants or animals (including
people) normally live, grow, feed, re-
produce, and otherwise exist for any
portion of their life cycle. Habitats pro-
vide organisms or communities of or-
ganisms with the necessary elements of
life, such as space, food, water, and
shelter.

Under suitable conditions often pro-
vided by stream corridors, many species
can use the corridor to live, find food
and water, reproduce, and establish vi-
able populations. Some measures of a
stable biological community are popu-
lation size, number of species, and ge-
netic variation, which fluctuate within
expected limits over time. To varying
degrees, stream corridors constructively
influence these measures. The corridor’s
value as habitat is increased by the fact
that corridors often connect many small
habitat patches and thereby create
larger, more complex habitats with
larger wildlife populations and higher
biodiversity.

Habitat functions differ at various
scales, and an appreciation of the scales
at which different habitat functions
occur will help a restoration initiative
succeed. The evaluation of habitat at
larger scales, for example, may make
note of a biotic community’s size, com-
position, connectivity, and shape.

At the landscape scale, the concepts of
matrix, patches, mosaics and corridors
are often involved in describing habitat
over large areas. Stream corridors and

major river valleys together can provide
substantial habitat. North American fly-
ways include examples of stream and
river corridor habitat exploited by mi-
gratory birds at landscape to regional
scales.

Stream corridors, and other types of
naturally vegetated corridors as well,
can provide migrating forest and ripar-
ian species with their preferred resting
and feeding habitats during migration
stopovers. Large mammals such as
black bear are known to require large,
contiguous wild terrain as home range,
and in many parts of the country broad
stream corridors are crucial to linking
smaller patches into sufficiently large
territories.

Habitat functions within watersheds
may be examined from a somewhat dif-
ferent perspective. Habitat types and
patterns within the watershed are signif-
ici t, as are patterns of connectivity to
adjoining watersheds. The vegetation of
the stream corridor in upper reaches of
watersheds sometimes has become dis-
connected from that of adjacent water-
sheds and corridors beyond the divide.
When terrestrial or semiaquatic stream
corridor communities are connected at
their headwaters, these connections will
usually help provide suitable alternative
habitats beyond the watershed.

Assessing habitat function at the stream
corridor and smaller scales can also be
viewed in terms of patches and corri-
dors, but in finer detail than in land-
scapes and watersheds. It is also at local
scales that transitions among the vari-
ous hal ats within the corridor can be-
come more important. Stream corridors
often include two general types of habi-
tats cture: erior. ledgeh tat.
Habitat diversity is increased by a corri-
dor that includes both edge and interior
conditions, although for most streams,
corridor width is insufficient to provide






much interior habitat for larger verte-
brates such as forest interior bird
species. For this reason, increasing inte-
rior habitat is sometimes a watershed
scale restoration objective.

Habitat functions at the corridor scale
are strongly influenced by connectivity
and width. Greater connectivity and in-
creased width along and across a stream
corridor generally increases its value as
habitat. Stream valley morphology and
environmental gradients (such as grad-
ual changes in soil wetness, solar radia-
tion, and precipitation) can cause
changes in plant and animal communi-
ties. More species generally find suitable
habitat conditions in a wide, contigu-
ous, and diverse assortment of native
plant communities within the stream
corridor than in a narrow, homoge-
neous or highly fragmented corridor.

When applied strictly to stream chan-
nels, however, this might not be true.
Some narrow and deeply incised
streams, for example, provide thermal
conditions that are critical for endan-
gered salmonids.

Habitat conditions within a corridor
vary according to factors such as climate
and microclimate, elevation, topogra-
phy, soils, hydrology, vegetation, and
human uses. In terms of planning
restoration measures, corridor width is
especially important for wildlife. When
planning for maintenance of a given
wildlife species, for example, the dimen-
sion and shape of the corridor must be
wide enough to include enough suit-
able habitat that this species can popu-
late the stream corridor. Corridors that
are too narrow may provide as much of
a barrier to some species’ movement as
would a ¢« Dlete gap in the ¢« dor.

On local scales, large woody debris that
becomes lodged in the stream channel
can create morphological changes to
the stream and adjacent streambanks.

Pools may be formed downstream from
a log that has fallen across a stream and
both upstream and downstream flow
characteristics are altered. The structure
formed by large woody debris in a
stream improves aquatic habitat for
most fish and invertebrate species.

Riparian forests, in addition to their
edge and interior habitats, may offer
vertical habitat diversity in their canopy,
subcanopy, shrub and herb layers. And
within the channel itself, riffles, pools,
glides, rapids and backwaters all pro-
vide different habitat conditions in
both the water column and the
streambed. These examples, all de-
scribed in terms of physical structure,
illustrate once again the strong linkage
between structure and habitat function.

The conduit function is the ability to
serve as a flow pathway for energy, ma-
terials, and organisms. A stream corri-
dor is above all a conduit that was
formed by and for collecting and trans-
porting water and sediment. In addi-
tion, many other types of materials and
biota move throughout the system.

The stream corridor can function as a
conduit laterally, as well as longitudi-
nally, with movement by organisms and
materials in any number of directions.
Materials or animals may further move
across the stream corridor, from one
side to another. Birds or small mam-
mals, for example, may cross a stream
with a closed canopy by moving
through its vegetation. Organic debris
and nutrients may fall from higher to



lower floodplains and into the stream
within corridors, affecting the food sup-
ply for stream invertebrates and fishes.

Moving material is important because it
impacts the hydrology, habitat, and
structure of the stream as well as the ter-
restrial habitat and connections in the
floodplain and uplands. The structural
attributes of connectivity and width also
influence the conduit function.

For migratory or highly mobile wildlife,
corridors serve as habitat and conduit
simultaneously. Corridors in combina-
tion with other suitable habitats, for ex-
ample, make it possible for songbirds
to move from wintering habitat in the
neo-tropics to northern, summer habi-
tats. Many species of birds can only fly
for limited distances before they must
rest and refuel. For stream corridors to
function effectively as conduits for these
birds, they must be sufficiently con-
nected and be wide enough to provide
required migratory habitat.

Stream corridors are also conduits for
the movement of energy, which occurs
in many forms. The gravity-driven en-
ergy of stream flow continually sculpts
and modifies the landscape. The corri-
dor modifies heat and energy from sun-
light as it remains cooler in spring and
summer and warmer in the fall. Stream
valleys are effective airsheds, moving
cool air from higher to lower elevations
in the evening. The highly productive
plant communities of a corridor accu-
mulate energy as living plant material,
and export large amounts in the form
of leaf fall or detritus. The high levels
of primary productivity, nutrient flow,
and leaf litter fall also fuel increased
decomposition in the corridor, allow-
ing new transformations of energy and
materials. At its outlet, a stream’s out-
puts to the next larger water body (e.g.,
increased water volume, higher temper-
ature, sediments, nutrients, and organ-

isms) are in part the excesses of energy
from its own system.

One of the best known and studied ex-
amples of aquatic species movement
and interaction with the watershed is
the migration of salmon upstream for
spawning. After maturing in the ocean,
the fish are dependent on access to
their upstream spawning grounds. In
the case of Pacific salmon species, the
stream corridor is dependent upon the
resultant biomass and nutrient input of
abundant spawning and dying adults
into the upper reaches of stream sys-
tems during spawning. Thus, connectiv-
ity is often critical for aquatic species
transport, and in turn, nutrient trans-
port upstream from ocean waters to
stream headwaters.

Streams are also conduits for distribu-
tion of plants and their establishment
in new areas (Malanson 1993). Flowing
water may transport and deposit seeds
over considerable distances. In flood
stage, mature plants may be uprooted,
relocated, and redeposited alive in new
locations. Wildlife also help redistribute
plants by ingesting and transporting
seeds throughout different parts of the
corridor.

Sediment (bed load or suspended load)
is also transported through the stream.
Alluvial streams are dependent on the
continual supply and transport of sedi-
ment, but many of their fish and inver-
tebrates can also be harmed by too
much fine sediment. When conditions
are altered, a stream may become either
starved of sediment or choked with sed-
iment down-gradient. Streams lacking
appropriate amounts of sediment at-
tempt to reestablish equilibrium through
downcutting, bank erosion, and channel
erosion. An appropriately structured
stream corridor will optimize timing
and supply of sediment to the stream to
improve sediment transport functions.



























changes in
land or stream

cnrridar nca

A
n,

on, and
n,
ation,
water
ations

Figure 3.2: Chain of events due to disturbance.

Disturbance to a stream corridor system typical-

ly results in a causal chain of alterations to
stream corridor structure and functions.

(Armour and Williamson 1988).
Otherwise, chosen alternatives may
merely treat symptoms rather than
the source of the problem.

Using this broad goal along with
the thoughtful use of a responsive
evaluation and design process will
greatly reduce the need for trial-
and-error experiences and enhance
the opportunities for successful
restoration. Passive restoration, as
the critical first option to pursue,
will result.

Disturbances can occur anywhere
within the stream corridor and as-
sociated ecosystems and can vary in
terms of frequency, duration, and
intensity. A single disturbance event
may trigger a variety of distur-
bances that differ in frequency, du-
ration, intensity, and location. Each

of these subsequent forms of direct
or indirect disturbance should be
addressed in restoration planning
and design for successful results.

This chapter focuses on under-
standing how various disturbances
affect the stream corridor and asso-
ca 1 osys ns. We can better
determine what actions are needed
to restore stream corridor structure
and functions by understanding the
evolution of what disturbances are
stressing the system, and how the
system responds to those stresses.

Section 3.A: Natural Disturbances

This section introduces natural dis-
turbances as a multitude of poten-
tial events that cover a broad range
of temporal and spatial scales.
Often the agents of natural regen-
eration and restoration, natural dis-
turbances are presented briefly as
part of the dynamic system and
evolutionary process at work in
stream corridors.

Section 3.B: Human-Induced
Disturbances

Traditionally the use and manage-
ment of stream corridors have fo-
cused on the health and safety or
material wealth of society. Human-
induced forms of disturbances and
resulting effects on the ecological
structure and functions of stream
corridors are, therefore, common.
This section briefly describes some
of these major disturbance activities
and their potential effects.























































































should not be viewed as sequential,
but iterative in nature. Many of the
fundamental steps may be repeated
or may occur simultaneously. In ad-
dition, the process, which is based
on the philosophy of adaptive man-
agement, should be flexible enough
to adjust management actions and
directions in light of new informa-
tion about the corridor and about
progress toward restoration
objectives.

Part Il consists of three chapters
and is organized in accordance
with the fundamental steps of the
restoration plan development
process.

Chapter 4 introduces the first
two steps of plan development.
The first portion of the chapter
focuses on the basics of getting
organized and presents key steps
that should be undertaken to ini-
tiate the restoration process. The
remainder of the chapter centers
on problem/opportunity identifi-
cation and introduces the basics
of stream corridor condition
analysis and problem assessment.

Chapter 5 presents information
concerning how restoration goals
and objectives are identified and
how alternatives are designed
and selected.

Chapter 6 concludes with a dis-
cussion of implementation of
restoration as well as monitoring
and evaluation.





















successful restoration initiative.
Projects that come through a logi-
cal process of plan development
tend to be more successful.

Reqgardless of the origins of the
restoration initiative or the intro-
duction of the proposed “solution,”
it is essential that the focus of the
leadership for the restoration plan-
ning process be at the local level,
i.e., the people who are pushing
for action, who own the land, who
are affected, who might benefit,
who can make decisions, or who
can lead. With this local leadership
in place, a logical, iterative restora-
tion plan development process can
be undertaken. Often, this ap-
proach will involve going back to
the identification of the problem or
opportunity and realizing that the
situation is not as simple as initially
perceived and needs further defini-
tion and refinement.

This chapter concentrates on the
two initial steps of stream corridor
restoration plan development—
getting organized and problem/
opportunity identification. The

chapter is divided into two sections
and includes a discussion of the
core components of each of these
initial steps.

Section 4.A: Getting Organized

This section outlines some of the
organizational considerations that
should be taken into account when
conducting stream corridor restora-
tion.

Section 4.B: Problem and
Opportunity Identification

Once some of the organizational
logistics have been settled, the dis-
turbances affecting the stream cor-
ridor ecosystem and the resulting
problems/opportunities need to be
identified. Section B outlines the
core components of the problem/
opportunity identification process.
One of the most common mistakes
made in planning restorations is the
failure to characterize the nature of
the problems to be solved and
when, where, and exactly how they
affect the stream corridor.
















































Part of collecting historical data is col-
lecting background information ¢ the
requirements of the species and eco-
systems of concern. Historical data
should also include processes that oc-
curred at the site. The historic descrip-
tion may also be used to establish
target conditions, or the reference con-
dition, for restoration. Often the goal
of restoration will not be to return a
corridor to a pristine, or pre-European
settlement, condition. However, by un-
derstanding this condition, valuable
knowledge is gained for making deci-
sions on restoring and sustaining a
state of dynamic equilibrium.

In terms of gathering historical data,
emphasis should be placed on under-
standing changes in land use, channel
planform, cover type, and other physi-
cal conditions. Historical data, such as
maps and photographs, should be re-
viewed and long-time residents inter-
viewed to determine changes to the
stream corridor and associated ecosys-
tems. Major human-induced or natural
disturbances, such as land clearing,
floods, fires, and channelization,
should also be considered. These data
will be critical in understanding pre-
sent conditions, identifying a reference
condition, and determining future
trends.

Collecting Social, Cultural, and
Economic Data

In addition to physical, chemical, and
biological data, it is also important to
gather data on the social, cultural, and
economic conditions in the area. These
data more often than not will drive the
overall restoration effort, delimit its
scale, determine its citizen and lan
owner acceptance, determine ability to
coordinate and communicate, and gen-
erally decide overall stability and capa-
bility to maintain and manage. In
addition, these data are likely to be of

most interest to participants and should
be collected with their assistance to
avoid derailment or alteration of the
restoration effort due to misconceptions
and misinformation.

Properly designed surveys of social atti-
tudes, values, and perceptions can also
be valuable tools both to assess the
changes needed to accomplish the
restoration goals and to determine
changes in these intangible values over
time, throughout the planning process,
and after implementation.

Prioritizing Data Collection

Although data on both the historical
and baseline conditions related to
ecosystem structure and functions and
social, cultural, and economic values
are important, it is not always practical
to collect all of the available informa-
tion. Budgets and technical limitations
often place constraints on the amount
and types of data that can be collected.
It is therefore important for the techni-
cal team, advisory group, and decision
maker to prioritize the data needed.

At a minimum, the data necessary to ex-
plain the mechanisms or processes that
affect stream corridor conditions need
to be collected. To illustrate the chal-
lenges of data prioritization, consider
the example of identifying data for as-
sessing habitat functions. Potential
habitat data could include items such
as the extent of impacted fish, wildlife,
and other biota; ecological aspects; bio-
logical characteristics of soils and water;
vegetation (both native and nonnative);
and relationships among ecological
considerations (Figure 4.9). Depending
on the scope of the restoration plan,
however, data for all of these elements
might not be necessary to successfully
accomplish restoration. This holds es-
pecially true for smaller restoration ef-
forts in limited stream reaches.






















































often accomplished by managing
the causes rather than the
symptoms.

This chapter is divided into two sec-

tions that describe the basic steps

of defining goals and objectives, se-

lecting alternatives, and designing
restoration measures.

Section 5.A: Developing
Restoration Goals and Objectives
Restoration objectives are essential
for quiding the development and
implementation of restoration ef-
forts and for establishing a means
to measure progress and evaluate
success. This section outlines some
of the major considerations that
need to be taken into account in
developing restoration goals and
objectives for a restoration plan.

Although active restorations that
include the installation of designed
measures are common, the “no
action” or passive alternative might
be more ecologically desirable,
depending on the specific goals
and time frame of the plan.

Section 5.B: Alternative Selection
and Design

The selection of restoration alterna-
tives is a complex process that is
intended to address the identified
problems/opportunities and accom-
plish restoration goals and objec-
tives. Some of the important
factors to consider in designing
restoration measures, as well as
some of the supporting analysis
that facilitates alternative selection,
are discussed.





















contractors, volunteers, and other peo-
ple not directly under the control of the
planners are involved (Averett and
Schroder 1993).

Many standards, conventions, and pro-
tocols exist to ensure the quality or reli-
ability of information used for planning
a restoration (Knott et al. 1992), in-
cluding the following;

Sampling

Field analytical equipment
Laboratory testing equipment
Standard procedures
Training

Calibrations

Documentation

Reviews

Delegations of authority
Inspections

The quality of work and the restoration
actions can be ensured through the fol-
lowing (Shampine et al. 1992, Stanley
et al. 1992, Knott et al. 1993):

Training to ensure that all persons
fully understand what is expected of
them.

Products that are produced on time
and that meet the plan’s goals and
objectives.

Established procedures for remedi:
actions or adaptive management,
which means being able to make
adjustments as monitoring results are
analyzed.

Nontechnical constraints consist of fi-
nancial, political, institutional, legal
and regulatory, social, and cultural con-
straints, as well as current and future
ind and water use conflicts. Any one of
these has the potential to alter, post-

pone, or even stop a restoration initia-
tive. As a result, it is important that the
advisory group and decision maker con-
sider appointing a technical team to in-
vestigate these issues prior to defining
restoration goals and objectives.

Contained below is a brief discussion of
some of the nontechnical issues that
can play a role in restoration initiatives.
Although many general examples and
case studies offer experience on address-
ing nontechnical constraints, the nu-
ances of each issue can vary by
initiative.

Land and Water Use Conflicts

Land and water use conflicts are fre-
quently a problem, especially in the
western United States. The historical,
social, and cultural aspects of grazing,
mining, logging, water resources devel-
opment and use, and unrestricted use
of public land are emotional issues that
require coordination and education so
that local and regional citizens under-
stand what is being proposed in the
restoration initiative and what will be
accomplished.

Financial Issues

Planning, design, implementation, and
other aspects of the restoration initia-
tive must stay within a budget. Since
most restoration efforts involve public
agencies, the institutional, legal, and
regulatory protocols and bureaucracies
can delay restoration and increase costs.
It is extremely important to recognize
these problems early to keep the initia-
tive on schedule and preclude or at
least minimize cost overruns.

In some cases, funds might be insuffi-
cient to accomplish restoration. The
means to undertake the initiative can
often be obtained by seeking out and
working with a broad variety of cost-
and work-sharing partners; seeking out
and working with volunteers to perform



















































accomplishing planning objectives. For
example, if faced with a planning objec-
tive to “Increase waterfowl habitat in
the Blue River Watershed,” a solution
might be to “Construct and install 50
nesting boxes in the Blue River riparian
zone.” Solutions may be individual
management measures (for example,
clear a channel, plant vegetation, con-
struct a levee, or install nesting boxes),
plans (various combinations of man-
agement measures), or programs (vari-
ous combinations of plans, perhaps at
the landscape scale).

Cost estimates for a solution should in-
clude both financial implementation
costs and economic opportunity costs.
Implementation costs are direct finan-
cial outlays, such as costs for design,
real estate acquisition, construction,
operation and maintenance, and moni-
toring. The opportunity costs of a solu-
tion are any current benefits available
with the existing state of the watershed
that would be foregone if the solution
were implemented. For example, restor-
ation of a river ecosystem might require
that some navigation benefits derived
from an existing river channel be given
up to achieve the desired restoration. It
is important that the opportunity costs
of foregone benefits be accounted for
and brought to the table to inform the
decision-making process.

The level to which a solution accom-
plishes a planning objective is mea-
sured by the solution’s output estimate.
Historically, environmental outputs
have been expressed as changes in pop-
ulations (waterfowl and fish counts, for
example) and in physical dimensions
(acres of wetlands, for example). In re-
cent years, output estimates have been
derived through a variety of environ-
mental models such as the U.S. Fish
and Wildlife Service's Habitat Evalua-
tion Procedures (HEP), which summa-
rize habitat quality and quantity for

specific species in units called “habitat
units.” Models for ecological communi-
ties and ecosystems are in the early
stages of development and application
and might be more useful at the water-
shed scale.

Cost-Effectiveness Analysis

In cost-effectiveness analysis, solutions
that are not rational (from a production
perspective) are identified and can be
screened out from inclusion in subse-
quent incremental cost analysis.

Cost-effectiveness screening is fairly
straightforward when monetary values
are easily assigned. The “output” or
nonmonetary benefits of restoration ac-
tions are more difficult to evaluate.
These benefits may include changes in
intangible values of habitat, aesthetics,
nongame species populations, and oth-
ers. The ultimate goal, however, is to be
able to weigh objectively all of the ben-
efits of the restoration against its costs.

There are two rules for cost-effectiveness
screening. These rules state that solu-
tions should be identified as inefficient
in production, and thus not cost-effec-
tive, if (1) the same level of output
could be produced by another solution
at less cost or (2) a greater level of out-
put could be produced by another solu-
tion at the same or less cost.

For example, look at the range of solu-
tions in Figure 5.16. Applying Rule 1,
Solution C is identified as inefficient in
production: why spend $3,600 for 100
units of output when 100 units can be
obtained for $2,600 with Solution B, a
savings of $1,000? In this example, So-
lution C could also be screened out by
the application of Rule 2: why settle for
100 units of output with Solution C
when 20 additional units can be pro-
vided by Solution E at the same cost?
Also by applying Rule 2, Solution D is
screened out: why spend $4,500 for 110









from consideration, but rather to pre-
sent the available information on costs
and outputs in a format to facilitate
plan selection and communicate the
decision process. A solution identified
as “inefficient in production” in cost-
effectiveness analysis might still be de-
sirable; the analysis is intended to make
the other options and the associated
trade-offs explicit. Reasons for selecting
“off the cost-effectiveness curve” might
include considerations that were not
captured in the output model being
used, or uncertainty present in cost and
output estimates. Where such issues
exist, it is important that they be explic-
itly introduced to the decision process.
After all, e purpose of conducting
cost-effectiveness and incremental cost
analyses is to provide more, and hope-
fully better, information to support de-
cisions about investments in
environmental (or other nonmonetary)
resources.

Evaluation of Benefits

Cost-effectiveness and incremental

cost analyses are but one approach for
evaluating restoration projects. More
broadly defined approaches, sometimes
referred to as benefit maximization, fall
into three categories (USEPA 1995a):

1. Prioritized benefits are ranked by
preference or priority, such as best,
next best, and worst. Available infor-
mation might be limited to qualita-
tive descriptions of benefits, but
might be sufficient.

2. Quantifiable benefits can be counted
but not priced. If benefits are quan-
tifiable on some common scale
(e.g., percent removal of fine sedi-
ment as an index of spawning sub-
strate improvement), a cost per unit
of benefits that identifies the most
efficient producer of benefits can be
devised (similar to the previously

described cost effectiveness and
incremental cost analyses).

3. Nonmonetary benefits can be
described in monetary terms. For
example, when restoration provides
better fish habitat than point source
controls would provide, the monetary
value of improved fish habitat (e.g.,
economic benefits of better fishing)
needs to be described. Assigning a
monetary value to game or commer-
cial species might be relatively easy;
other benefits of improved habitat
quality (e.g., improved aesthetics) are
not as easily determined, and some
(e.g., improved biodiversity) cannot
be quantified monetarily. Each bene-
fit must, therefore, be analyzed
differently.

Key considerations in evaluating bene-
fits include timing, scale, and value. The
short-term and long-term benefits of
each project must be measured. In addi-
tion, potential benefits and costs must
be considered with respect to results on
a local level versus a watershed level. Fi-
nally, there are several ways to value the
environment based on human use and
appreciation. Commercial fish values
can be calculated, recreational or sport-
fishing values can be estimated by eval-
uating the costs of travel and
expenditures, some aesthetic and im-
proved flood control values can be esti-
mated through changes in real estate
value, and social values (such as
wildlife, aesthetics, and biodiversity)
can be estimated by surveying people to
determine their willingness to pay.

Stream-corridor restoration involves a
certain amount of risk that, regardless
of the treatment chosen, restoration ef-
forts will fail. To the extent possible, an
identification of these risks for each al-
ternative under consideration is a useful



tool for analysis by the decision maker.
A thorough risk assessment is particu-
larly important for those large-scale
restoration efforts which involve signifi-
cant outlays of labor and money or
where a significant risk to human life or
property would occur downstream
should the restoration fail.

A primary source of risk is the uncer-
tainty associated with the quality of
data used in problem analysis or
restoration design. Data uncertainty re-
sults from errors in data collection and
analysis, external influences on resource
variables, and random error associated
with certain statistical procedures (e.g.,
regression analysis). Data uncertainty is
usually handled by application of statis-
tical procedures to select confidence in-
tervals that estimate the quality of the
data used for analysis and design.

The first source of risk is the possibility
that design conditions will be exceeded
by natural variability before the project
is established. For example, if a channel
is designed to pass a 50-year flood on
the active floodplain, but it takes 5
years to establish riparian vegetation on
that floodplain, there is a certain risk
that the 50-year flood will be exceeded
during the 5 years it takes to establish
natural riparian conditions on the
floodplain. A similar situation would
exist where a revegetation treatment re-
quires a certain amount of moisture for
vegetation establishment and assumes
the worst drought of record does not
occur during the establishment period.
This kind of risk is readily amenable to
statistical analysis using the binomial

distribution and is presented in several
existing reports on hydrologic risk (e.g.,
Van Haveren 1986).

The fact that the impetus behind any
stream corridor restoration initiative

is recovery or rehabilitation does not
necessarily mean that the proposal is
without adverse effects or public con-
troversy. Short-term and long-term ad-
verse impacts might result. For example,
implementation activity such as earth-
work involving heavy equipment might
temporarily increase sedimentation or
soil compaction. Furthermore, restora-
tion of one habitat type is probably at
the expense of another habitat type; for
example, recreating habitat to benefit
fish might come at the expense of habi-
tat used by birds.

Some alternatives, such as total exclu-
sion to an area, might be well defined
scientifically but have little social ac-
ceptability. Notwithstanding the envi-
ronmental impacts and trade-offs, both
fish and birds have active constituencies
that must be involved and whose con-
cerns must be acknowledged. Therefore,
careful environmental impact analysis
considers the potential short- and long-
term direct, indirect, and cumulative
impacts, together with full public in-
volvement and disclosure of both the
impacts and possible mitigating mea-
sures. This is no less important for an
initiative to restore a stream corridor
than for any other type of related
activity.












































































































The restoration manager must have a vi-
sion of the life (i.e., duration) of the
monitoring plan and must see how the
plan fits into the broader topic of
restoration as a viable tool for meeting
the goals of participating agencies, orga-
nizations, and sponsors.

Carrying out the monitoring plan is
usually the responsibility of the restora-
tion sponsor. However, responsibility
should be established clearly in writing
during the development of the restora-
tion because this responsibility can last
for a decade or more.

The restoration manager should con-
sider data quality as a high priority in
the monitoring plan. Scientifically de-
fensible data require that at least mini-
mal quality assurance procedures be in
place.

Results of the monitoring plan should
be interpreted with objectivity, com-
pleteness, and relevance to the restora-
tion objectives. The restoration manager
and the local sponsor may share re-
sponsibility in interpreting the results
generated by the monitoring plan. The
roles of the restoration manager and
local sponsor need to be determined
before any data-gathering effort begins.
Both parties should seek appropriate
technical expertise as needed.

Data should be stored in a systematic
and logical manner that facilitates
analysis and presentation. Development
of the monitoring plan should address
the types of graphs and tables that will

be used to summarize the results of the
monitoring plan. Most monitoring data
sets can be organized to allow direct
graphing of the data using database or
spreadsheet software.

One of the most difficult aspects of
managing a monitoring plan can be
management of the contracts required
to conduct the plan. Most restoration
requires that at least some of the work
be contracted to a consultant or an-
other agency. Because monitoring plans
are frequently carried out on a seasonal
basis, timing is important.

Directly linked to monitoring is the
evaluation of the success of the restora-
tion effort. Restoration evaluation is in-
tended to determine whether
restoration is achieving the specific
goals identified during planning,
namely, whether the stream corridor
has reestablished and will continue to
maintain the conditions desired.

Approaches to evaluation most often
emphasize biological features, physical
attributes, or both. The primary tool of
evaluation is monitoring indicators of
stream corridor structure, function, and
condition that were chosen because
they best estimate the degree to which
restoration goals were met.

Evaluation may target certain aquatic
species or communities as biological in-
dicators of whether specific water qual-
ity or habitat conditions have been
restored. Or, for example, evaluation
may focus on the physical traits of the
channel or riparian zone that were in-
tentionally modified by project imple-
mentation (Figure 6.22). In any case,
the job is not finished unless the condi-
tion and function of the modified
stream corridor are assessed and adjust-


















Hourly data might be needed for
water temperature and water quality.

Weekly data might be appropriate to
show changes in the growth rate of
aquatic organisms.

Monthly or quarterly data might be
necessary to investigate annual cycles.

Annual measures might be adequate
to show the stability of streambanks.

Organis 3 with long life spans, such
as padd...ish or trees, might need to
be assessed only on the order of
decades (Figure 6.25).

The time of day for measurement
should also be considered. It might be
most appropriate to measure dissolved
oxygen at dawn, whereas temperature
might be measured most appropriately
in the mid- to late afternoon. Migra-
tions or climatic patterns might require
that studies be conducted during spe-
cific months or seasons. For example,
restoration efforts expected to result in
increased baseflow might require stud-
ies only in late summer and early fall.

The expected time for recovery of the
stream corridor could involve years or
decades, which should be addressed in
the duration of the study and its evalua-
tion. Moreover, if the purpose of
restoration is to maintain natural flood-
plain functions during a 10-year flood
event, it might take years for such an
event to occur and allow a meaningful
evaluation of performance.

Some efforts have been made to inte-
grate short- and long-term performance
monitoring requirements into overall
design. Bryant (1995) recently pre-
sented the techniques of a pulsed moni-
toring strategy involving a series of

Figure 6.25: Revegetated streambank.
Monitoring and evaluation must take into
account the differences in life spans among
organisms. Tree growth along the streambank
will be evaluated on a much longer time scale
than other restoration results.



short-term, high-intensity studies sepa-
rated by longer periods of low-intensity
data collection. MacDonald et al.
(1991) have described several different
types of monitoring by frequency, dura-
tion, and intensity.

Restoration might be necessary because
of stress currently affecting the stream
corridor or because of damage in the
past. It is critical to know whether the
sources of stress are still present or are
absent, and to incorporate treatment of
the sources of stress as part of the
restoration approach. In fact, some
practitioners will not enter into a
restoration effort that does not include
reducing or eliminating the source of

negative impacts because simply im-
proving the stream itself will likely re-
sult in only temporary enhancements.

The beginning steps of ecological risk
assessment are largely designed around
characterization of an ecosystem'’s val-
ued features, characterization of the
stressors degrading the ecosystem, iden-
tification of the routes of exposure of
the ecosystem to the stressors, and de-
scription of ecological effects that might
result. If these factors are documented
for restoration during its design and ex-
ecution, it should be clear how evaluat-
ing performance should address each
factor after completion. Has the source
of stress, or its route of exposure, been
diminished or eliminated? Are the neg-
ative ecological effects reversed or no
longer present?





















Geomorphic and hydrological
Water chemistry
Biological analysis

This breakdown allows the
generation of a “picture” of
stream corridor conditions that
comes into clearer focus as one
descends in scale from maps
and aerial photographs to the
streambed.

Chapter 8 contains design guid-
ance and techniques to restore
stream corridor structure and
functions. It is not, however, a

cookbook of prescribed solu-
tions.

Chapter 9 deals with construc-
tion topics that can occur after
the stream corridor restoration
design is complete and required
permits are obtained. Careful
construction and field inspection
are necessary to ensure that the
corridor is not degraded by con-
struction activities. At the end of
successful restoration, the stream
must be managed, maintained,
and monitored to ensure goals
and objectives are being met.









Restoring stream structure and function

O (e | TR [ DU oa I TSI

tics. At a minimum, 1t is helptul to
know whether the stream is perennial,
intermittent, or ephemeral, and the rel-
ative contributions of baseflow and
stormflow in the annual runoff. It
might also be helpful to know whether
streamflow is derived primarily from
rainfall, snowmelt, or a combination of
the two.

Other desirable information includes
the relative frequency and duration of
extreme high and low flows for the site
and the duration of certain stream flow
levels. High and low flow extremes usu-
ally are described with a statistical pro-
cedure called a frequency analysis, and
the amount of time that various flow
levels are present is usually described
with a flow duration curve.

Finally, it is often desirable to

estimate the channel-forming or domi-
nant discharge for a stream (i.e., the
discharge that is most effective in
shaping and maintaining the natural
stream channel). Channel-forming or
dominant discharge is used for design
when the restoration includes channel
reconstruction.

Estimates of streamflow characteristics
needed for restoration can be obtained
from stream gauge data. Procedures for
determining flow duration characteris-
tics and the magnitude and frequency
of floods and low flows at gauged sites
are described in this section. The pro-
cedures are illustrated using daily
mean flows and annual peak flows
(the maximum discharge for each year)
for the Scott River near Fort Jones, a
653-square-mile watershed in northern
California.

tves are on streams or reaches that lack
systematic stream eange data. Therefore.
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quency of extreme high and low flows
must be based on indirect methods
from regional hydrologic analysis. Sev-
eral methods are available for indirect
estimation of mean annual flow and
flood characteristics; however, few
methods have been developed for esti-
mating low flows and general flow du-
ration characteristics.

Users are cautioned that statistical
analyses using historical streamflow
data need to account for watershed
changes that might have occurred dur-
ing the period of record. Many basins
in the United States have experienced
substantial urbanization and develop-
ment; construction of upstream reser-
voirs, dams, and storm water
management structures; and construc-
tion of levees or channel modifications.
These features have a direct impact on
the statistical analyses of the data for
peak flows, and for low flows and flow
duration curves in some instances. De-
pending on basin modifications and
the analyses to be performed, this could
require substantial time and effort.

The amount of time certain flow levels
exist in the stream is represented by a
flow duration curve which depicts the
percentage of time a given streamflow
was equaled or exceeded over a given
period. Flow duration curves are usually
based on daily streamflow (a record
containing the average flow for each
day) and describe the flow characteris-
tics of a stream throughout a range of
discharges without regard to the se-
quence of occurrence. A flow duration



curve is the cumulative histogram of the
set of all daily flows. The construction
of flow duration curves is described by
Searcy (1959), who recommends defin-
ing the cumulative histogram of stream-
flow by using 25 to 35 well-distributed
class intervals of streamflow data.

Figure 7.1 is a flow duration curve that
was defined using 34 class intervals and
software documented by Lumb et al.
(1990). The numerical output is pro-
vided in the accompanying table.

The curve shows that a daily mean flow
of 1,100 cubic feet per second (cfs) is
exceeded about 20 percent of the time
or by about 20 percent of the observed
daily flows. The long-term mean daily
flow (the average flow for the period of
record) for this watershed was deter-
mined to be 623 cfs. The duration curve
shows that this flow is exceeded about
38 percent of the time.

For over half the states, the USGS has
published reports for estimating flow
duration percentiles and low flows at
ungauged locations. Estimating flow
duration characteristics at ungauged
sites usually is attempted by adjusting
data from a nearby stream gauge in a
hydrologically similar basin. Flow dura-
tion characteristics from the stream
gauge rec 1 are expressed per unit area
of drainage basin at the gauge (i.e., in
cfs/mi’) and are multiplied by the
drainage area of the ungauged site to
estimate flow duration characteristics
there. The accuracy of such a procedure
is directly related to the similarity of the
two sites. Generally, the drainage area at
the stream gauge and ungauged sites
should be fairly similar, and streamflow
characteristics should be similar for
both sites. Additionally, mean basin ele-
vation and physiography should be
similar for both sites. Such a procedure
does not work well and should not be
attempted in stream systems dominated

by local convective storm runoff or
where land uses vary significantly be-
tween the gauged and ungauged basins.

The frequency of floods and low flows
for gauged sites is determined by ana-
lyzing an annual time series of maxi-
mum or minimum flow values (a
chronological list of the largest or
smallest flow that occurred each year).
Although previously described in Chap-
ter 1, flow frequency is redefined here be-
cause of its relevance to the sections
that follow. Flow frequency is defined
as the probability or percent chance of
a given flow’s being exceeded or not ex-
ceeded in any given year. Flow fre-
quency is often expressed in terms of
recurrence interval or the average number
of years between exceeding or not ex-
ceeding the given flows. For example, a
given flood flow that has a 100-year re-
currence interval is expected to be ex-
ceeded, on average, only once in any
100-year period; that is, in any given
year, the annual flood flow has a 1 per-
cent chance or 0.01 probability of ex-
ceeding the 100-year flood. The
exceedance probability, p, and the re-
currence interval, T, are related in that
one is the reciprocal of the other (i.e.,
T = 1/p). Statistical prc res for de-
termining the frequency of floods and
low flows at gauged sites follow.

As mentioned earlier, most stream corri-
dor restoration initiatives are on
streams or reaches lacking systematic
stream gauge data; therefore, estimates
of flow duration characteristics and the
frequency of extreme high and extreme
low flows must be based on indirect
methods from regional hydrologic
analysis.

Flood Frequency Analysis

Guidelines for determining the fre-
quency of floods at a particular location


















predominant mode of transport (bed
load, suspended load, or mixed load)
and the flow variability, which is influ-
enced by the size and hydrologic char-
acteristics of the watershed. Small
watersheds generally experience a wider
range of flows than large watersheds,
and this tends to increase the propor-
tion of sediment load carried by infre-
quent events. Thorough reviews of
arguments about the conceptual basis
of channel-forming discharge theory
can be found in textbooks by Richards
(1982), Knighton (1984), and Summer-
field (1991).

Researchers have used various discharge
levels to represent the channel-forming
discharge. The most common are (1)
bankfull discharge, (2) a specific dis-
charge recurrence interval from the an-
nual peak or partial duration frequency
curves, and (3) effective discharge.
These approaches are frequently used
and can produce a good approximation
of the channel-forming discharge in
many situations; however, as discussed
in the following paragraphs, consider-
able uncertainties are involved in all
three of these approaches. Many practi-
tioners are using specific approaches to
determine channel-forming discharge
and the response of stream corridors.
Bibliographic information on  >se
methods is available later in the
document.

Because of the spatial variability within
a given geographical region, the re-
sponse of any particular stream corridor
within the region can differ from that
expected for the region as a whole. This
is especially critical for streams draining
small, ungauged drainage areas. There-
fore, the expected channel-forming dis-
charge of ungauged areas should be
estimated by more than one alternative
method, hopefully leading to consistent
estimates.

Bankfull Discharge

The bankfull discharge is the discharge
that fills a stable alluvial channel up to
the elevation of the active floodplain.
In many natural channels, this is the
discharge that just fills the cross section
without overtopping the banks, hence
the term “bankfull.” This discharge is
considered to have morphological sig-
nificance because it represents the
breakpoint between the processes of
channel formation and floodplain for-
mation. In stable alluvial channels,
bankfull discharge corresponds closely
with effective discharge and channel-
forming discharge.

The stage vs. discharge or rating curve
presented in Figure 7.4 was developed
for a hypothetical stream by computing
the discharge for different water surface
elevations or stages. Since discharges
greater than bankfull spread across the
active floodplain, stage increases more
gradually with increasing discharge
above bankfull than below bankfull,
when flows are confined to the channel.
Another method for determining the
bankfull stage and discharge is to deter-
mine the minimum value on a plot re-
lating water surface elevation to the
ratio of surface width to area. The fre-
quency of the bankfull discharge can be
determined from a frequency distribu-
tion plot like Figure 7.1.

Bankfull stage can also be identified
from field indicators of the elevation of
the active floodplain. The correspond-
ing bankfull discharge is then deter-
mined from a stage vs. discharge
relationship.

Field Indicators of Bankfull Discharge

Various field indicators can be used for
estimating the elevation of the stage as-
sociated with bankfull flow. Although
the first flat depositional surface is
often ed, the identification of deposi-
tional surfaces in the field can be diffi-





















Surveys of stream channel cross sections
are useful for analyzing channel form,
function, and processes. Use of survey
g
streamflow, channel geometry, and vari-
ous hydraulic characteristics provides
information that serves a variety of ap-
plications. Although stage-discharge
curves often can be computed from
such cross section data, users should be
cautioned to verify their computations
with direct discharge measurements
whenever possible.

Information on stream channel geome-
try and hydraulic characteristics is use-
ful for channel design, riparian area
restoration, and instream structure
placement. Ideally, once a channel-
forming discharge is defined, the chan-
nel is designed to contain that flow and
higher flows are allowed to spread over
the floodplain. Such periodic flooding
is extremely important for the forma-
tion of channel macrofeatures, such as
point bars and meander bends, and for
establishing certain kinds of riparian
vegetation. A cross section analysis also
may help in optimal design and place-
ment of items such as culverts and fish
habitat structures.

Additionally, knowledge of the relation-
ships between discharge and channel
geometry and hydraulics is useful for re-
constructing the conditions associated
with a particular flow rate. For example,
in many channel stability analyses, it is
customary to relate movement of bed
materials to some measure of stream
power or average bed shear stress. If the
relationships between discharge and
certain hydraulic variables (e.g., mean
depth and water surface slope) are
known, it is possible to estimate stream
power and average bed shear as a func-
tion of discharge. A cross section analy-
sis therefore makes it possible to

estimate conditions of substrate move-
ment at various levels of streamflow.

Discharge at a cross section is com-
oute sin_ he simplifie o ¢ h
continuity equation:

Q = AV
where:
Q = discharge
A = cross sectional area of the
flow
V= average velocity in the down-

stream direction

Computing the cross-sectional area is a
geometry problem. The area of interest
is bounded by the channel cross section
and the water surface elevation (stage)
(Figure 7.7). In addition to cross-
sectional area, the top width, wetted
perimeter, mean depth, and hydraulic
radius are computed for selected stages
(Figure 7.7).

Uniform flow equations may be used
for estimating mean velocity as a
function of cross section hydraulic
parameters.

Manning's equation was developed for
conditions of uniform flow in which
the water surface profile and energy
grade line are parallel to the streambed,
and the area, hydraulic radius, and aver-
age depth remain constant throughout
the reach. The energy grade line is a
theoretical line whose elevation above
the streambed is the sum of the water
surface elevation and a term that repre-
sents the kinetic energy of the flow
(Chow 1959). The slope of the energy
grade line represents the rate at which
energy is dissipated through turbulence
and boundary friction. When the water
surface slope and the energy grade line
























units.) Water surface slope in individual
channel reaches may vary significantly
with changes in stage and discharge.

For this reason, when water surface
slopes are surveyed in the field, the

v jate 1ay be  roxima

by the change in elevation over the in-
dividual channel unit where the cross
section is located, approximately 1 to 5
channel widths in length, while the
high-water slope is obtained by mea-
suring the change in elevation over a
much longer reach of channel, usually
at least 15 to 20 channel widths in
length.

Bed Material Particle Size Distribution

Computing mean velocity with resis-
tance equations based on relative
roughness, such as the ones suggested
by Thorne and Zevenbergen (1985), re-
quires an evaluation of the particle size
distribution of the bed material of the
stream. For streams with no significant
channel armor and bed material finer
than medium gravel, bed material sam-
plers developed by the Federal Inter-
agency Sedimentation Project (FISP
1986) may be used to obtain a repre-
sentative sample of the streambed,
which is then passed through a set of
standard sieves to determine percent
by weight of particles of various sizes.
The cumulative percent of material
finer than a given size may then be
determined.

Particle size data are usually reported
in terms of d, where i represents some
nominal percentile of the distribution
and d represents the particle size, usu-
ally expressed in millimeters, at which
i percent of the total sample by weight
is finer. For example, 84 percent of the
total sample would be finer than the
d,, particle size. For additional guidance
on bed material sampling in sand-bed
streams, refer to Ashmore et al. (1988).

For estimating velocity in steep moun-
tain rivers with substrate much coarser
than the medium-gravel limitation of
FISP samplers, a pebble count, in which
at least 100 bed material particles are
mannalle calloctod fram tho ctroamhbad
dId Imedsured, 1s used Lo Imnedsure sur-
face particle size (Wolman 1954). At
each sample point along a cross section,
a particle is retrieved from the bed, and
the intermediate axis (not the longest
or shortest axis) is measured. The mea-
surements are tabulated as to number
of particles occurring within predeter-
mined size intervals, and the percentage
of the total number in each interval is
then determined. Again, the percentage
in each interval is accumulated to give a
particle size distribution, and the parti-
cle size data are reported as described
above. Additional guidance for bed ma-
terial sampling in coarse-bed streams is
provided in Yuzyk (1986). If an armor
layer or pavement is present, standard
techniques may be employed to charac-
terize bed sediments, as described by
Hey and Thorne (1986).

Discharge Measurement

If several discharge measurements can
be made over a wide range of flows,
relationships among stage, discharge,
and other hydraulic parameters may be
developed directly. If only one dis-
charge measurement is obtained, it
likely will occur during low water and
will be useful for defining the lower
end of the rating table. If two measure-
ments can be made, it is desirable to
have a low-water measurement and a
high-water measurement to define both
ends of the rating table and to establish
the relationship between Manning’s n
and stage. If high water cannot be mea-
sured directly, it may be necessary to es-
timate the high-water n (see the
discussion earlier in the chapter).






discussed in Chapter 4. A poorly de-
signed restoration might be difficult to
repair and can lead to more extensive
problems.

More recent attempts to develop a com-
! ' lassification  ter

have focused on morphological forms
and processes of channels and valley

ottoms, and drainage networks. Classi-
fication systems might be categorized as
systems based on sediment transport
processes and systems based on channel
response to perturbation.

Stream classification methods are re-
lated to fundamental variables and
processes that form streams. Streams are
classified as either alluvial or non-
alluvial. An alluvial stream is free to
adjust its dimensions, such as width,
depth, and slope, in response to changes
in watershed sediment discharge. The
bed and banks of an alluvial stream are
composed of material transported by
the river under present flow conditions.
Conversely, a non-alluvial river, like a
bedrock-controlled channel, is not free
to adjust. Other conditions, such as a
high mountain stream flowing in very
coarse glacially deposited materials or
streams which are significantly con-
trolled by fallen timber, would suggest
a non-alluvial system.

Streams may also be classified as either
perennial, intermittent, or ephemeral,
as discussed in Chapter 1. A perennial
stream is one that has flow at all times.
An intermittent stream has the potential
for continued flow, but at times the en-
tire flow is absorbed by the bed mater-
ial. 1is may be seasonal in nature.

An ephemeral stream has flow only fol-
lowing a rainfall event. When carrying
flow, intermittent and ephemeral
streams both have characteristics very
similar to those of perennial streams.

The following are some advantages of
stream classification systems:
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in different resource disciplines.

They also enable extrapolation of
inventory data collected on a few
channels of each stream class to a
much larger number of channels over
a broader geographical area.

Classification helps the restoration
practitioner consider the landscape
context and determine the expected
range of variability for parameters
related to channel size, shape, and
pattern and composition of bed and
bank materials.

Stream classification also enables the
practitioner to interpret the channel-
forming or dominant processes active
at the site, providing a base on which
to begin the process of designing
restoration.

Classified reference reaches can be
used as the stable or desired form of
the restoration.

A classification system is also very
useful in providing an important
cross-check to verify if the selected
design values for width/depth ratio,
sinuosity, etc., are within a reason-
able range for the stream type being
restored.

All stream classification systems have
limitations that are inherent to their ap-
proaches, data requirements, and range
of applicabilities. They should be used
cautiously and only for establishing
some of the baseline conditions on



which to base initial restoration plan-
ning. Standard design techniques
should never be replaced by stream
classification alone.

Some limitations of classification sys-
tems are as follows:

Determination of bankfull or channel-
forming flow depth may be difficult
or inaccurate. Field indicators are
often subtle or missing and are not
valid if the stream is not stable and
alluvial.

The dynamic condition of the stream
is not indicated in most classification
systems. The knowledge of whether
the stream is stable, aggrading, or
degrading or is approaching a critical
geomorphic threshold is important
for a successful restoration initiative.

River response to a perturbation or
restoration action is normally not

determined from the classification
system alone.

Biological health of a stream is usual-
ly not directly determined through a
stream classification system.

A classification system alone should
not be used for determining the type,
location, and purpose of restoration
activities. These are determined
—_rough the planning steps in Pa I
and the design process in Chapter 8.

When the results of stream classifica-
tion will be used for planning or de-
sign, the field data collection should be
performed or directed by persons with
experience and training in hydrology,
hydraulics, terrestrial and aquatic ecol-
ogy, sediment transport, and river me-
chanics. Field data collected by
personnel with only limited formal
training may not be reliable, particu-
larly in the field determination of bank-
full indicators and the assessment of
channel instability trends.

Stream Order

Designation of stream order, using the
Strahler (1957) method, described in
Chapter 1, is dependent on the scale of
maps used to identify first-order
streams. It is difficult to make direct
comparisons of the morphological
characteristics of two river basins ob-
tained from topographic maps of differ-
ent scales. However, the basic
morphological relationships defined by
Horton (1945) and Yang (1971) are
valid for a given river basin regardless
of maps used, as shown in the case
study of the Rogue River Basin (Yang
and Stall 1971, 1973).

Horton (1945) developed some basic
empirical stream morphology relations,
i.e, Horton’s law of stream order,
stream slope, and stream length. These
show that the relationships between
stream order, average stream length,
and slope are straight lines on semilog
paper.

Yang (1971) derived his theory of aver-
age stream fall based on an analogy
with thermodynamic principles. The
theory states that the ratio of average fall
(change in bed elevation) between any
two stream orders in a given river basin
is unity. These theoretical results were
supported by data from 14 river basins
in the United States with an average fall
ratio of 0.995. The Rogue River basin
data were used by Yang and Stall
(1973) to demonstrate the relationships
between average stream length, slope,
fall, and number of streams.

Stream order is used in the River Contin-
uum Concept (Vannote et al. 1980),
described in Chapter 1, to distinguish
different levels of biological activity.
However, stream order is of little help
to planners and designers looking for
clues to restore hydrologic and geomor-
phic functions to stream corridors.



Schumm

Other classification schemes combine
morphological criteria with dominant
modes of sediment transport. Schumm
(1977) identified straight, meandering,
channel pattern and stability to modes
of sediment transport (Figure 7.10).

Schumm recognized relatively stable
straight and meandering channels, with
predominantly suspended sediment
load and cohesive bank materials. On
the other end of the spectrum are rela-
tively unstable braided streams charac-
terized by predominantly bedload
sediment transport and wide, sandy
channels with noncohesive bank mate-
rials. The intermediate condition is gen-
erally represented by meandering
mixed-load channels.

Montgomery and Buffington

Schumm’s classification system primar-
ily applies to alluvial channels; Mont-
gomery and Buffington (1993) have
proposed a similar classification system
for alluvial, colluvial, and bedrock
streams in the Pacific Northwest that
addresses channel response to sediment
inputs throughout the drainage net-
work. Montgomery and Buffington rec-
ognize six classes of alluvial
channels—cascade, step-pool, plane-
bed, riffle-pool, regime, and braided
(Figure 7.11).

The stream types are differentiated on
the basis of channel response to sedi-
ment inputs, with steeper channels
(cascade and step-pool) maintaining
their morphology while transmitting
increased sediment loads, and low-
gradient channels (regime and pool-
riffle) responding to increased sediment
through morphological adjustments. In
general, steep channels act as sediment-
delivery conduits connecting zones of
sediment production with low-gradient
response channels.

Rosgen Stream Classification System

One comprehensive stream classifica-
tion system in common use is based on
morphological characteristics described
by Rosgen (1996) (Figure 7.12). The
“osgen syster  ses si norphologice’
measurements for classifying a stream
reach—entrenchment, width/depth
ratio, sinuosity, number of channels,
slope, and bedmaterial particle size.
These criteria are used to define eight
major stream classes with about 100
individual stream types.

Rosgen uses the bankfull discharge

to represent the stream-forming dis-
charge or channel-forming flow. Bank-
full discharge is needed to use this
classification system because all of the
morphological relationships are related
to this flow condition: width and depth
of flow are measured at the bankfull
elevation, for example.

Except for entrenchment and
width/depth ratio (both of which de-
pend on a determination of bankfull
depth), the parameters used are rela-
tively straightforward measurements.
The problems in determining bankfull
depth were discussed earlier in Chapter
1. The width/depth ratio is taken at
bankfull stage and is the ratio of top
width to mean depth for the bankfull
channel. Sinuosity is the ratio of stream
length to valley length or, alternatively,
valley slope to stream slope. The bed
material particle size used in the classi-
fication is the dominant bed surface
particle size, determined in the field by
a pebble-count procedure (Wolman
1954) or as modified for sand and
smaller sizes. Stream slope is measured
over a channel reach of at least 20
widths in length.

Entrenchment describes the relation-
ship between a stream and its valley

and is defined as the vertical contain-
ment of the stream and the degree to












STREAM CLASSIFICATION WORKSHEET

Party: Date:
State: County:
Stream:

Bankfull Measurements: lat/Lona

- . ro_
Sinuosity (Stream Length/Valley Length) or (Valley Slope/Channel Slope):

Strm. Length Valley Slope

Valley Length Channel Slope
SL Vs

Sinuosity V| Sinuosity Cs

Entrenchment Ratio (Floodprone Width/Bankfull Width):
Floodprone width is water level at 2x maximum depth in bankfull cross-section,
or width of intermediate floodplain {10-50 yr. event)
Bankfull Width Floodprone Width
Entrenchment Ratio

Slight =2.2+ Moderate + 1.41-2.2  Entrenched = 1.0-1.4
Dominant Channel Soils:
Bed Material Left Bank Right Bank
Description of Soil Profiles (from base of bank to top)
Left:
Right:
Riparian Vegetation:
Left Bank: Right Bank
% Total Area (Mass) L R
% Total Ht w/Roots L R
Ratio of Actual Bank Height to Bankfull Height
Bank Slope (Horizontal to Vertical ): L R
STREAM TYPE Remarks
PEBBLE COUNT Site
Metric English Particle Count| Tot | % % ||Count|Tot | % % ||Count| Tot | % %
{mm) (inches) # | Tot [Cum # | Tot |Cum # | Tot [Cum
<.062 <.002 Silt/Clay
.062-0.25 | .002-.01 | Fine Sand
0.25-.5 .01-.02 Med Sand
.5-1.0 .02-.04 | Coarse Sand
1.0-2.0 .04-.08 | Vy Coarse Sand
2-8 .08-.32 | Fine Gravel
8-16 .32-.63 | Med Gravel
16-32 .63-1.26 | Coarse Gravel
32-64 1.26-2.51 | Vy Coarse Gravel
64-128 2.51-5.0 | Small Cobbles
128-256 | 5.0-10.1 | Large Cobbles
256-512 | 10.1-20.2 | Sm Boulders
512-1024 | 20.2-40.3 | Med Boulders
1024-2048 | 40.3-80.6 | Lg Boulders
2048-4096 | 80.6-161 | Vy Lg Boulders
Figu 7.13:E of stream icat  wa tu th Rosgen methods.

Source: NRCS 1994 (worksheet) and Rosgen 1996 (pebble count). Published by permission of Wildland Hydrology.




downslope movement of soil and rock)
lead to channel widening. As channel
widening and mass wasting proceed up-
stream, an aggradation phase follows in
which a new low-flow channel begins
to form in the sediment deposits.
Upper banks may continue to be unsta-
ble at this time. The final stage of evolu-
tion is the development of a channel
within the deposited alluvium with di-
mensions and capacity similar to those
of the predisturbance channel (Downs
1995). The new channel is usually
lower than the predisturbance channel,
and the old floodplain now functions
primarily as a terrace.

Once streambanks become high, either
by downcutting or by sediment deposi-
tion on the floodplain, they begin to
fail due to a combination of erosion at
the base of the banks and mass wasting,.
The channel continues to widen until
flow depths do not reach the depths re-
quired to move the sloughed bank ma-
terials. Sloughed materials at the base
of the banks may begin to be colonized
by vegetation. This added roughness
helps increase deposition at the base of
the banks, and a new small-capacity
channel begins to form between the sta-
bilized sediment deposits. The final
stage of channel evolution results in a
new bankfull channel and active flood-
plain at a new lower elevation. The
original floodplain has been aban-
doned due to channel incision or exces-
sive sediment deposition and is now
termed a terrace.

Schumm et al. (1984) applied the basic
concepts of channel evolution to the
problem of unstable channelized
streams in Mississippi. Simon (1989)
built on Schumm's work in a study of
channelized streams in Tennessee.
Simon’s CEM consisted of six stages
(Figure 7.14). Both models use the
cross section, longitudinal profile, and
geomorphic processes to distinguish

stages of evolution. Both models were
developed for landscapes dominated by
streams with cohesive banks. However,
the same physical processes of evolu-
tion can occur in streams with nonco-
hesive banks but not necessarily in the
same well-defined stages.

Table 7.4 and Figure 7.15 show the
processes at work in each of Simon'’s
stages.

CEMs are useful in stream corridor
restoration in the following ways
(Note: Stages are from Simon’s 1989
six-stage CEM):

CEMs help to establish the direction
of current trends in disturbed or con-
structed channels. For example, if a
reach of stream is classified as being
in Stage IV of evolution (Figure
7.14), more stable reaches should
occur downstream and unstable
reaches should occur upstream.

Once downcutting or incision occurs
in a stream (Stage [11), the headcut
will advance upstream until it reach-
es a resistant soil layer, the drainage
area becomes too small to generate
erosive runoff, or the slope flattens to
the point that > stream cannot
generate enough energy to downcut.
Stages IV to VI will follow the head-
cut upstream.

CEMs can help to prioritize restora-
tion activities if modification is
planned. By stabilizing a reach of
stream in early Stage 111 with grade
control measures, the potential
degradation of that reach and
upstream reaches can be prevented.
It also takes less intensive efforts to
successfully restore stream reaches in
Stages V and VI than to restore those
in Stages III and IV.















usually prevented even by mature
woody vegetation. Conversely, estab-
lishing and managing perennial grasses
and woody vegetation is critical to pro-
tecting streams that are already func-

tinninge nronerlv

The Bureau of Land Management (BLM)
has developed guidelines and proce-
dures to rapidly assess whether a stream
riparian area is functioning properly in
terms of its hydrology, landform/soils,
channel characteristics, and vegetation
(Prichard et al. 1993, rev. 1995). This
assessment, commonly called PFC, is
useful as a baseline analysis of stream
condition and physical function, and it
can also be useful in watershed analysis.

It is essential to do a thorough analysis
of the stream corridor and watershed
conditions prior to development of
restoration plans and selection of
restoration approaches to be used.
There are many cases where selection
of the wrong approach has led to
complete failure of stream restoration
efforts and the waste of costs of restora-
tion. In many cases, particularly in
wildland situations, restoration through
natural | >cesses and control of land
uses is the preferred and most cost-ef-
fective method. If hydrologic conditions
are rapidly changing in a drainage, no
restoration might be the wisest course
until equilibrium is restored.

Identifying streams and drainages
where riparian areas along streams are
not in proper functioning condition,
and those at risk of losing function, is
an important first step in restoration
analysis. hysical conditions in riparian
zones are excellent indicators of what is
happening in a stream or the drainage
above.

With the results of PFC analysis, it is
possible to begin to determine stream
corridor and watershed restoration
needs and priorities. PFC results may

also be used to identify where gathering
more detailed information i needed

f ko G raeUUrU ) Avs suvuuies o
physical functioning of a riparian-
wetland area. It provides information
critical to determining the “health” of a
riparian ecosystem. PFC considers both
abiotic and biotic components as they
relate to the physical functioning of ri-
parian areas, but it does not consider
the biotic component as it relates to
habitat requirements. For habitat analy-
sis, other techniques must be employed.

The PFC procedure is currently a stan-
dard baseline assessment for stream/i-
parian surveys for the BLM, and PFC is
beginning to be used by the U.S. Forest
Service in the West. This technique is
not a substitute for inventory or moni-
toring protocols designed to yield de-
tailed information on the habitat or
populations of plants or animals depen-
dent on the riparian-stream ecosystem.

PFC is a useful tool for watershed
analysis. Although the assessment is
conducted on a stream reach basis, the
ratings can be aggregated and analyzed
at the watershed scale. PFC, along with
other watershed and habitat condition
information, provides a good picture of
watershed “health” and causal factors
affecting watershed “health.” Use of
PFC will help to identify watershed-
scale problems and suggest manage-
ment remedies.

The following are definitions of proper
function as set forth in TR 1737-9:

Proper Functioning Condition—
Riparian-wetland areas are function-
ing properly when adequate vegeta-



tion, landform, or large woody
debris is present to:

1. Dissipate stream energy associated
with high waterflows, thereby
reducing erosion and improving
water quality.

2. Filter sediment, capture bedload,
and aid floodplain development.

3. Improve floodwater retention and
ground water storage.

4. Develop root masses that stabilize
streambanks against cutting
action.

5. Develop diverse ponding and
channel characteristics to provide
the habitat and the water depth,
duration, and temperature neces-
sary for fish production, waterfowl
breeding, and other uses.

6. Support greater biodiversity.

Functional-at Risk—Riparian-wetland
areas that are in functional condi-
tion, but an existing soil, water, or
vegetation attribute makes them sus-
ceptible to degradation.

Nonfunctional—Riparian-wetland
areas that clearly are not providing
adequate vegetation, landform, or
large debris to dissipate stream ener-
7 iated with high fl  and
thus are not reducing erosion, im-
proving water quality, or performing
other functions as listed above under
the definition of proper function.
The absence of certain physical
attributes, such as absence of a
floodplain where one should be,
is an indicator of nonfunctioning
conditions.

Assessing functionality with the PFC
technique involves procedures for deter-
mining a riparian-wetland area’s capa-

bility and potential, and comparing
that potential with current conditions.

Although the PFC procedure defines
streams without floodplains (when a
floodplain would normally be present)
as nonfunctional, many streams that
lose their floodplains through incision
or encroachment still retain ecological
functions. The importance of a flood-
plain needs to be assessed in view of
the site-specific aquatic and riparian
community.

When using the PFC technique, it is
important not to equate “proper func-
tion” with “desired condition.” Proper
function is intended to describe the
state in which the stream channel and
associated riparian areas are in a rela-
tively stable and self-sustaining condi-
tion. Properly functioning streams can
be expected to withstand intermediate
flood events (e.g., 25- to 30-year flood
events) without substantial damage to
existing values. However, proper func-
tioning condition will often develop
well before riparian succession provides
shrub habitat for nesting birds. Put an-
other way, proper functioning condition
is a prerequisite to a variety of desired
conditions.

Although based on sound science, the

s field technique is  t quantitative.
An advantage of this approach is that
it is less time-consuming than other
techniques because measurements are
not required. The procedure is per-
formed by an interdisciplinary team
and involves completing a checklist
evaluating 17 factors dealing with hy-
drology, vegetation, and erosional/
depositional characteristics. Training in
the technique is required, but the tech-
nique is not difficult to learn. With
training, the functional determinations
resulting from surveys are reproducible
to a high degree.



O er advantages of the PFC technique
are that it provides an easy-to-under-
stand “language” for discussing stream
conditions with a variety of agencies
and publics, PFC training is readily
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gency acceptance ot the technique.

Stream corridor restoration initiatives
frequently involve partial or total recon-
struction of channels that have been se-
verely degraded. Channel
reconstruction design requires criteria
for channel size and alignment. The fol-
lowing material presents an overview of
hydraulic geometry theory and provides
some sample hydraulic geometry rela-
tionships for relating bankfull dimen-
sions to bankfull discharge.
Correlations between certain planform
dimensions (e.g., meander characteris-
tics) of stable alluvial stream channels
to bankfull discharge and channel
width also are discussed.

Hydraulic geometry theory is based on
the concept that a river system tends to
develop in a way that produces an ap-
proximate equilibrium between the
channel and the in-flowing water and
sediment (Leopold and Maddock
1953). The theory typically relates an
independent or driving variable, such as
drainage area or discharge, to depen-
dent variables such as width, depth,
slope, and velocity. Hydraulic geometry
relations are sometimes stratified ac-
cording to bed material size or other
factors. These relationships are empiri-
cally derived, and their development re-
quires a relatively large amount of data.

Figure 7.17 presents hydraulic geome-
try relations based on the mean annual
discharge rather than the bankfull dis-
charge. Similar hydraulic ~~ometry rela-
tionships can be determined for a
watershed of interest by measuring

channel parameters at numerous cross
sections and plotting them against a
discharge. Such plots can be used with
care for planning and preliminary de-
sign. The use of hydraulic geometry re-
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recommended.

Careful attention to defining stable
channel conditions, channel-forming
discharge, and streambed and bank
characteristics are required in the data
collection effort. The primary role of
discharge in determining channel cross
sections has been clearly demonstrated,
but there is a lack of consensus about
which secondary factors such as sedi-
ment loads, bank materials, and vegeta-
tion are significant, particularly with
respect to width. Hydraulic geometry re-
lationships that do not explicitly con-
sider sediment transport are applicable
mainly to channels with relatively low
bed-material loads (USACE 1994).

Hydraulic geometry relations can be de-
veloped for a specific river, watershed,
or for streams with similar physio-
graphic characteristics. Data scatter is
expected about the developed curves
even in the same river reach. The more
dissimilar the stream and watershed
characteristics are, the greater the ex-
pected data scatter is. It is important to
recognize that this scatter represents a
valid range of stable channel configura-
tions due to variables such as geology,
vegetation, land use, sediment load and
gradation, and runoff characteristics.

Figures 7.18 and 7.19 show hydraulic
geometry curves developed for the
upper Salmon River watershed in Idaho
(Emmett 1975). The scatter of data for
stable reaches in the watershed indicates
that for a drainage area of 10 square
miles, the bankfull discharge could rea-
sonably range from 100 to 250 cfs and
the bankfull width could reasonably
range from 10 to 35 feet. These relations






























sign, but rather because of the failure of
the designers to incorporate the existing
and future channel morphology into
the design. For this reason, it is impor-
tant for the designer to have some gen-
sral iindorctandina Af ctream nracscese
to ensure that the selected restoration
measures will work in harmony with
the existing and future river conditions.
This will allow the designer to assess
whether the conditions at a particular
site are due to local instability processes
or are the result of some systemwide in-
stability that may be affecting the entire
watershed.

The equilibrium of a stream system can
be disrupted by various factors. Once
this occurs, the stream will attempt to
regain equilibrium by making adjust-
ments in the dependent variables. These
adjustments in the context of physical
processes are generally reflected in
aggradation, degradation, or changes in
planform characteristics (meander
wavelength, sinuosity, etc.). Depending
on the magnitude of the change and
the basin characteristics (bed and bank
materials, hydrology, geologic or man-
made controls, sediment sources, etc.),
these adjustments can propagate
throughout the entire watershed and
even into neighboring systems. For this
reason, this type of disruption of the
equilibrium condition is referred to as
system instability. If system instability is
occurring or expected to occur, it is im-
perative that the restoration initiative
address these problems before any bank
stabilization or instream habitat devel-
opment is considered.

Local instability refers to erosion and
deposition processes that are not symp-
tomatic of a disequilibrium condition
in the watershed (i.e., system instabil-

ity). Perhaps the most common form of
local instability is bank erosion along
the concave bank in a meander bend
that is occurring as part of the natural
meander process. Local instability can
Alen Arriir in doalatod Tacatinne ac thoe
result of cnannel constriction, tlow ob-
structions (ice, debris, structures, etc.),
or geotechnical instability. Local insta-
bility problems are amenable to local
bank protection. Local instability can
also exist in channels where severe sys-
tem instability exists. In these situa-
tions, the local instability problems will
probably be accelerated due to the sys-
tem instability, and a more comprehen-
sive treatment plan will be necessary.

Caution must be exercised if only local
treatments on one site are implemen-
ted. If the upstream reach is stable

and the downstream reach is unstable,
a systemwide problem may again be
indicated. The instability may continue
moving upstream unless the root cause
of the instability at the watershed level
is removed or channel stabilization at
and downstream of the site is imple-
mented.

Local channel instabilities often can be
attributed to redirection of flow caused
by debris, structures, or the approach
angle from upstream. During moderate
and high flows, obstructions often re-
sult in vortices and secondary-flow cells
that accelerate impacts on channel
boundaries, causing local bed scour,
erosion of bank toes, and ultimately
bank failures. A general constriction of
the channel cross section from debris
accumulation or a bridge causes a back-
water condition upstream, with acceler-
ation of the flow and scour through the
constriction.

In unstable channels, the relationship
between bed elevation and time (years)












regression, representing the premodi-
fied elevation of the channel bed, in
feet; t = time since beginning of adjust-
ment process, in years, where t,=1.0
(year prior to onset of the adjustment

RIS DU B A

P - JUVIUEO R [

nent, aetermined Dy regression and in-
dicative of the nonlinear rate of channel
bed change (negative for degradation
and positive for aggradation).

The second function is a dimensionless
form of an exponential equation
(Simon 1992):

_ (- k1)
z/z =a+be

where

Z = the elevation of the channel bed
(at time t)

z, = the elevation of the channel bed
at t,

a= the dimensionless coefficient,

determined by regression and
equal to the dimensionless ele-
vation (z/z,) when the equation
becomes asymptotic, a>1 =
aggradation, a<1 = degradation

b= the dimensionless coefficient,
determined by regression and
equal to the total change in the
dimensionless elevation (z/z)
when the equation becomes as-
ymptotic

k= the coefficient determined by re-
gression, indicative of the rate of
change on the channel bed per
unit time

t= the time since the year prior to
the onset of the adjustment
process, in years (t =0)

Future elevations of the channel bed
can, therefore, be estimated by fitting
the equations to bed elevations and by
solving for the period of interest. Either
equation provides acceptable results,
depending on the statistical significance
of the fitted relation. Statistical signifi-

cance of the fitted curves improves with
additional data. Degradation and aggra-
dation curves for the same site are fit
separately. For degrading sites, the equa-
tions will provide projected minimum
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result from the floodplain elevation,
projected maximum bank heights. A
range of bed adjustment trends can be
estimated by using different starting
dates in the equations when the initial
timing of bed level change is unknown.
Use of the equations, however, may be
limited in some areas because of a lack
of survey data.

Regression Functions for Aggradation

Once the minimum bed elevation has
been obtained, that elevation can be
used as the starting elevation at a new
t for the secondary aggradation phase
that occurs during channel widening
(see discussion of channel evolution
above). Secondary aggradation occurs at
a site after degradation reduces channel
gradient and stream power to such an
extent that sediment loads delivered
from degrading reaches upstream can
no longer be transported (Simon
1989a). Coefficient values for Simon’s
power function for estimating sec-
ondary aggradation can be obtained ei-
ther from interpolating existing data or
from estimating their values as about
60 percent less than the corresponding
value obtained for the degradation
phase.

The variation of the regression coeffi-
cients a and b with longitudinal dis-
tance along the channel can be used as
an empirical model of bed level adjust-
ment providing there are data from
enough sites. Examples using both
equations are provided for the Obion
River system, West Tennessee (Figure
7.27). Estimates of bed-level change
with time for unsurveyed sites can be















The gravitational force acting on the
bank is:

Sa=Wsin6

Factors that decrease the erosional resis-
tance (S ), such as excess pore pressure
from saturation and the development
of vertical tension cracks, favor bank in-
stabilities. Similarly, increases in bank
height (due to channel incision) and
bank angle (due to undercutting) favor
bank failure by increasing the gravita-
tional force component. In contrast,
vegetated banks generally are drier and
provide improved bank drainage, which
enhances bank stability. Plant roots
provide tensile strength to the soil re-
sulting in reinforced earth that resists
mass failure, at least to the depth of
roots (Yang 1996).

Bank Instability and Channel
Widening

Channel widening is often caused by
increases in bank height beyond the
critical conditions of the bank material.
Simon and Hupp (1992) show that
there is a positive correlation between
the amount of bed level lowering by
degradation and amounts of channel
widening. The adjustment of channel
width by mass-wasting processes repre-
sents an important mechanism of chan-
nel adjustment and energy dissipation in
alluvial streams, occurring at rates cover-
ing several orders of magnitude, up to
hundreds of feet per year (Simon 1994).

Present and future bank stability may be
analyzed using the following procedure:

Measure the current channel geome-
try and shear strength of the channel
banks.

Estimate the future channel geome-
tries and model worst-case pore pres-
sure conditions and average shear
strength characteristics.

For fine-grained soils, cohesion and
friction angle data can be obtained
from standard laboratory testing (triax-
ial shear or unconfined compression
tests) or by in situ testing with a bore-
hole shear test device (Handy and Fox
1967, Luttenegger and Hallberg 1981,
Thorne et al. 1981, Simon and Hupp
1992). For coarse-grained, cohesionless
soils, estimates of friction angles can be
obtained from reference manuals. By
combining these data with estimates of
future bed elevations, relative bank sta-
bility can be assessed using bank stabil-
ity charts.

Bank Stability Charts

To produce bank stability charts such as
the one following, a stability number
(N ) representing a simplification of the
bank (slope) stability equations is used.
The stability number is a function of
the bank-material friction angle (¢) and
the bank angle (i) and is obtained from
a stability chart developed by Chen
(1975) (Figure 7.31) or from Lohnes

and Handy (1968):
N =(4sinicos¢)/[1 - cos (i - ¢)]

The critical bank height H, where dri-
ving force S_= resisting force S_for a
given shear strength and bank geometry
is then calculated (Carson and Kirkby
1972):

H =N /(c/7)

where ¢ =cohesion, in pounds per
square foot, and y = bulk unit weight of
soil in pounds per cubic foot.

Equations are solved for a range of
bank angles using average or ambient
soil moisture conditions to produce the
upper line “Ambient field conditions,
unsaturated.” Critical bank height for
worst-case conditions (saturated banks
and rapid decline in river stage) are ob-
tained by solving the equations, assum-
ing that ¢ and the frictional component
of shear strength goes to 0.0 (Lutton
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Figure 7.33: Critical bank-slope configurations
for various ranges of cohesive strengths under
saturated conditions. Specific data on the
cohesive strength of bank materials can be
collected to determine stable configurations.

cohesive strength of 1.75 pounds per
square inch would be unstable when
bank heights exceed about 10 feet.

Predictions of Bank Stability and
Channel Width

Bank stability charts can be used to
determine the following:

The timing of the initiation of gener-
al bank instabilities (in the case of
degradation and increasing bank

heights).

original floodplain surface
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Figure 7.34: Method to estimate future channel widening
(10-20 years) for one side of the channel. The ultimate bank
width can be predicted so that the future stream morphology
can be visualized.

The timing of renewed bank stability
(in the case of aggradation and
decreasing bank heights).

The bank height and angle needed
for a stable bank configuration under
a range of moisture conditions.

Estimates of future channel widening
also can be made using measured
channel-width data over a period of
years and then fitting a nonlinear func-
tion to the data (Figure 7.34). Williams
and Wolman (1984) used a dimension-
less hyperbolic function of the follow-
ing form to estimate channel widening
downstream from dams:

(W /W)=, +],(1/ )
where:
W = initial channel width, in feet
W = channel width at t years after
W, in feet
t = time, in years
J, = intercept
j, = slope of the fitted straight line on a
plot of W./ W versus 1/t

Wilson and Turnipseed (1994) used a

power function to describe widening

after channelization and to estimate fu-

ture channel widening in the loess area
f northern Mississippi:

W=xt'
where:
W = channel width, in feet

x = coefficient, determined by regres-
sion, indicative of the initial channel
width

t = time, in years

d = coefficient, determined by regres-
sion, indicative of the rate of channel
widening.



Assessing water chemistry in a stream
restoration initiative can be one of the
ways to determine if the restoration was
w dan t ISt
ing of the chemistry of a given system is
critical for developing appropriate data
collection and analysis methods. Al-
though data collection and analysis are
interdependent, each has individual
components. It is also critical to have a
basic understanding of the hydrologic
and water quality processes of interest
before data collection and analysis
begin. Averett and Schroder (1993) dis-
cuss some fundamental concepts used
when determining a data collection and
analysis program.

Hundreds of chemical compounds can
be used to describe water quality. It is
typically too expensive and too time-
consuming to analyze every possible
chemical of interest in a given system.
In addition to selecting a particular
constituent to sample, the analytical
techniques used to determine the con-
stituent also must be considered. An-
other consideration is the chemistrv of
the constituent; for example, whe er
the chemical is typically in the dis-
solved state or sorbed onto sediment
makes a profound difference in the
methods used for sampling and analy-
sis, as well as the associated costs.

Often it is effective to use parameters
that integrate or serve as indicators for a
number of other variables. For instance,
dissolved oxygen and temperature mea-
surements integrate the net impact of
many physical and chemical processes
on a stream system, while soluble reac-
tive phosphorus concentration is often

taken as a readily available indicator of
the potential for growth of attached
algae. Averett and Schroder (1993)
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selecting constituents to sample.

The needed frequency of sampling de-
pends on both the constituent of inter-
est and management objectives. For
instance, a management goal of reduc-
ing average instream nutrient concentra-
tions may require monitoring at regular
intervals, whereas a goal of maintaining
adequate dissolved oxygen (DO) during
summer low flow and high temperature
periods may require only targeted mon-
itoring during critical conditions. In
general, water quality constituents that
are highly variable in space or time re-
quire more frequent monitoring to be
adequately characterized.

In many cases, the concentration of a
constituent depends on the flow condi-
tion. For example, concentrations of a
hydrophobic pesticide, which sorbs
strongly to particulate matter, are likely
to be highest during scouring flows or
erosion washoff events, whereas con-
centrations of a dissolved chemical that
is loaded to the stream at relatively
steady rates will exhibit highest concen-
trations in extremely low flows.

In fact, field sampling and water quality
analyses are time-consuming and ex-
pensive, and schedule and budget con-
straints often determine the frequency
of data collection. Such constraints
make it even more important to design
data collection efforts that maximize
the value of the information obtained.

Statistical tools often are used to help
determine the sampling frequency. Sta-
tistical techniques, such as simple ran-



dom sampling, stratified random sam-
pling, two-stage sampling, and system-
atic sampling, are described in Gilbert
(1987) and Averett and Schroder
(1993). Sanders et al. (1983) also de-
scribe methods of determining sam-
pling frequency.

The selection of sampling sites is the
third critical part of a sampling design.
Most samples represent a point in space
and provide direct information only on
what is happening at that point. A key
objective of site selection is to choose a
site that gives information that is repre-
sentative of conditions throughout a
particular reach of stream. Because most
hydrologic systems are very complex, it
is essential to have a fundamental un-
derstanding of the area of interest to
make this determination.

External inputs, such as tributaries or ir-
rigation return flow, as well as output,
such as ground water recharge, can dras-
tically change the water quality along
the length of a stream. It is because of
these processes that the hydrologic sys-
tem must be understood to interpret
the data from a particular site. For ex-
ample, downstream from a significant
lateral source of a load, the dissolved
constituent(s) might be distributed uni-
formly in the stream channel. Particu-
late matter, however, typically is
stratified. Therefore, the distribution of
a constituent sorbed onto particulate
matter is not evenly distributed. Averett
and Schroder (1993) discuss different
approaches to selecting sites to sample
both surface water and ground water.
Sanders et al. (1983) and Stednick
(1991) also discuss site selection.

Finally, practical considerations are an
important part of sample collection.
Sites first must be accessible, preferably
under a full range of potential flow and

weather conditions. For this reason,
sampling is often conducted at bridge
crossings, taking into consideration the
degree to which artificial channels at
bridge crossings may influence sample
results. Finally, where constituent loads
and concentrations are of interest, it is
important to align water quality sample
sites with locations at which flow can
be accurately gauged.

This section provides a brief overview of
water quality sampling and data collec-
tion techniques for stream restoration
efforts. Many important issues can be
treated only cursorily within the context
of this document, but a number of ref-
erences are available to provide the
reader with more detailed guidance.

Key documents describing methods of
water sample collection for chemical
analysis are the U.S. Geological Survey
(USGS) protocol for collecting and pro-
cessing surface water samples for deter-
mining inorganic constituents in
filtered water (Horwitz et al. 1994), the
field guide for collecting and processing
stream water samples for the National
Water Quality Assessment program
(Shelton 1994), and the field guide for
collecting and processing samples of
streambed sediment for analyzing trace
elements and organic contaminants for
the National Water Quality Assessment
program (Shelton and Capel 1994). A
standard reference document describing
methods of sediment collection is the
USGS Techniques for Water-Resource In-
vestigations, Field Methods for Measure-
ment of Fluvial Sediment (Guy and
Norman 1982). The USGS is preparing
a national field manual that describes
techniques for collecting and processing
water quality samples (Franceska Wilde,
personal communication, 1997).



Stream restoration monitoring may in-
volve sampling both water and sedi-
ment quality. These samples may be
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using an automated sampler (automatic
samples), as individual point-in-time
samples (grab or discrete samples), or
combined with other samples (compos-
ite samples). Samples collected and
mixed in relation to the measured vol-
ume within or flow through a system
are commonly termed volume- or flow-
weighted composite samples, whereas
equal-volume samples collected at regu-
lar vertical intervals through a portion
or all of the water column may be
mixed to provide a water column com-
posite sample.

Manual Sampling and Grab Sampling

Samples collected by hand using vari-
ous types of containers or devices to
collect water or sediment from a receiv-
ing water or discharge often are termed
grab samples. These samples can re-
quire little equipment and allow record-
ing miscellaneous additional field
observations during each sampling visit.

Manual sampling has several advan-
tages. These approaches are generally
uncomplicated and often inexpensive
(particularly when labor is already
available). Manual sampling is required
for sampling some pollutants. For ex-
ample, according to Standard Methods
(APHA 1995), oil and grease, volatile
compounds, and bacteria must be ana-
lyzed from samples collected using
manual methods. (Oil, grease, and bac-
teria can adhere to hoses and jars used
in automated sampling equipment,
causing inaccurate results; volatile com-
pounds can vaporize during automated
sampling procedures or can be lost
from poorly sealed sample containers;
and bacteria populations can grow and

community compositions change dur-
ing sample storage.)

Disadvantages of grab sampling include
the potential for personnel to be avail-
able around the clock to sample during
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to be exposed to hazardous conditions
during sampling. Long-term sampling
programs involving many sampling lo-
cations can be expensive in terms of
labor costs.

Grab sampling is often used to collect
discrete samples that are not combined
with other samples. Grab samples can
also be used to collect volume- or flow-
weighted composite samples, where
several discrete samples are combined
by proportion to measured volume or
flow rates; however, this type of sam-
pling is often more easily accomplished
using automated samplers and flow me-
ters. Several examples of manual meth-
ods for flow weighting are presented in
USEPA (1992a). Grab sampling also
may be used to composite vertical water
column or aerial composite samples of
water or sediment from various kinds of
water bodies.

Automatic Sampling

Automated samplers have been im-
proved greatly in the last 10 years and
now have features that are useful for
many sampling purposes. Generally,
such sampling devices require larger
initial capital investments or the pay-
ment of rental fees, but they can reduce
overall labor costs (especially for long-
running sampling programs) and in-
crease the reliability of flow-weighted
compositing.

Some automatic samplers include an
upper part consisting of a microproces-
sor-based controller, a pump assembly,
and a filling mechanism, and a lower
part containing a set of glass or plastic
sample containers and a well that can
be filled with ice to cool the collected



samples. More expensive automatic
samplers can include refrigeration
equipment in place of the ice well; such
devices, however, require a 120-volt
power supply instead of a battery. Also,
many automatic samplers can accept
input signals from a flowmeter to acti-
vate the sampler and to initiate a flow-
weighting compositing program. Sc 1e
samplers can accept input from a rain
gauge to activate a sampling program.

Most automatic samplers allow collect-
ing multiple discrete samples or single
or multiple composited samples. Also,
samples can be split between sample
bottles or can be composited into a sin-
gle bottle. Samples can be collected on
a predetermined time basis or in pro-
portion to flow measurement signals
sent to the sampler.

In spite of the obvious advantages of
automated samplers, they have some
disadvantages and limitations. Some
pollutants cannot be sampled by auto-
mated equipment unless only qualita-
tive results are desired. Although the
cleaning sequence provided by most
such samplers provide reasonably sepa-
rate samples, there is some cross-conta-
mination of the samples since water
droplets usually remain in the tubing.
Debris in the sampled receiving water
can block the sampling line and pre-
vent sample collection. If the sampling
line is located in the vicinity of a
flowmeter, debris caught on the sam-
pling line can also lead to erroneous
flow measurements.

While automatic samplers can reduce
manpower needs during storm and
runoff events, these devices must be
checked for accuracy during these
events and must be regularly tested and
serviced. If no field checks are made
during a storm event, data for the entire
event may be lost. Thus, automatic sam-
plers do not eliminate the need for field

personnel, but they can reduce these
needs and can produce flow-weighted
composite samples that might be te-
dious or impossible using manual
methods.

Discrete versus Composite Sampling

Flow rates, physical conditions, and
chemical constituents in surface waters
often vary continuously and simultane-
ously. This presents a difficulty when
determining water volumes, pollutant
concentrations, and masses of pollu-
tants or their loads in the waste dis-
charge flows and in receiving waters.
Using automatic or continuously
recording flowmeters allows obtaining
reasonable and continuous flow rate
measurements for these waters. Pollu-
tant loads can then be computed by
multiplying these flow volumes over the
period of concern by the average pollu-
tant concentration determined from the
discrete or flow-composited samples.
When manual (instantaneous) flow
measurements are used, actual volume
flows over time can be estimated only
for loading calculations, adding addi-
tional uncertainty to loading estimates.

Analyzing constituents of concern in a
single grab sample collection provides
the minimum information at the mini-
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could be appropriate where conditions
are relatively stable; for example, during
periods without rainfall or other poten-
tial causes of significant runoff and
when the stream is well-mixed. Most
often, the usual method is to collect a
random or regular series of grab sam-
ples at predefined intervals during
storm or runoff events.

When samples are collected often
enough, such that concentration
changes between samples are mini-
mized, a clear pattern or time series for
the pollutant’s concentration dynamics
can be obtained. When sampling inter-



vals are spaced too far apart in relation
to changes in the pollutant concentra-
tion, less clear understanding of these
relationships is obtained. Mixing sam-
ples from adjacent sampling events or
vrominne {rarmmnmacitina) vomsiroe fourar
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sessments, this is a reasonable ap-
proach. Sample compositing provides a
savings, especially related to costs for
water quality analyses, but it also results
in loss of information. For example, in-
formation on maximum and minimum
concentrations during a runoff event is
usually lost. But compositing many
samples collected through multiple pe-
riods during the events can help ensure
that the samples analyzed do not in-
clude only extreme conditions that are
not entirely representative of the event.

Even though analytical results from
composited samples rarely equal aver-
age conditions for the event, they can
still be used, when a sufficient distribu-
tion of samples is included, to provide
reasonably representative conditions for
computing loading estimates. In some
analyses, however, considerable errors
can be made when using analytical re-
sults from composited samples in com-
pleting loading analyses. For example,
when maximum pollutant concentra-
tions accompany the maximum flow
rates, yet concentrations in high and
low flows are treated equally, true load-
ings can be underestimated.

Consequently, when relationships be-
tween flow and pollutant concentra-
tions are unknown, it is often
preferable initially to include in the
monitoring plan at least three discrete
or multiple composite sample collec-
tions: during the initial period of in-
creasing flow, during the period of the
peak or plateau flow, and during the pe-
riod of declining flow.

The most useful method for sample
compositing is to combine samples in
relation to the flow volume occurring
during study period intervals. There are
two variations for accomplishing flow-
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1. Collect samples at equal time inter-
vals at a volume proportional to the
flow rate (e.g., collect 100 mL of sam-
ple for every 100 gallons of flow that
passed during a 10-minute interval)
or

2. Collect equal-volume samples at
varying times proportional to the
flow (e.g., collect a 100-mL sample
for each 100 gallons of flow, irrespec-
tive of time).

The second method is preferable for es-
timating load accompanying wet
weather flows, since it results in sam-
ples being collected most often when
the flow rate is highest.

Another compositing method is time-
composited sampling, where equal
sample volumes are collected at equally
spaced time intervals (e.g., collect 100
mL of sample every 10 minutes during
the monitored event). This approach
provides information on the average
conditions at the sampling point during
the sampling period. It should be used,
for example, to determine the average
toxic concentrations to which resident
aquatic biota are exposed during the
monitored event.

Concentrations of various water quality
parameters may be monitored both in
the field and in samples submitted to a
laboratory (Figure 7.35). Some parame-
ters, such as water temperature, must be
obtained in the field. Parameters such
as concentrations of specific synthetic
organic chemicals require laboratory
analysis. Other parameters, such as nu-



Figure 7.35: Field sampling. Sampling can also
be automated.

trient concentrations, can be measured
by both field and laboratory analytical
methods. For chemical constituents,
field measurements generally should be
considered as qualitative screening val-
ues since rigorous quality control is not
possible. In addition, samples collected
for compliance with Clean Water Act re-
quirements must be analyzed by a labo-
ratory certified by the appropriate
authority, either the state or the USEPA.
The laboratories must use analytic tech-
niques listed in the Code of Federal Regu-
lations (CFR), Title 40, Part 136,
“Guidelines Establishing Test Proce-
dures for Analysis of Pollutants Under
the Clean Water Act.”

The balance of this subsection notes
special considerations regarding those
parameters typically sampled and ana-

lyzed in the field, including pH, tem-
perature, and dissolved oxygen (DO).

pH

Levels of pH can change rapidly in sam-
ples after collection. Consequently, pH
often is measured in the field using a
hand-held pH electrode and meter.
Electrodes are easily damaged and con-
taminated and must be calibrated with
a standard solution before each use.
During calibrations and when site mea-
surements are conducted, field instru-
ments should be at thermal equilibrium
with the solutions being measured.

Temperature

Because water temperature changes
rapidly after collection, it must be mea-
sured either in the field (using in situ
probes) or immediately after collecting
a grab sample. EPA Method 170.1 de-
scribes procedures for thermometric de-
termination of water temperature.
Smaller streams often experience wide
diurnal variations in temperature, as
well as pH and DO. Many streams also
experience vertical and longitudinal
variability in temperature from shading
and flow velocity. Because of the effect
of temperature on other water quality
factors, such as dissolved oxygen con-
centration, temperatures always should
be recorded when other field measure-
ments are made.

Dissolved Oxygen

When multiple DO readings are re-
quired, a DO electrode and meter (EPA
method 360.1) are typically used. To
obtain accurate measurements, the Win-
kler titration method should be used to
calibrate the meter before and after each
day’s use. Often it is valuable to recheck
the calibration during days of intensive
use, particularly when the measure-
ments are of critical importance.

Oxygen electrodes are fragile and sub-
ject to contamination, and they need



frequent maintenance. Membranes cov-
ering these probes must be replaced
when bubbles form under the mem-
brane, and the electrode should be kept
full of fresh electrolyte solution. If the
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used carefully, according to the manu-
facturer’s instructions.

Sample collection, preparation, preser-
vation, and storage guidelines are de-
signed to minimize altering sample
constituents. Containers must be made
of materials that will not interact with
pollutants in the sample, and they
should be cleaned in such a way that
neither the container nor the cleaning
agents interfere with sample analysis.
Sometimes, sample constituents must
be preserved before they degrade or
transform prior to analysis. Also, speci-
fied holding times for the sample must
not be exceeded. Standard procedures
for collecting, preserving, and storing
samples are presented in APHA (1995)
and at 40 CFR Part 136. Useful material
also is contained in the USEPA NPDES
Storm Water Sampling Guidance Docu-
ment (1992a).

Most commercial laboratories provide
properly cleaned sampling containers
with appropriate preservatives. The lab-
oratories also usually indicate the maxi-
mum allowed holding periods for each
analysis. Acceptable procedures for
cleaning sample bottles, preserving
their contents, and analyzing for appro-
priate chemicals are detailed in various
methods manuals, including APHA
(1995) and USEPA (1979a). Water sam-
plers, sampling hoses, and sample stor-
age bottles always should be made of
materials compatible with the goals of
the study. For example, when heavy

metals are the concern, bottles should
not have metal components that can
contaminate the collected water sam-
ples. Similarly, when organic contami-
nants are the concern, bottles and caps
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Sample Preservation, Handling,
and Storage

Sample preservation techniques and
maximum holding times are presented
in APHA (1995) and 40 CFR Part 136.
Cooling samples to a temperature of

4 degrees Celsius (°C) is required for
most water quality variables. To accom-
plish this, samples are usually placed in
a cooler containing ice or an ice substi-
tute. Many automated samplers have a
well next to the sample bottles to hold
either ice or ice substitutes. Some more
expensive automated samplers have re-
frigeration equipment requiring a
source of electricity. Other preservation
techniques include pH adjustment and
chemical fixation. When needed, pH
adjustments are usually made using
strong acids and bases, and extreme
care should be exercised when handing
these substances.

Bacterial analysis may be warranted,
particularly where there are concerns re-
garding inputs of sewage and other
wastes or fecal contamination. Bacterial
samples have a short holding time and
are not collected by automated sampler.
Similarly, volatile compounds must be
collected by grab sample, since they are
lost through volatilization in automatic
sampling equipment.

Sample Labeling

Samples should be labeled with water-
proof labels. Enough information
should be recorded to ensure that each
sample label is unique. The information
recorded on sample container labels
also should be recorded in a sampling
notebook kept by field personnel. The






velocity is insufficient to keep them in
suspension. Contaminants bound to
sediments may remain separated from
the water column, or they may be resus-
pended in the water column.
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by biological organisms), desorption,
and biological uptake all promote the
release of adsorbed pollutants. Organ-
isms that live and feed in sediment are
especially vulnerable to contaminants
in sediments. Having entered the food
chain, contaminants can pass to feeders
at higher food (trophic) levels and can
accumulate or concentrate in these or-
ganisms. Humans can ingest these con-
taminants by eating fish.

Sediment deposition also can physically
alter benthic (bottom) habitats and af-
fect habitat and reproductive potentials
for many fish and invertebrates. Sedi-
ment sampling should allow all these
impact potentials to be assessed.

Collection Techniques

Sediment samples are collected using
hand- or winch-operated dredges. Al-
though a wide variety of dredges are
available, most operate in the following
similar fashion:

1. The device is lowered or pushed
through the water column by hand
or winch.

2. The device is released to allow clo-
sure, either by the attached line or by
a weighted messenger that is
dropped down the line.

3. The scoops or jaws of the device
close either by weight or spring
action.

4. The device is retrieved to the surface.

Ideally, the device disturbs the bottom
as little as possible and closes fully so
that fine particles are not lost. Com-
mon benthic sampling devices incl e
the Ponar, Eckman, Peterson, Orange-

peel, and Van Veen dredges. When in-
formation is needed about how chemi-
cal depositions and accumulations have
varied through time, sediment cores can
be collected with a core sampling de-
vice Verv low dengitv or verv coarse
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coring. A thorough description of sedi-
ment samplers is included in Klemm et
al. (1990).

Sediment sampling techniques are use-
ful for two types of investigations re-
lated to stream assessments:

(1) chemical analysis of sediments and
(2) investigation of benthic macroinver-
tebrate communities. In either type of
investigation, sediments from reference
stations should be sampled so that they
can be compared with sediments in the
affected receiving waters. Sediments
used for chemical analyses should be
removed from the dredge or core sam-
ples by scraping back the surface layers
of the collected sediment and extracting
sediments from the central mass of the
collected sample. This helps to avoid
possible contamination of the sample
by the sample device. Sediment samples
for toxicological and chemical examina-
tion should be collected following
method E 1391 detailed in ASTM
(1991). Sediments for benthic popula-
tion analyses may be returned in total
for cleaning and analysis or may receive
a preliminary cleaning in the field using
a No. 30 sieve.

Sediment Analyses

There are a variety of sediment analysis
techniques, each designed with inherent
assumptions about the behavior of sed-
iments and sediment-bound contami-
nants. An overview of developing
techniques is presented in Adams et al.
(1992). EPA has evaluated 11 of the
methods available for assessing sedi-
ment quality (USEPA 1989b). Some of
the techniques may help to demonstrate



attainment of narrative requirements of
some water quality standards. Two of
these common analyses are introduced
briefly in the following paragraphs.

Bulk sediment analyses analyze the
total concentration of contaminants
that are either bound to sediments or
present in pore water. Results are re-
ported in milligrams or micrograms per
kilogram of sediment material. This
type of testing often serves as a screen-
ing analysis to classify dredged material.
Results of bulk testing tend to overesti-
mate the mass of contaminants that
will be available for release or for bio-
logical uptake because a portion of the
contaminants are not biologically avail-
able or likely to dissolve.

Elutriate testing estimates the amount of
contaminants likely to be released from
sediments when mixed with water. In
an elutriate test, sediment is mixed with
water and then agitated. The standard
elutriate test for dredge material mixes
four parts water from the receiving
water body with one part sediment
(USEPA 1990). After vigorous mixing,
the sample is allowed to settle before
the supernatant is filtered and analyzed
for contaminants. This test was de-
signed to estimate the amount of mate-
rial likely to enter the dissolved phase
during dredging; however, it is also use-
ful as a screening test for determining
whether further testing should be per-
formed and as a tool for comparing
sediments upstream and downstream of
potential pollutant sources.

All monitoring data should be orga-
nized and stored in a readily accessible
form. The potentially voluminous and
diverse nature of the data, and the vari-
ety of individuals who can be involved
in collecting, recording, and entering
data, can easily lead to the loss of data

or the recording of erroneous data. Lost
or erroneous data can severely damage
the quality of monitoring programs. A
sound and efficient data management
program for a monitoring program
should focus on preventing such prob-
lems. This requires that data be man-
aged directly and separately from the
activities that use them.

Data management systems include tech-
nical and managerial components. The
technical components involve selecting
appropriate computer equipment and
software and designing the database, in-
cluding data definition, data standard-
ization, and a data dictionary. The
managerial components include data
entry, data validation and verification,
data access, and methods for users to
access the data.

To ensure the integrity of the database,
it is imperative that data quality be con-
trolled from the point of collection to
the time the information is entered into
the database. Field and laboratory per-
sonnel must carefully enter data into
proper spaces on data sheets and avoid
transposing numbers. To avoid tran-
scription errors, entries into a database
should be made from original data
sheets or photocopies. As a preliminary
screen for data quality, the database de-
sign should include automatic parame-
ter range checking. Values outside the
defined ranges should be flagged by the
program and immediately corrected or
included in a follow-up review of the
entered data. For some parameters, it
might be appropriate to include auto-
matic checks to disallow duplicate val-
ues. Preliminary database files should
be printed and verified against the orig-
inal data to identify errors.

Additional data validation can include
expert review of the verified data to
identify possible suspicious values.
Sometimes, consultation with the indi-






cate samples, when analyzed by the
same laboratory, provide precision
information for the entire measure-
ment system, including sample
collection, homogeneity, handling,
shipping, storage, preparation, and
analysis.

Split samples have been divided into
two or more portions at some point
in the measurement process. Split
samples that are divided in the field
yield results relating precision to
handling, shipping, storage, prepara-
tion, and analysis. The split samples
may be sent to different laboratories
and subjected to the same measure-
ment process to assess interlaborato-
ry variation. Split samples serve an
oversight function in assessing the
analytical portion of the measure-
ment system, whereas error due to
sampling technique may be estimat-
ed by analyzing duplicate versions of
the same sample.

Spiked samples are those to which a
known quantity of a substance is
added. The results of spiking a sam-
ple in the field are usually expressed
as percent recovery of the added
material. Spiked samples provide a
check of the accuracy of laboratory
and analytic proce = es.

Sampling accuracy can be estimated by
evaluating the results obtained from
blanks. The most suitable types of
blanks for this appraisal are equipment,
field, and trip blanks.

Equipment blanks are samples obtained
by running analyte-free water through
sample collection equipment, su  as
a bailer, pump, or auger, after decon-
tamination procedures are complet-
ed. These samples are used to deter-
mine whether variation is introduced
by sampling equipment.

Field blanks are made by transferring
deionized water to a sample contain-

er at the sampling site. Field blanks
test for contamination in the deion-
ized water and contamination intro-
duced through the sampling proce-
dure. They differ from trip blanks,
which remain unopened in the field.

Trip blanks test for cross-contamina-
tion during transit of volatile con-
stituents, such as many synthetic
organic compounds and mercury. For
each shipment of sample containers
sent to the analytical laboratory, one
container is filled with analyte-free
water at the laboratory and is sealed.
The blanks are transported to the site
with the balance of the sample con-
tainers and remain unopened.
Otherwise, they are handled in the
same manner as the other samples.
The trip blanks are returned to the
laboratory with the samples and are
analyzed for the volatile constituents.

Field Quality Assurance

Errors or a lack of standardization in
field procedures can significantly de-
crease the reliability of environmental
monitoring data. If required, a quality
assurance project plan should be fol-
lowed for field measurement proce-
dures and equipment. If the QAPP is
not formally required, a plan including
similar material should be developed to
ensure the quality of data collected.
Standard operating procedures should
be followed when available and should
be developed when not.

It is important that quality procedures
be followed and regularly examined.
For example, field meters can provide
erroneous values if they are not regu-
larly calibrated and maintained.
Reagent solutions and probe electrolyte
solutions have expiration periods and
should be refreshed periodically.



Nearly all analytical procedures for as-
sessing the condition of biological re-
sources can be used in stream corridor
however, in their scale and focus and in
the assumptions, knowledge, and effort
required to apply them. These proce-
dures can be grouped into two broad
classes—synthetic measures of system
condition and analyses based on how
well the system satisfies the life history
requirements of target species or species
groups.

The most important difference between
these classes is the logic of how they are
applied in managing or restoring a
stream corridor system. This chapter fo-
cuses on metrics of biological condi-
tions and does not describe, for
example, actual field methods for
counting organisms.

Synthetic measures of system condition
summarize some aspect of the struc-
tural or functional status of a system at
a particular point in time. Complete
measurement of the state of a stream
corridor system, or even a complete
census of all of the species present, is
not feasible. Thus, good indicators of
system condition are efficient in the
sense that they summarize the health of
the overall system without having to
measure everything about the system.

Use of indicators of system condition in
management or restoration depends
completely on comparison to values of
the indicator observed in other systems
or at other times. Thus, the current
value of an indicator for a degraded
stream corridor can be compared to a
previously measured preimpact value
for the corridor, a desired future value

for the corridor, a value observed at an
“unimpacted” reference site, a range of
values observed in other systems, or a
e e _f strear
corridors in a stream classification sys-
tem. However, the indicator itself and
the analysis that establishes the value
of the indicator provide no direct infor-
mation about what has caused the sys-
tem to have a particular value for the
indicator.

Deciding what to change in the system
to improve the value of the indicator
depends on a temporal analysis in
which observed changes in the indica-
tor in one system are correlated with
various management actions or on a
spatial analysis in which values of the
indicator in different systems are corre-
lated with different values of likely con-
trolling variables. In both cases, no
more than a general empirical correla-
tion between specific causal factors and
the indicator variable is attempted.
Thus, management or restoration based
on synthetic measures of system condi-
tion relies heavily on iterative monitor-
ing of the indicator variable and trial
and error, or adaptive management, ap-
proaches. For example, an index of
species composition based on the pres-
ence or absence of a set of sensitive
species might be generally correlated
with water quality, but the index itself
provides no information on how water
quality should be improved. However,
the success of management actions in
improving water quality could be
tracked and evaluated through iterative
measurement of the index.

Synthetic measures of system condition
vary along a number of important di-
mensions that determine their applica-
bility. In  tain sitt ions, single
species might be good indicators of






not be completely reliable, although the
literature is inconsistent in this regard
(see Riparian Response Guilds subsec-
tion below). It is also difficult to in-
clude all the factors that might limit a
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represent. For example, similarities in
breeding habitat between the indicator
and its associates might appear to
group species when in fact differences
in predation rates, disease, or winter
habitat actually limit populations.

Some management agencies use verte-
brate indicators to track changes in
habitat condition or to assess the influ-
ence of habitat alteration on selected
species. Habitat suitability indices and
other habitat models are often used for
this purpose, though the metric chosen
to measure a species’ response to its
habitat can influence the outcome of
the investigation. As Van Horne (1983)
pointed out, density and other abun-
dance metrics may be misleading indi-
cators of habitat quality. Use of
diversity and other indices to estimate
habitat quality also creates problems
when the variation in measures yields
an average value for an index that
might not represent either extreme.

Selecting Indicators

Landres et al. (1988) suggest that if the

decision is made to use indicators, then
several factors are important to consider
in the selection process:

Sensitivity of the species to the envi-
ronmental attribute being evaluated.
When possible, data that suggest a
cause-and-effect relationship are pre-
ferred to correlates (to ensure the
indicator reflects the variable of inter-
est and not a correlate).

Indicator accurately and precisely
responds to the measured effect.
High variation statistically limits the
ability to detect effects. Generalist

species do not reflect change as well
as more sensitive endemics. However,
because specialists usually have lower
populations, they might not be the
best for cost-effective sampling.
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indicators that occur only within the
site makes sense. However, although
permanent residents may better
reflect local conditions, the goal of
many riparian restoration efforts is to
provide habitat for neotropical
migratory birds. In this case, resi-
dents such as cardinals or woodpeck-
ers might not serve as good indica-
tors for migrating warblers.

Size of the species home range. If
possible, the home range should be
larger than that of other species in
the evaluation area. Management
agencies often are forced to use high-
profile game or threatened and
endangered species as indicators.
Game species are often poor indica-
tors simply because their populations
are highly influenced by hunting
mortality, which can mask environ-
mental effects. Species with low pop-
ulations or restrictions on sampling
methods, such as threatened and
endangered species, are also poor
indicators because they are difficult
to sample adequately, often due to
budget constraints. For example,
Verner (1986) found that costs to
detect a 10 percent change in a ran-
domly sampled population of pileat-
ed woodpeckers would exceed a mil-
lion dollars per year.

Response of an indicator species to
an environmental stressor cannot be
expected to be consistent across vary-
ing geographic locations or habitats
without corroborative research.



Riparian Response Guilds

Vertebrate response guilds as indicators
of restoration success in riparian ecosys-
tems may be a valuable monitoring tool
but should be used with the same cau-
tions presented above. Croonquist and
Brooks (1991) evaluated the effects of
anthropogenic disturbances on sm
mammals and birds along Pennsylvania
waterways. They evaluated species in
five different response guilds, inclu ng
wetland dependency, trophic level,
species status (endangered, recreational,
native, exotic), habitat specificity, and
seasonality (birds).

They found that community coefficient
indices were better indicators than
species richness. The habitat specificity
and seasonality response guilds for birds
were best able to distinguish those
species sensitive to disturbance from
those which were not affected or were
benefited. Neotropical migrants and
species with specific habitat require-
ments were the best predictors of di 1r-
bance. Edge and exotic species were
greater in abundance in the disturbe
habitats and might serve as good indica-
tors there. Seasonality analysis showed
migrant breeders were more common in
undisturbed areas, which, as suggested
by Verner (1984), indicates the ability of
guild analysis to distinguish local im-
pacts. Mammalian response guilds did
not exhibit any significant sensitivity to
disturbance and were considered unsuit-
able as indicators.

In contrast, Mannan et al. (1984)
found that in only one of the five avian
guilds tested was the density of birds
consistent across managed and undis-
turbed forests. In other words, popula-
tion response to restoration might not
be consistent across different indicator
guilds. Also, periodically monitoring
restoration initiatives is necessary to

document when, during the recovery
stage, the more sensitive species out-
compete generalists.

Aquatic Invertebrates

Aquatic invertebrates have been used as
indicators of stream and riparian health
for many years. Perhaps more than
other taxa, they are closely tied to both
aquatic and riparian habitat. Their life
cycles usually include periods in and
out of the water, with ties to riparian
vegetation for feeding, pupation, emer-
gence, mating, and egg laying (Erman
1991).

It is often important to >ok at the en-
tire assemblage of aquatic invertebrates
as an indicator group. Impacts to a
stream often decrease diversity but
might increase the abundance of some
species, with the size of the first species
to be affected often larger (Wallace and
Gurtz 1986). In summary, a good indi-
cator species should be low on the food
chain to respond quickly, should have a
narrow tolerance to change, and should
be a native species (Erman 1991).

Biological diversity refers to the number
of species in an area or region and in-
cludes a measure of the variety of
species in a community that takes into
account the relative abundance of each
species (Ricklefs 1990). When measur-
ing diversity, it is important to clearly
define the biological objectives, stating
exac 7 what attributes of the system are
of concern and why (Schroeder and
Keller 1990). Different measures of di-
versity can be applied at various levels
of complexity, to different taxonomic
groups, and at distinct spatial scales.
Several factors should be considered

in using diversity as a measure of sys-
tem condition for stream corridor
restoration.



Levels of Complexity

Diversity can be measured at several
levels of complexity—genetic, popula-
tion/species, community/ecosystem,
and landscape (Noss 1994). There is no
B s G R T

because different scientific or manage-
ment issues are focused on different
levels (Meffe et al. 1994). The level of
complexity chosen for a specific stream
corridor restoration initiative should be

‘termined based on careful considera-
tion of the biological objectives of the
project.

Subsets of Concern

Overall diversity within any given level
of complexity may be of less concern
than diversity of a particular subset of
species or habitats. Measures of overall
diversity include all of the elements of
concern and do not provide informa-
tion about the occurrence of specific el-
ements. For example, measures of
overall species diversity do not provide
information about the presence of indi-
vidual species or species groups of man-
agement concern.

Any important subsets of diversity
should be described in the process of
setting biological objectives. At the
community level, subsets of species of
interest might include native, endemic,
locally rare or threatened, specific
guilds (e.g., cavity users), or taxonomic
groups (e.g., amphibians, breeding
birds, macroinvertebrates). At the terres-
trial landscape level, subsets of diversity
could include forest types or seral stages
(Noss 1994). Thus, for a specific stream
corridor project, measurement of diver-
sity may be limited to a target group of
special concern. In this manner, com-
parison of diversity levels becomes
more meaningful.

Spatial Scale

Diversity can be measured within the
bounds of a single community, across
community boundaries, or in large
areas encompassing many communi-
‘es. Diversi- e
homogeneous community 1s known
as alpha diversity. Diversity between
communities, described as the amount
of differentiation along habitat gradi-
ents, is termed beta diversity. The total
diversity across very large landscapes
is gamma diversity. Noss and Harris
(1986) note that management for
alpha diversity may increase local
species richness, while the regional
landscape (gamma diversity) may be-
come more homogeneous and less
diverse overall. They recommend a
goal of maintaining the regional species
pool in an approximately natural rela-
tive abundance pattern. The specific
size of the area of concern should be
defined when diversity objectives are
established.

Measures of Diversity

Magurran (1988) describes three main
categories of diversity measures—rich-
ness indices, abundance models, and
indices based on proportional abun-
dance. Richness indices are measures
of the number of species (or other
element of diversity) in a specific sam-
pling unit and are the most widely used
indices (Magurran 1988). Abundance
models account for the evenness (equi-
tability) of distribution of species and
fit various distributions to known mod-
els, such as the geometric series, log se-
ries, lognormal, or broken stick. Indices
based on the proportional abundance
of species combine both richness and
evenness into a single index. A variety
of such indices exist, the most common
of which is the Shannon-Weaver diver-
sity index (Krebs 1978):

H = -Zp, log, p,



where

H = index of species diversity
S = number of species

p,=  proportion of total sample

belonging to the i" species

Results of most studies using diversity
indices are relatively insensitive to the
particular index used (Ricklefs 1979).
For example, bird species diversity in-
dices from 267 breeding bird censuses
were highly correlated (r = 0.97) with
simple counts of bird species richness
(Tramer 1969). At the species level, a
simple measure of richness is most
often used in conservation biology
studies because the many rare species
that characterize most systems are gen-
erally of greater interest than the com-
mon species that dominate in diversity
indices and because accurate popula-
tion density estimates are often not
available (Meffe et al. 1994).

Simple measures of species richness,
however, are not sensitive to the actual
species composition of an area. Similar
richness values in two different areas
may represent very different sets of
species. The usefulness of these mea-
sures can be increased by considering
specific subsets of species of most con-
cern, as mentioned above. M:

(1988) recommends going beyond the
use of a single diversity measure and ex-
amining the shape of the species abun-
dance distribution as well. Breeding
bird census data from an 18-hectare
(ha) riparian deciduous forest habitat
in Ohio (Tramer 1996) can be used to
illustrate these different methods of
presentation (Figure 7.36). Breeding
bird species richness in this riparian
habitat was 38.

Pielou {1993) recommends the use of
three indices to adequately assess diver-
sity in terrestrial systems:

A measure of plant species diversity.

A measure of habitat diversity.
A measure of local rarity.

Other indices used to measure various
aspects of diversity include vegetation
measures, such as foliage height diver-
sity (MacArthur and MacArthur 1961),
and landscape measures, such as fractal
dimension, fragmentation indices, and
juxtaposition (Noss 1994).

Related Integrity Indices

Karr (1981) developed the Index of Bi-
otic Integrity to assess the diversity and
health of aquatic communities. This
index is designed to assess the present
status of the aquatic community using
fish community parameters related to
species composition, species richness,
and ecological factors. Species composi-
tion and richness parameters may in-
clude the presence of intolerant species,
the richness and composition of spe-
cific species groups (e.g., darters), or the
proportion of specific groups (e.g., hy-
brid individuals). Ecological parameters
may include the proportion of top car-
nivores, number of individuals, or pro-
portion with disease or other
anomalies. Key parameters are devel-
oped for the stream system of interest,
and each parameter is assigned a rating.
The overall rating of a stream is used to
evaluate the quality of the aquatic
biota.

Rapid Bioassessment

Rapid bioassessment techniques are
most appropriate when restoration
goals are nonspecific and broad, such
as improving the overall aquatic com-
munity or establishing a more balanced
and diverse community in the stream
corridor. Bioassessment often refers to
use of biotic indices or composite
analyses, such as those used by Ohio
EPA (1990), and rapid bioassessment
protocols (RBP), such as those docu-
mented by Plafkin et al. (1989). Ohio












Historical conditions in the region
should be considered when establishing
a standard of comparison. If current
conditions in a stream corridor are
degraded, it may be best to establish
the standard at a period in the past that
represented more natural or desired
conditions. Knopf (1986) notes that for
certain western streams, historical diver-
sity might have been less than current
due to changes in hydrology and en-
croachment of native and exotic ripar-
ian vegetation in the floodplain. Thus,
it is important to agree on what condi-
tions are desired prior to establishing
the standard of comparison. In addi-
tion, the geographic location and size
of the area should be considered. Pat-
terns of diversity vary with geographic
location, and larger areas are typically
more diverse than smaller areas.

The IBI is scaled to a standard of com-
parison determined through either pro-
fessional judgment or empirical data,
and such indices have been developed
for a variety of streams (Leonard and
Orth 1986, Bramblett and Fausch 1991,
Lyons et al. 1996).

Evaluating the Chosen Index

For a hypothetical stream restoration
initiative, the following biological diver-
sity  jectiven ht o 1 As
sume that a primary concern in the area
is conserving native amphibian species
and that 30 native species of amphib-
ians have been known to occur histori-
cally in the 386 m’ watershed. The
objective could be to manage the
stream corridor to provide and main-
tain suitable habitat for the 30 native
amphibian species.

Stream corridor restoration efforts must
be directed toward those factors that
can be managed to increase diversity to
the desired level. Those factors might be
the physical and structural features of
the stream corridor or possibly the pres-

ence of an invasive species in the com-
munity. Knowledge of the important
factors can be obtained from existing
literature and from discussions with
local and regional experts.

Diversity can be measured directly or
predicted from other information. Di-
rect measurement requires an actual in-
ventory of the element of diversity, such
as counting the amphibian species in
the study area. The IBI requires sam-
pling fish populations to determine the
number and composition of fish
species. Measures of the richness of a
particular animal group require counts.
Determining the number of species in a
community is best accomplished with a
long-term effort because there can be
much variation over short periods. Vari-
ation can arise from observer differ-
ences, sampling design, or temporal
variation in the presence of species.

Direct measures of diversity are most
helpful when baseline information is
available for comparing different sites.
It is not possible, however, to directly
measure certain attributes, such as
species richness or the population level
of various species, for various future
conditions. For example, the IBI cannot
be directly computed for a predicted
stream corridor condition, following
management action.

Predictions of diversity for various fu-
ture conditions, such as with restora-
tion or management, require the use of
a predictive model. Assume the diver-
sity objective for a stream corridor
restoration effort is to maximize native
amphibian species richness. Based on
knowledge of the life history of the
species, including requirements for
habitat, water quality, or landscape
configuration, a plan can be developed
to restore a stream corridor to meet
these needs. The plan could include a
set of criteria or a model to describe
the specific features that should be






ables of hydrology, geomorphology,
and aquatic chemistry. Other com-
munity classifications are restricted
to biotic variables of species compo-
sition and abundance of a limited
number of taxa. Many classifications
include both abiotic and biotic vari-
ables. Even purely abiotic classifica-
tion systems are relevant to biologi-
cal evaluations because of the impor-
tant correlations (e.g., the whole con-
cept of physical habitat) between abi-
otic structure and community com-
position.

Incorporation of temporal relations.
Some classifications focus on
describing correlations and similari-
ties across sites at one, perhaps ideal-
ized, point in time. Other classifica-
tions identify explicit temporal tran-
sitions among classes, for example,
succession of biotic communities or
evolution of geomorphic landforms.

Focus on structural variation or func-
tional behavior. Some classifications
emphasize a parsimonious descrip-
tion of observed variation in the das-
sification variables. Others use classi-
fication variables to identify types
with different behaviors. For exam-
ple, a vegetation classification can be
based primarily on patterns of
species co-occurrence, or it can be
based on similarities in function:
effect of vegetation on habitat value.

The extent to which management alter-
natives or human actions are explicitly
considered as classification variables.
To the extent that these variables are
part of the classification itself, the
classification system can directly
predict the result of a management
action. For example, a vegetation
classification based on grazing in-
tensity would predict a change from
one class of vegetation to another
class based on a change in grazing
management.

Use of Classification Systems in
Restoring Biological Conditions

Restoration efforts may apply several
national and regional classification sys-
tems to the riverine site or sites of inter-
est because these are efficient ways to
summarize basic site description and
inventory information and they can fa-
cilitate the transference of existing in-
formation from other similar systems.

Most classification systems are generally
weak at identifying causal mechanisms.
To varying degrees, classification sys-
tems identify variables that efficiently
describe existing conditions. Rarely do
they provide unequivocal assurance
about how variables actually cause the
observed conditions. Planning efficient
and effective restoration actions gener-
ally requires a much more mechanistic
analysis of how changes in controllable
variables will cause changes toward de-
sired values of response variables. A sec-
ond limitation is that application of a
classification system does not substitute
for goal setting or design. Comparison
of the degraded system to an actual
unimpacted reference site, to the ideal
type in a classification system, or to a
range of similar systems can provide a
framework for articulating the desired
state of the degraded system. However,
the desired state of the system is a
management objective that ultimately
comes from outside the classification of
system variability.

Analyses of species requirements in-
volve explicit statements of how vari-
ables interact to determine habitat or
how well a system provides for the life
requisites of fish and wildlife species.
Complete specification of relations be-
tween all relevant variables and all
species in a stream corridor system is
not possible. Thus, analyses based on



species requirements focus on one or
more target species or groups of species.
In a simple case, this type of analysis
may be based on an explicit statement
of the physical factors that distinguish
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(places where it is unlikely to be found
or reproduces poorly). In more compli-
cated cases, such approaches incorpo-
rate variables beyond those of purely
physical habitat, including other species
that provide food or biotic structure,
other species as competitors or preda-
tors, or spatial or temporal patterns of
resource availability.

Analyses based on species requirements
differ from synthetic measures of sys-
tem condition in that they explicitly in-
corporate relations between “causal”
variables and desired biological attri-
butes. Such analyses can be used di-
rectly to decide what restoration actions
will achieve a desired result and to eval-
uate the likely consequences of a pro-
posed restoration action. For example,
an analysis using the habitat evaluation
procedures might identify mast produc-
tion (the accumulation of nuts from a
productive fruiting season which serves
as a food source for animals) as a factor
limiting squirrel populations. If squir-
rels are a species of concern, at least
some parts of the stream restoration ef-
fort should be directed toward increas-
ing mast production. In practice, this
logical power is often compromised by
incomplete knowledge of the species
habitat requirements.

The complexity of these methods varies
along a number of important dimen-
sions, including prediction of habitat
suitability versus population numbers,
analysis for a single place and single
time versus a temporal sequence of
spatially complex requirements, and
analysis for a single target species versus

a set of target species involving trade-
offs. Each of these dimensions must be
carefully considered in selecting an
analysis procedure appropriate to the
problem at hand.

Habitat evaluation procedures (HEP)
can be used for several different types of
habitat studies, including impact assess-
ment, mitigation, and habitat manage-
ment. HEP provides information for
two general types of habitat compar-
isons—the relative value of different
areas at the same point in time and the
relative value of the same area at differ-
ent points in time. Potential changes in
wildlife (both aquatic and terrestrial)
habitat due to proposed projects are
characterized by combining these two
types of comparisons.

Basic Concepts

HEP is based on two fundamental eco-
logical principles—habitat has a defin-
able carrying capacity, or suitability, to
support or produce wildlife popula-
tions (Fretwell and Lucas 1970), and
the suitability of habitat for a given
wildlife species can be estimated using
measurements of vegetative, physical,
and chemical traits of the habitat. The
suitability of a habitat for a given
species is described by a habitat suit-
ability index (HSI) constrained between
0 (unsuitable habitat) and 1 (optimum
habitat). HSI models have been devel-
oped and published by the U.S. Fish
and Wildlife Service (Schamberger et al.
1982; Terrell and Carpenter, in press),
and USFWS (1981) provides guidelines
for use in developing HSI models for
specific projects. HSI models can be
developed for many of the previously
described metrics, including species,
guilds, and communities (Schroeder
and Haire 1993).



The fundamental unit of measure
HEP is the Habitat Unit, computed as
follows:

HU = AREA x HSI

where HU is the number of habitat
units (units of area), AREA is the areal
extent of the habitat being described
(units of area), and HSI is the index of
suitability of the habitat (unitless).
Conceptually, an HU integrates the
quantity and quality of habitat into a
single measure, and one HU is equiva-
lent to one unit of optimal habitat.

Use of HEP to Assess Habitat Changes

HEP provides an assessment of the net
change in the number of HUs attribut-
able to a proposed future action, such
as a stream restoration initiative. A HEP
application is essentially a two-step
process—calculating future HUs for a
particular project alternative and calcu-
lating the net change as compared to a
base condition.

The steps involved in using and ap} -
ing HEP to a management project are
outlined in detail in USFWS (1980a).
However, some early planning decisions
often are given little attention although
they may be the most important part of
a HEP study. These initial decisions in-
clude forming a st 'y team, defining
the study boundaries, setting study ob-
jectives, and selecting the evaluation
species. The study team usually consists
of individuals representing different
agencies and viewpoints. One member
of the team is generally from the lead
project planning agency and other
members are from resources agencies
with an interest in the resources that
would be affected.

One of the first tasks for the team is to
delineate the study area boundaries.
The study area boundaries should be
drawn to include any areas of direct im-
pact, such as a flood basin for a new

reservoir, and any areas of secondary
impact, such as a downstream river
reach that might have an altered flow,
increased turbidity, or warmer tempera-
ture, or riparian or upland areas subject
to land use changes as a result of an in-
creased demand on recreational lands.
Areas such as an upstream spawning
ground that are not contiguous to the
primary impact site also might be af-
fected and therefore should be included
in the study area.

The team also must establish project
objectives, an often neglected aspect of
project planning. Objectives should
state what is to be accomplished in the
project and specify an endpoint to the
project. An integral aspect of objective
setting is selecting evaluation species,
the specific wildlife resources of con-
cern for which HUs will be computed
in the HEP analysis. These are often in-
dividual species, but they do not have
to be. Depending on project objectives,
species’ life stages (e.g., juvenile
salmon), species’ life requisites (e.g.,
spawning habitat), guilds (e.g., cavity-
nesting birds), or communities (e.g.,
avian richness in riparian forests) can
be used.

Instream Flow Incremental
N )

The Instream Flow Incremental
Methodology (IFIM) is an adaptive sys-
tem composed of a library of models
that are linked to describe the spatial
and temporal habitat features of a given
river. IFIM is described in Chapter 5
under Supporting Analysis for Selecting
Restoration Alternatives.

The Physical Habitat Simulation
(PHABSIM) model was designed by the
U.S. Fish and Wildlife Service primarily
for instream flow analysis (Bovee
1982). It represents the habitat evalua-



tion component of a larger instream
flow incremental methodology for in-
corporating fish habitat consideration
into flow management, presented in
Chapter 5. PHABSIM is a collection of
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reach for various life stages of different
fish species. The two basic components
of the model are hydraulic simulation
(based on field-measured cross-sec-
tional data) and several standard hy-
draulic methods for predicting water
surface elevations and velocities at un-
measured discharges (e.g., stage vs. dis-
charge relations, Manning’s equation,
step-backwater computations). Habitat
simulation integrates species and life-
stage-specific habitat suitability curves
for water depth, velocity, and substrate
with the hydraulic data. Output is a
plot of weighted usable area (WUA)
against discharge for the species and life
stages of interest. (Figure 7.38)

The stream hydraulic component pre-
dicts depths and water velocities at un-
observed flows at specific locations on a
cross section of a stream. Field measure-
ments of depth, velocity, substrate ma-
terial, and cover at specific sampling
points on a cross section are taken at
different observable flows. Hydraulic
measurements, such as water surface el-
evations, also are collected during the
field inventory. These data are used to
calibrate the hydraulic simulation mod-
els. The models then are used to predict
depths and velocities at flows different
from those measured.

The habitat component weights each
stream cell using indices that assign a
relative value between 0 and 1 for each
habitat attribute (depth, velocity, sub-
strate material, cover), indicating how
suitable that attribute is for the life
stage under consideration. These at-
tribute indices are usually termed habi-
tat suitability indices and are developed

from direct observations of the attrib-
utes used most often by a life stage,
from expert opinion about what the life
requisites are, or a combination. Vari-

ous approaches are taken to factor as-
enrted hiacee niit nf thoee cnritahility
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used as weights of suitability. In the last
step of the habitat component, hy-
draulic estimates of depth and velocity
at different flow levels are combined
with the suitability values for those at-
tributes to weight the area of each cell
at the simulated flows. The weighted
values for all cells are summed to pro-
duce the WUA.

There are many variations on the basic
approach outlined above, with specific
analyses tailored for different water
management phenomena (such as hy-
dropeaking and unique spawning habi-
tat needs), or for special habitat needs
(such as bottom velocity instead of
mean column velocity) (Milhous et al.
1989). However, the fundamentals of
hydraulic and habitat modeling remain
the same, resulting in a WUA versus dis-
charge function. This function should
be combined with the appropriate hy-
drologic time series (water availability)
to develop an idea of what life states
might be affected by a loss or gain of
available habitat and at what time of
the year. Time series analysis plays this
role and also factors in any physical
and institutional constraints on water
management so that alternatives can be
evaluated (Milhous et al. 1990).

Several things must be remembered
about PHABSIM. First, it provides an
index to microhabitat availability; it is
not a measure of the habitat actually
used by aquatic organisms. It can be
used only if the species under consider-
ation exhibit documented preferences
for depth, velocity, substrate material,
cover, or other predictable microhabitat
attributes in a specific environment of






simulate physical conditions of depth
and velocity for use in fish habitat
analysis. A two-dimensional hydraulic
model can be spatially adjusted to rep-
resent the scale of aquatic habitat and
tho variahilitv Af Aather fisld Aata Bar
€Xxdlipic, i PllySILdl lCldUUllSlllP pc-
tween different aquatic habitat types is
often a key parameter when considering
fish habitat use. The spatial nature of
two-dimensional flow modeling allows
for the analysis of these relationships.
The model can also consider the drying
and wetting of intermittent stream
channels.

2clerc et al. (1995) used two-dimen-
sional >w modeling to study the effect
of a water diversion on the habitat of
juvenile Atlantic salmon (Salmo salar)
in the Moisie River in Quebec, Canada.
Average model error was reduced when
compared with traditional one-dimen-
sional models. Output from the two-di-
mensional modeling was combined
with habitat suitability indexes with fi-
nite element calculation techniques.
Output from the analysis included
maps displaying the spatial distribution
of depth, velocity, and habitat suitabil-
ity intervals.

Physical data collection for this model-
ing tool is intensive. Channel contour
and bed material mapping is required
along with discharge relationships and
the upstream and downstream bound-
aries of each study reach. Velocity and
water-surface measurements for various
discharges are required for model cali-
bration. Two-dimensional modeling
does not address all of the issues related
to hydrodynamics and flow modeling,
Mobile bed systems and variability in
Manning's coefficient are still problem-
atic using this tool (Leclerc et al. 1995).
Moderate to large rivers with a stable
bedform are most suited to this
methodology.

Another modeling approach to aquatic
habitat restoration is the Riverine Com-
nuni . labite s
Restoration (RCHARC) concept. This
model is based on the assumption that
aquatic habitat in a restored stream
reach will best mimic natural condi-
tions if the bivariate frequency distribu-
tion of depth and velocity in the subject
channel is similar to a reference reach
with good aquatic habitat. Study site
and reference site data can be measured
or calculated using a computer model.
The similarity of the proposed design
and reference reach is expressed with
three-dimensional graphs and statistics
(Nestler et al. 1993, Abt 1995).
RCHARC has been used as the primary
tool for environmental analysis on
studies of flow management for the
Missouri River and the Alabama-Coosa-
Tallapoosa Apalachicola-Chatta-
hoochee-Flint Basin.

A relatively small number of applica-
tions have been made of time series
simulations of fish population or indi-
vidual fish responses to riverine habitat
changes. Most of these have used
PHABSIM to accomplish hydraulic
model development and validation and
hydraulic simulation, but some have
substituted time-series simulations of
individual or population responses for
habitat suitability curve development
and validation, and habitat suitability
modeling. PHABSIM quantifies the rela-
tionship of hydraulic estimates (depth
and velocity) and measurements (sub-
strate and cover) with habitat suitability
for target fish and invertebrate life
stages or water-related recreation suit-
ability. It is useful when relatively
steady flow is the major determinant



controlling riverine resources. Use of
PHABSIM is generally limited to river
systems in which dissolved oxygen, sus-
pended sediment, nutrient loading,
other chemical aspects of water quality,
and interspecific competition do not
place the major limits on populations
of interest. These limitations to the use
of PHABSIM can be abated or removed
with models that simulate response of
individual fish or fish populations.

Individual-based Models

The Electric Power Research Institute
(EPRI) program on compensatory
mechanisms in fish populations
(CompMech) has the objective of im-
proving predictions of fish population
response to increased mortality, loss of
habitat, and release of toxicants (EPRI
1996). This technique has been applied
by utilities and resource management
agencies in assessments involving direct
mortality due to entrainment, impinge-
ment, or fishing; instream flow; habitat
alteration (e.g., thermal discharge,
water-level fluctuations, water diver-
sions, exotic species); and ecotoxicity.
Compensation is defined as the capac-
ity of a population to self-mitigate de-
creased growth, reproduction, or
survival of some individuals in the pop-
ulation by increased growth, reproduc-
tion, or survival of the remaining
individuals. The CompMech approach
over the past decade has been to repre-
sent in simulation models the processes
underlying daily growth, reproduction,
and survival of individual fish (hence
the classification of individual-based
models) and then to aggregate over in-
dividuals to the population level.

The models can be used to make short-
term predictions of survival, growth,
habitat utilization, and consumption
for critical life stages. For the longer
term, the models can be used to project
population abundance through time to

assess the risk that abundance will fall
below some threshold requiring mitiga-
tion. For stream situations, several
CompMech models have been devel-
oped that couple the hydraulic simula-
tion method of PHABSIM directly with
an individual-based model of reproduc-
tion and young-of-year dynamics,
thereby eliminating reliance on the
habitat-based component of PHABSIM
(Jager et al. 1993). The CompMech
model of smallmouth bass is being
used to evaluate the effects of alterna-
tive flow regimes on nest success,
growth, mortality, and ultimately year
class strength in a Virginia stream to
identify instream flows that protect fish-
eries with minimum impact on hy-
dropower production.

A model of coexisting populations of
rainbow and brown trout in California
is being used to evaluate alternative in-
stream flow and temperature scenarios
(Van Winkle et al. 1996). Model predic-
tions will be compared with long-term
field observations before and after ex-
perimental flow increases; numerous
scientific papers are expected from this
intensive study.

An individual-based model of smolt
production by Chinook salmon, as part
of an environmental impact statement
for the Tuolumne River in California,
considered the minimum stream flows
necessary to ensure continuation and
maintenance of the anadromous fishery
(FERC 1996). That model, the Oak
Ridge Chinook salmon model (ORCM),
predicts annual production of salmon
smolts under specified reservoir mini-
mum releases by evaluating critical fac-
tors, including influences on upstream
migration of adults, spawning and incu-
bation of eggs, rearing of young, and
predation and mortality losses during
the downstream migration of smolts.
Other physical habitat analyses were
used to supplement the population



model in evaluating benefits of alterna-
tive flow patterns. These habitat evalua-
tions are based on data from an
instream flow study; a stream tempera-
ture model was used to estimate flows
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salmon.

SALMOD

The conceptual and mathematical mod-
« . for the Salmonid Population Model
(SALMOD) were developed for Chi-
nook salmon in concert with a 12-year
flow evaluation study in the Trinity
River of California using experts on the
local river system and fish species in
workshop settings (Williamson et al.
1993, Bartholow et al. 1993). SALMOD
was used to simulate young-of-year pro-
duction, assuming that the flow sched-
ules to be evaluated were released from
Lewiston Reservoir in every year from
1976 to 1992 (regardless of observed
reservoir inflow, storage, and release
limitations).

The structure of SALMOD is a middle
ground between a highly aggregated
classical population model that tracks
cohorts/size groups for a generally large
area without spatial resolution, and an
individu: based model that tracks indi-
viduals at a great level of detail for a
generally small area. The conceptual
model states that fish growth, move-
ment, and mortality are directly related
to physical hydraulic habitat and water
temperature, which in turn relate to the
timing and amount of regulated stream-
tlow. Habitat capacity is characterized by
the hydraulic and thermal properties «
individual mesohabitats, which are the
model’s spatial computational units.

Model processes include spawning
(with redd superimposition), growth
(including maturation), movement
(fre »t- luced, habitat-induced, and

seasonal), and mortality (base, move-
ment-related, and temperature-related).
The model is limited to freshwater
habitat for the first 9 months of life; es-
tuarine and ocean habitats are not in-
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emplrlcally Habitat capacity for each
life stage is a fixed maximum number
per unit of habitat available. Thus, a
maximum number of individuals for
each computational unit is calculated
for each time step based on streamflow
and habitat type. Rearing habitat capac-
ity is derived from empirical relations
between available habitat area and
number of individual fish observed.

Partly due to drought conditions, most
of the flow alternatives to be evaluated
did not actually occur during the flow
evaluation study. When there is insuffi-
cient opportunity to directly observe
and evaluate impacts of flow alterna-
tives on fish populations, SALMOD can
be used to simulate young-of-the-year
production that may result from pro-
posed flow schedules to be released or
regulated by a control structure such as
a reservoir or diversion.

Other physical habitat analyses can be
used to supplement population models
in evaluating benefits of alternative flow
patterns. In the Trinity River Flow
Study, a stream temperature model was
used to estimate flows needed to main-
tain downstream temperatures within
acceptable limits for salmon. Both the
ORCM (FERC 1996) and SALMOD
models concentrated on development,
growth, movement, and mortality of
young-of-year Chinook salmon but
with different mechanistic inputs, spa-
tial resolution, and temporal precision.



In most cases, the dominant factor that
makes the riparian zone distinct from
the surrounding uplands, and the most
important gradient in structuring varia-
tion within the riparian zone, is site
moisture conditions, or hydroperiod
(Figure 7.39). Hydroperiod is defined
as the depth, duration, and freque vy
of inundation and is a powerful deter-
minant of what plants are likely to be
found in various positions in the 1 ar-
ian zone. Formalizing this relation as a
vegetation-hydroperiod model can ro-
vide a powerful tool for analyzing exist-
ing distributions of riparian vegetation,
casting forward or backward in time to
alternative distributions, and designing
new distributions. The suitability of site
conditions for various species of plants
can be described with the same concep-
tual approach used to model habitat
suitability for animals. The basic logic
of a vegetation-hydroperiod model is
straightforward. How wet a site is has a
lot to do with what plants typically
grow on the site. It is possible to mea-
sure how wet a site is and, more impor-
tantly, to predict how wet a site will be
based on the relation of the site to a
stream. From this, it is possible to esti-
mate what vegetation is likely to occur
on the site.

Components of a Vegetation-
hydroperiod Model

The two basic elements of the vegeta-
tion-hydroperiod relation are the physi-
cal conditions of site moisture at
various locations and the suitability of
those sites for various plant species. In
the simplest case of describing existing
patterns, site moisture and vegetation
can be directly measured at a number
of locations. However, to use the vege-
tation-hydroperiod model to predict or
design new situations, it is necessary to

predict new site moisture conditions.
The most useful vegetation-hydroperiod
models have the following three com-
ponents:

Characterization of the hydrology or pat-
tern of streamflow. This can take the
form of a specific sequence of flows,
a summary of how often different
flows occur, such as a flow duration
or flood frequency curve, or a repre-
sentative flow value, such as bankfull
discharge or mean annual discharge.

A relation between streamflow and mois-
ture conditions at sites in the riparian
zone. This relation can be measured
as the water surface elevation at a
variety of discharges and summarized
as a stage vs. discharge curve. It can
also be calculated by a number of
hydraulic models that relate water
surface elevations to discharge, taking
into account variables of channel
geometry and roughness or resistance
to flow. In some cases, differences in
simple elevation above the channel
bottom may serve as a reasonable
approximation of differences in
inundating discharge.

A relation between site moisture condi-
tions and the actual or potential vegeta-
tion distribution. This relation express-
es tl suitability of a site for a |
species or cover type based on the
moisture conditions at the site. It can
be determined by sampling the dis-
tribution of vegetation at a variety of
sites with known moisture condi-
tions and then deriving probability
distributions of the likelihood of
finding a plant on a site given the
moisture conditions at the site.
General relations are also available
from the literature for many species.

The nature and complexity of these
components can vary substantially and
still provide a useful model. However,
the components must all be expressed





















Building on information presented
in Parts | and Il, this chapter con-
tains design guidance and tech-
niques to address changes caused
hv maior disturbances and to re-
store strearm Corriqor structure ana
function to a desired level. It begins
with larger-scale influences that
design may have on stream corridor
ecosystems, offers design guidance
primarily at the stream corridor and
stream scales, and concludes with
land use scenarios.

The chapter is divided into seven
sections.

Section 8.A: Valley Form,
Connectivity, and Dimension

This section focuses on restoring
structural characteristics that prevail
at the stream corridor and land-
scape scales.

Section 8.B: Soil Properties

The restoration of soil properties
that are critical to stream corridor
structure and functions are ad-
dressed in this section.

Section 8.C: Plant Communities

Restoring vegetative communities
is a highly visible and integral
component of a functioning
stream corridor.

Section 8.D: Habitat Measures

This section presents design quid-
ance for some habitat measures.
They are often integral parts of
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functions.

Section 8.E: Stream Channel
Restoration

Restoring stream channel structure
and functions is often a fundamen-
tal step in restoring stream corridors.

Section 8.F: Streambank
Restoration

This section focuses on design
guidelines and related techniques
for streambank stabilization. These
measures can help reduce surface
runoff and sediment transport to
the stream.

Section 8.G: Instream Habitat
Recovery

Restoring instream habitat structure
and functions is often a key com-
ponent of stream corridor restora-
tion.

Section 8.H: Land Use Scenarios

This final section offers broad
design concepts in the context
of major land use scenarios.



















ization could encourage competing
weed species or exotics. Soil should al-
ways be tested before making any fertil-
izer design recommendations.

County soil surveys can provide basic
tions or suitabilities. Site-specitic soil
samples should, however, be collected
and tested when the restoration in-
volves alternatives that include stream
reconstruction.

The connections and feedback loops
between runoff and the structure and
functions of streams are described in
Chapter 2. The functions of soil and
the connection between soil quality,
runoff, and water quality are also
established in that chapter. These
connections need to be identified and
considered in any stream corridor
restoration plan and design. For all
land uses, emphasis needs to be place
on implementing conservation land
treatment that promotes soil quality
and the ability of the soils to carry out
four major functions:

Regulating and partitioning the
flow of water (a conduit and filter
function).

Storing and cycling nutrients and
other chemicals (a sink and filter
function).

Filtering, buffering, degrading,
immobilizing, and detoxifying
organic and inorganic materials
(a filter, sink, and barrier function).

Supporting biological activity in
the landscape (a source and habitat
function).

References such as Field Office Technical
Guide (USDA-NRCS) contain guidance
on the planning and selection of con-
servation practices and are available at
most county offices.

Figure 8.7: Compaction of streamside soil.
Compact soils may require deep plowing,
ripping, or vegetative practices to break up the
impermeable layer.

Soils that have been in row crops or
have undergone heavy equipment traffic
(such as that associated with construc-
tion) can develop a relatively imperme-
able compacted layer (plow pan or hard
pan) that restricts water movement and
root penetration (Figure 8.7). Such
soils might require deep plowing, rip-
ping, or vegetative practices to break up
the pan, although even these are some-
times ineffective. Deep plowing is usu-
ally expensive and, at least in the East,
should be used only if the planting of a
species that is able to penetrate the pan
layer is not a viable option.

On new or disturbed substrates, or on
row-cropped sites, essential soil mi-
croorganisms (particularly mycorrhizal
fungi) might not exist. These are most
effectively replaced by using rooted
plant material that is inoculated or nat-
urally infected with appropriate fungi.
Stockpiling and reincorporating local






Managers of riparian systems have long
recognized the importance of buffer
strips, for the following reasons
(USACE 1991):

i
temperature.

Cause deposition of (i.e., filter)
sediments and other contaminants.

Reduce nutrient loads of streams.

Stabilize streambanks with vegeta-
tion.

Reduce erosion caused by uncon-
trolled runoff.

Provide riparian wildlife habitat.
Protect fish habitat.
Maintain aquatic food webs.

Provide a visually appealing green-
belt.

Provide recreational opportunities.

Although the value of buffer strips is
well recognized, criteria for their sizing
are variable. In urban stream corridors a
wide forest buffer is an essential com-
ponent of any protection strategy. Its
primary value is to provide physical
protection for the stream channel from
future disturbance or encroachment. A
network of buffers acts as the right-of-
way for a stream and functions as an in-
tegral part of the stream ecosystemn.

Often economic and legal considera-
tions have taken precedence over eco-
logical factors. For Vermont, USACE
(1991) suggests that narrow strips
(100 ft. wide) may be adequate to
provide many of the functions listed
above. For breeding bird populations
on lowa streams, Stauffer and Best
(1980) found that minimum strip
widths varied from 40 ft. for cardinals
to 700 ft. for scarlet tanagers, American
redstarts, and rufous-sided towhees.

In urban settings buffer sizing criteria
may be based on existing site controls
as well as economic, legal, and ecologi-
cal factors. Practical performance crite-

ria for sizing and managing urban
hinffere are nrecented in the hax Negion-

i e it s e
single recommendation would be suit-
able for all cases.
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Because floodplain/riparian habitats are
often small in area when compared to
surrounding uplands, meeting the mini-
mum area needs of a species, guild, or
community is especially important.
Minimum area is the amount of habitat
required to support the expected or ap-
propriate use and can vary greatly
across species and seasons. For example,
Skagen (USGS, Biological Resources Di-
vision, Ft. Collins, Colorado; unpubl.
data) found that, contrary to what
might be considered conventional wis-
dom, extensive stream corridors in
southeastern Arizona were not more
important to migrating birds than iso-
lated patches or oases of habitat. In
fact, oases that were <2.5 miles long
and <30 ft. in width had more species
and higher numbers of nonbreeding
migrants than did corridors. Skagen
found that the use of oases, as well as
corridors, is consistent with the ob-
served patterns of long distance mi-
grants, where migration occurs along
broad fronts rather than north-south
corridors. Because small and/or isolated
patches of habitat can be so important
to migrants, riparian restoration efforts
should not overlook the important op-
portunities they afford.

Existing native vegetation should be re-
tained to the extent feasible, as should
woody debris and stumps (Figure 8.9).
In addition to providing habitat and
erosion and sediment control, these fea-
tures provide seed sources and harbor a












land hardwood forests of the Southeast,
the usual focus is on planting oaks.
Oaks are heavy-seeded, are often shade-
intolerant, and may not be able to rez
ily invade large areas for generations
1nlece thev are intraduced in the initial
PLALLULE plall, Paiucuionty t Isusiig
has been reduced or curtailed. It is as-
sumed that lighter-seeded and shade-
tolerant species will invade the site at
rates sufficient to ensure that the result-
ing forest is adequately diverse. This
process can be accelerated by planting
corridors of fast-growing species (e.g.,
cottonwoods) across the restoration
area to promote seed dispersal.

In areas typically dominated by cotton-
woods and willows, the emphasis might
be to emulate natural patterns of colo-
nization by planting groves of particular
species rather than mixed stands, and by
staggering the planting program over a
period of years to ensure structural vari-
ation. Where conifers tend to eventually
succeed riparian hardwoods, some
restoration designs may include scat-
tered conifer plantings among blocks of
pioneer species, to accelerate the transi-
tion to a conifer-dominated system.

Large-scale restoration work sometimes
includes planting of understory species,
particularly if they are required to meet
specific objectives such as providing es-
sential components of endangered spe-
cies habitat. However, it is often difficult
to establish understory species, which
are typically not tolerant to full sun, if
the restoration area is open. Where par-
ticular understory species are unlikely
to establish themselves for many years,
they can be introduced in adjacent
forested sites, or planted after the initial
tree plantings have matured sufficiently
to create appropriate understory condi-
tions. This may also be an appropriate
approach for introducing certain over-
story species that might not survive
planting in full sun (Figure 8.11).

Figure 8.11: Restoration of understory plant
species. Understory species can be introduced
at the restoration site after the initial tree
plantings have matured sufficiently.

The concept of focusing restoration ac-
tions on a limited group of overstory
species to the exclusion of understory
and other overstory species has been
criticized. The rationale for favoring
species such as oaks has been to ensure
that restored riparian and floodplain
areas do not become dominated by op-
portunistic species, and that wildlife
functions and timber values associated
with certain species will be present as
soon as possible. It has been docu-
mented that heavy-seeded species such
as oaks may be slow to invade a site
unless planted (see Tennessee Valley
Authority Floodplain Reforestation
Projects—50 Years Later), but differen-
tial colonization rates probably exclude
a variety of other species as well. Cer-
tainly, it would be desirable to intro-
duce as wide a variety of appropriate
species as possible; however, costs and
the difficulties of doing supplemental
plantings over a period of years might
preclude this approach in most
instances.





















edge. This is typically observed when
entering a woodlot: edge vegetation is
shrubby and difficult to traverse,
whereas inner shaded conditions pro-
duce a more open forest floor that al-
lows for easier movement. Snags and
downed wood may also provide impor-
tant habitat functions. When designing
to restore interior conditions of stream
corridor vegetation, a vegetation struc-
ture should be used that is less diverse
than the vegetation structure used at the
edge. The reference stream corridor will
yield valuable information for this as-
pect of design.

Natural floodplain plant communities
derive their characteristic horizontal di-
versity primarily from the organizing
influence of stream migration and
flooding (Brinson et al. 1981). As dis-
cussed earlier, when designing restora-
tion of stream corridor vegetation,
nearby reference conditions are gener-
ally used as models to identify the ap-
propriate plant species and
communities. However, the original
cover and older existing trees might
have been established before stream
regulation or other changes in the wa-
ters dthataffectfl and dir nt
characteristics.

A good understanding of current and
projected flooding is necessary for de-
sign of appropriately restored plant
communities within the floodplain.
Water management and planning agen-
cies are often the best sources of su
data. In wildland areas, stream gauge
data may be available, or on-site inter-
pretation of landforms and vegetation
may be required to determine whether
floodplain hydrology has been altered
through channel incision, beaver activ-
ity, or other causes. Discussions with
local residents and examination of aer-

ial photography may also provide infor-
mation on water diversions, ground
water depletion, and similar changes in
the local hydrology.

A vegetation-hydroperiod model can be
used to forecast riparian vegetation dis-
tribution (Malanson 1993). The model
identifies the inundating discharges of
various locations in the riparian zone
and the resulting suitability of moisture
conditions for desired plants. Grading
plans, for example, can be adjusted to
alter the area inundated by a given dis-
charge and thus increase the area suit-
able for vegetation associated with a
particular frequency and duration of
flooding. A focus on the vegetation-
hydroperiod relationship will demon-
strate the following:

The importance of moisture condi-
tions in structuring vegetation of the
riparian zone;

The existence of reasonably well
accepted physical models for calcu-
lating inundation from streamflow
and the geometry of the bottomland.

The likelihood that streamflow and
inundating discharges have been
altered in degraded stream systems or
will be modified as part of a restora-
tion effort.

Generally, planting efforts will be easier
when trying to restore vegetation on
sites that have suitable moisture condi-
tions for the desired vegetation, such as
in replacing historical vegetation on
cleared sites that have unaltered stream-
flow and inundating discharges. Mois-
ture suitability calculations will support
designs. Sometimes the restoration ob-
jective is to restore more of the desired
vegetation than the new flow condi-
tions would naturally support. Direct
manipulation by planting and control-
ling competition can often produce the
desired results within the physiological
tolerances of the desired species. How-









qual habitat on an annual basis, but
the management plan must be well
designed from construction through
management for waterfowl.

Loss of riparian or terrestrial habitat in
stream corridors has resulted in the de-
cline of many species of birds and
mammals that use associated trees and
tree cavities for nesting or roosting. The
most important limiting factor for
cavity-nesting birds is usually the avail-
ability of nesting substrate (von Haart-
man 1957), generally in the form of
snags or dead limbs in live trees (Sedg-
wick and Knopf 1986). Snags for nest
structures can be created using explo-
sives, girdling, or topping of trees. Arti-
ficial nest structures can compensate
for a lack of natural sites in otherwise
suitable habitat since many species of
birds will readily use nest boxes or
other artificial structures. For example,
along the Mississippi River in Illinois
and Wisconsin, where nest trees have
become scarce, artificial nest structures
have been erected and constructed for
double-crested cormorants using utility
poles (Yoakum et al. 1980). In many
cases, increases in breeding bird density
have resulted from providing such struc-
tures (Strange et al. 1971, Brush 1983).
Artificial nest structures can also im-
prove nes ng survival (Cowan 1959).

Nest structures must be properly de-
signed and placed, meeting the biologi-
cal needs of the target species. They
should also be durable, predator-proof,
and economical to build. Design speci-
fications for nest boxes include hole di-
ameter and shape, internal box volume,
distance from the floor of the box to
the opening, type of material used,

whether an internal “ladder” is neces-
sary, height of placement, and habitat
type in which to place the box. Other
types of nest structures include nest

NlAatfarmoe far vuratarfanrl AnAd rantara:

Towl; Tloating nest structures ror geese;
and tire nests for squirrels. Specifica-
tions for nest structures for riparian and
wetland nesting species (including nu-
merous Picids, passerines, waterfowl,
and raptors) can be found in many
sources including Yoakum et al. (1980),
Kalmbach et al. (1969), and various
state wildlife agency and conservation
publications.

Food patch planting is often expensive
and not always predictable, but it can
be carried out in wetlands or riparian
systems mostly for the benefit of water-
fowl. Environmental requirements of
the food plants native to the area,
proper time of year of introduction,
management of water levels, and soil
types must all be taken into considera-
tion. Some of the more important food
plants in wetlands include pondweed
(Potamogeton spp.), smartweed (Poly-
gonum spp.), duck potato, spike sedges
(Carex spp.), duckweeds (Lemna spp.),
coontail, alkali bulrush (Scirpus palu-
dosus), and various grasses. Two com-
monly planted native species include
wild rice (Zizania) and wild millet. De-
tails on suggested techniques for plant-
ing these species can be found in
Yoakum et al. (1980).
























step should not be applied uniformly.
Instead, in the detailed design step de-
scribed below, nonuniform slopes and
cross sections should be specified to
create converging and diverging flow
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The average cross-sectional shape of
natural channels is dependent on dis-
charge, sediment inflow, geology, rough-
ness, bed slope, bank vegetation, and
bed and bank materials. Although bank
vegetation is considered when using
some of the empirical tools presented
below, many of the analytical ap-
proaches do not consider the influence
of bank material and vegetation or make
unrealistic assumptions (e.g., banks are
composed of the same material as the
bed). These tools should be used with
care. After initial selection of average
channel width and depth, designers
should consider the compatibility of
these dimensions with reference reaches.

Perhaps the simplest approach to select-
ing channel width and depth is to use
dimensions from stable reaches else-
where in the watershed or from similar
reaches in the region. The difficulty in
this approach is finding a suitable refer-
ence reach. A reference reach is a reach
of stream outside the project reach that
is used to develop design criteria for the
project reach.

A reference reach used for stable chan-
nel design should be evaluated to make
sure that it is stable and has a desirable
morphological and ecological condi-
tion. In addition, the reference reach
must be similar enough to the desired
project reach so that the comparison is
valid. It must be similar to the desired
project reach in hydrology, sediment
load, and bed and bank material.

The term reference reach has several
meanings. As used above, the reference

reach is a reach that will be used as a
template for the geometry of the re-
stored channel. The width, depth, slope,
and planform characteristics of the refer-
ence reach are transferred to the design
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them to fit slightly different characteris-
tics of the project reach (for example, a
larger or smaller drainage area).

It is impossible to find an exact replica
of the watershed in which the restora-
tion work is located, and subjective
judgement may play a role in determin-
ing what constitutes similarity. The level
of uncertainty involved may be reduced
by considering a large number of stable
reaches. By classifying the reference
streams, width and depth data can be
grouped by stream type to reduce the
scatter inherent in regional analyses.

A second common meaning of the term
reference reach is a reach with a desired
biological condition, which will be
used as a target to strive for when com-
paring various restoration options. For
instance, for a stream in an urbanized
area, a stream with a similar drainage
area in a nearby unimpacted watershed
might be used as a reference reach to
show what type of aquatic and riparian
community might be possible in the
project reach. Although it might not be
possible to return the urban stream to
predevelopment conditions, the charac-
teristics of the reference reach can be
used to indicate what direction to move
toward. In this use of the term, a refer-
ence reach defines desired biological
and ecological conditions, rather than
stable channel geometry. Modeling
tools such as [FIM and RCHARC (see
Chapter 7) can be used to determine
what restoration options come closest
to replicating the habitat conditions of
the reference reach (although none of
the options may exactly match it).









Typical regime and hydraulic geometry
relationships are presented in Chapter
7. These formulas are most reliable for
width, less reliable for depth, and least
reliable for slope.

Exponents and coefficients for hydraulic
geometry formulas are usually deter-
mined from data for the same stream,
the same watershed, streams of a simi-
lar type, or the same physiographic re-
gion. Because formula coefficients vary,
application of a given set of hydraulic
geometry or regime relationships
should be limited to channels similar
to the calibration sites. Classifying
streams can be useful in refining regime
relationships (See Chapter 7’s section
on Stream Classification).

Published hydraulic geometry relation-
ships are usually based on stable, sin-
gle-thread alluvial channels. Hydraulic
geometry relationships determined
through stream classification of refer-
ence reaches can also be valuable for
designing the stream restoration. Chan-
nel geometry-discharge relationships
are more complex for multithread chan-
nels. Individual threads may fit the rela-
tionships if their partial bankfull
discharges are used in place of the total
streamflow. Also, hydraulic geometry re-
lationships for gravel-bed rivers are far
more numerous in the literature than
those for sand-bed rivers.

A trial set of channel properties (aver-
age width, depth, and slope) can be
evaluated by using several sets of
regime and hydraulic geometry formu-
las and comparing results. Greatest
weight should be given to formulas
based on sites similar to the project
reach. A logical second step is to use
several discharge levels in the best-
suited sets of formulas. Because hy-
draulic geometry relationships are

most compatible with single-channel
sand and gravel streams with low bed-
material sediment discharge, unstable
channels (;  ading or degrading pro-
files) can depart strongly from pub-
lished relationships.

Literature references to the use of hy-
draulic geometry formulas for sizing
restored channels are abundant. Initial
estimates for width and depth for the
restored channel of Seminary Creek,
which drains an urban watershed in
Oakland, California, were determined
using regional hydraulic geometry for-
mulas (Riley and MacDonald 1995).
Hey (1994, 1995) discusses use of hy-
draulic geometry relationships deter-
mined using regression analyses of data
from gravel bed rivers in the United
Kingdom for restoration design. New-
bury and Gaboury (1993) used regional
hydraulic geometry relations based on
drainage area to check width and depth
of restored channels in Manitoba.

Hydraulic geometry formulas for sizing
stream channels in restoration efforts
must be used with caution since a num-
ber of pitfalls are associated with their
use:

The formulas represent hydraulic
geometry only at bankfull or mean
annual charge. Des rs must
also select a single statistic to
describe bed sediment size when
using hydraulic geometry relation-
ships. (However, refinements to the
Hey and Thorne [1986] formulas for
slope in Table 7.5 should be noted.)

Downstream hydraulic geometry for-
mulas are usually based on the bank-
full discharge, the elevation of which
can be extremely difficult to identify

in vertically unstable channels.

Exponents and coefficients selected
for design must be based on streams
with slopes, bed sediments, and bank












ment concentrations from 10 to 4,000
parts per million. However, this proce-
dure is not recommended for gravel bed
channels (USACE 1994). Sediment con-
centration at bankfull flow is required
as an input variable, which limits the
usefulness of this procedure. Procedures
for computing sediment discharge, Q
are outlined in Chapter 7. Copeland
(1994) found that the White et al.
(1982) method for channel design was
not robust for cohesive bed materials,
artificial grade controls, and disequilib-
rium sediment transport. The method
was also found inappropriate for an un-
stable, high-energy ephemeral sand-bed
stream (Copeland 1994). However, Hey
(1990) found the Ackers-White sedi-
ment transport function performed well
when analyzing stability of 18 flood
control channels in Britain.

S/

The approach described by Copeland
(1994) features use of the Brownlie
(1981) flow-resistance and sediment-
transport relations, in the form of the
software package “SAM” (Thomas et al.
1993). Additional features include the
determination of input bed material
concentration by computing sediment
concentration from hydraulic parame-
ters for an upstream “supply reach” rep-
resented by a bed slope, a trapezoidal
cross section, bed-material gradation,
and a discharge. Bank and bed rough-
ness are composited using the equal ve-
locity method (Chow 1959) to obtain
roughness for a cross section. A family
of slope-width solutions that satisfy the
flow resistance and sediment transport
relations are then computed. The de-
signer then selects any combination of
channel properties that are represented
by a point on the slope-width curve. Se-
lection may be based on minimum
stream power, maximum possible slope,
width constraint due to right-of-way, or
maximum allowable depth. The current
(1996) version of the Copeland proce-

dure assumes a straight channel with a
trapezoidal cross section and omits the
portion of the cross section above side
slopes when computing sediment dis-
charge. Effects of bank vegetation are
considered in the assigned roughness
coefficient.

The Copeland procedure was tested by
application to two existing stream chan-
nels, the Big and Colewa Creeks in
Louisiana and Rio Puerco in New Mex-
ico (Copeland 1994). Considerable pro-
fessional judgment was used in selection
of input parameters. The Copeland
method was found inapplicable to the
Big and Colewa Creeks (relatively stable
perennial streams with sand-clay beds),
but applicable to Rio Puerco (high-en-
ergy, ephemeral sand-bed stream with
stable profile and unstable banks). This
result is not surprising since all stable
channel design methods developed to
date presume alluvial (not cohesive or
bedrock) beds.

In general, a model can be envisioned
as a system by whose operation the
characteristics of other similar systems
may be predicted. This definition is
general and applies to both hydraulic
(physical) and computational (math-
ematical) models. The use and opera-
tion of computer models has improved
in recent years as a result of better
knowledge of fluvial hydraulics and the
development of sophisticated digital
control and data acquisition systems.

Any stream corridor restoration design
needs careful scrutiny because its long-
term impact on the stream system is not
easy to predict. Sound engineering
often dictates the use of computer mod-
els or physical models to check the va-
lidity of a proposed design. Since most
practitioners do not have easy access to
physical modeling facilities, computer









titles identify the following models:
CHARIMA (Holly et al. 1990),
FLUVIAL-12 (Chang 1990), HEC-6,
TABS-2 (McAnally and Thomas 1985),

MEANDER (Johannesson and Parker
19RR)Y the Nolenn/Smith_R9 mndel
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(Darby and Thorne 1996, Osman and
Thorne 1988), GSTARS (Molinas and
Yang 1996) and GSTARS 2.0 (Yang et
1998). GSTARS 2.0 is an enhanced
and improved PC version of GSTARS.
HEC-6, TABS-2, and USGS are federal,
public domain models, whereas
CHARIMA, FLUVIAL-12, MEANDER,
and D-O-T are academic, privately
owned models.

With the exception of MEANDER, all
the above models calculate at each
computational node the fractional sedi-
ment load and rate of bed aggradation
or degradation, and update the channel
topography. Some of them can simulate
armoring of the bed surface and hy-
draulic sorting (mixing) of the underly-
ing substrate material. CHARIMA,
FLUVIAL-12, HEC-6, and D-O-T can
simulate transport of sands and gravels.
TABS-2 can be applied to cohesive sedi-
ments (clays and silts} and sand sedi-
ments that are well mixed over the
water column. USGS is specially de-
signed for gravel bed-load transport.
FLUVIAL-12 and HEC-6 can be used for
reservoir sedimentation studies.
GSTARS 2.0 can simulate bank failure.

Comprehensive reviews on the capabili-
ties and performance of these and other
existing channel models are provided in
reports by the National Research Coun-
cil (1983), Fan (1988), Darby and

Thorne (1992), and Fan and Yen (1993).

Natural stream width varies continu-
ously in the longitudinal direction, and

depth, bed slope, and bed material size
vary continuously along the horizontal
plane. These variations give rise to nat-
ural heterogeneity and patterns of veloc-
ity and bed sediment size distribution

that are imnnrtant tn andnatic ecncueteme

Widths, depths, and slopes computed
during design should be adopted as
reach mean values, and restored chan-
nels should be constructed with asym-
metric cross sections (Hunt and Graham
1975, Keller 1978, Iversen et al. 1993,
MacBroom 1981) (Figure 8.26). Simi-
larly, meander planform should vary
from bend to bend about average values
of arc length and radius. A reconstructed
floodplain should not be perfectly flat
(Figure 8.27).

In stream channels with significant
amounts of gravel (D_ > 3 mm) (Hig-
ginson and Johnston 1989), riffles
should be associated with steep zones
near meander inflection points. Riffles
are not found in channels with beds of
finer materials. Studies conducted by
Keller and Melhorn (1978) and con-
firmed by Hey and Thorne (1986) indi-
cate pool-riffle spacing should vary
between 3 and 10 channel widths and
average about 6 channel widths even in
bedrock channels. More recent work by
Roy and Abrahams (1980) and Higgin-
son and Johnston (1989) indicates that
pool-riffle spacing varies widely within
a given channel.

Average riffle spacing is often (but not
always) half the meander length since
riffles tend to occur at meander inflec-
tion points or crossovers. Riffles some-
times appear in groups or clusters. Hey
and Thorne (1986) analyzed data from
62 sites on gravel-bed rivers in the
United Kingdom and found riffle spac-
ing varied from 4 to 10 channel widths









Floodplain plant communities owe
their diversity to physical processes 1at
include erosion and deposition associ-
ated with lateral migration (Henderson
1986). Bank erosion control methods
must be selected with the dominant
erosion mechanisms in mind (Shields
and Aziz 1992).

Bank stabilization can generally be
grouped into one of the following
three categories: (1) indirect methods,
(2) surface armor, and (3) vegetative
methods. Armor is a protective material
in direct contact with the streambank.
Armor can be categorized as stone,
other self-adjusting armor (sacks,
blocks, rubble, etc.), rigid armor (con-
crete, soil cement, grouted riprap, etc.)
and flexible mattress (gabions, concrete
blocks, etc.). Indirect methods extend
into the stream channel and redire the
flow so that hydraulic forces at the
channel boundary are reduced to a
nonerosive level. Indirect methods can
be classified as dikes (permeable and
impermeable) and other flow deflectors
such as bendway weirs, stream “barbs,”
and lowa vanes. Vegetative methods can
function as either armor or indirect pro-
tection and in some applications can
function as both simultaneously. A
fourth category is composed of tech-
niques to correct problems caused by
geotechnical instabilities.

Guidance on selection and design of
bank protection measures is provided
by Hemphill and Bramley (1989) and
Henderson (1986). Coppin and
Richards (1990), USDA-NRCS (1996),
and Shields et al. (1995} provide addi-
tional detail on the use of vegetative
techniques (see following section).
Newly constructed channels are more
susceptible to bank erosion than older
existing channels, with similar inflows
and geometries, due to the influence of
vegetation, armoring, and the seasoning
effect of clay deposition on banks

(Chow 1959). In most cases, outer
banks of restored or newly constructed
meanders will require protection. Struc-
tural techniques are needed (e.g.,
Thorne et al. 1995) if immediate stabil-
ity is required, but these may incorpo-
rate living components. If time permits,
the new channel may be constructed
“in the dry” and banks planted with
woody vegetation. After allowing the
vegetation several growing seasons to
develop, the stream may be diverted in
from the existing channel (R.D. Hey,
personal communication, 1997).

Outer banks of meanders erode, but
erosion rates vary greatly from stream
to stream and bend to bend. Observa-
tion of the project stream and similar
reaches, combined with professional
judgment, may be used to determine
the need for bank protection, or ero-
sion may be estimated by simple rules
of thumb based largely on studies that
relate bend migration rates to bend
geometry (e.g., Apmann 1972 and re-
view by Odgaard 1987) (Figure 8.29).
More accurate prediction of the rate of
erosion of a given streambank is at or
beyond the current state of the art. No
standard methods exist, but several re-
cently developed tools are avail e.
None of these have been used in ex-
tremely diverse settings, and users
should view them with caution.

Tools for predicting bank erosion may
be divided into two groups: (1) those
which predict erosion primarily due to
the action of water on the streambank
surface and (2) those which focus on
subsurface geotechnical characteristics.

Among the former is an index of
streambank erodibility based on field
observations of emergency spillways
(Moore et al. 1994, Temple and Moore
1997). Erosion is predicted for sites






led to a procedure for relating bank
geometry to stability for a given set of
soil conditions (Osman and Thorne
1988). If banks of a proposed design
channel are to be higher than about 10
feet, stability analysis should be con-
ducted. These analyses are described in
detail in Chapter 7. Bank height esti-
mates should allow for scour along the
outside of bends. High, steep banks are
also susceptible to internal erosion, or
piping, as well as streambanks of soils
with high dispersion rates.

Fortier and Scobey (1926) published ta-
bles regarding the maximum nonscour-
ing velocity for given channel boundary
materials. Different versions of these ta-
bles have appeared in numerous subse-
quent documents, notably Simons and
Senturk (1977) and USACE (1991). The
applicability of these tables is limited to
relatively straight silt and sand-bed
channels with depths of flow less than
3 feet and very low bed material loads.
Adjustments to velocities have been
suggested for situations departing from
those specified. Although slight refine-
ments have been made, these data still
form the basis of the allowable velocity
approach.

Figure 8.31 contains a series of graphs
that summarize the tables and aid in
selecting correction factors for flow
depth, sediment concentration, flow
frequency, channel curvature, bank
slope, and channel boundary soil
properties. Use of the allowable velo-
city approach is not recommended
for channels transporting a significant
load of material larger than 1 mm.
The restoration design, however,
should also consider the effects of
hydraulic roughness and the protec-
tion afforded by vegetation.

Perhaps because of its simplicity, the
allowable velocity method has been
used directly or in slightly modified
form for many restoration applications.
Miller et al. (1983) used allowable ve-
locity criteria to design man-made
gravel riffles located immediately down-
stream of a dam releasing a constant
discharge of sediment-free water.
Shields (1983} suggested using allow-
able velocity criteria to size individual
boulders placed in channels to serve as
instream habitat structures. Tarquin and
Baeder (1983) present a design ap-
proach based on allowable velocity for
low-order ephemeral streams in
Wyoming landscapes disturbed by sur-
face mining. Velocity of the design
event (10-year recurrence interval} was
manipulated by adjusting channel
length (and thus slope), width, and
roughness. Channel roughness was ad-
justed by adding meanders, planting
shrubs, and adding coarse bed material.
The channel width-to-depth ratio de-
sign was based on the pre-mining chan-
nel configuration.

Since boundary shear stress is more ap-
propriate than velocity as a measure of
the forces driving erosion, graphs have

obe d elop forallow leshear
stress. The average boundary shear
stress acting on an open channel con-
veying a uniform flow of water is given
by the product of the unit weight of
water (7, Ib/ft’) times the hydraulic ra-
dius (R, ft) times the bed slope S:

T =7YRS

Figure 8.32 is an example of allowable
shear stress criteria presented in graphi-
cal form. The most famous graphical
presentation of allowable shear stress
criteria is the Shields diagram, which
depicts conditions necessary for initial
movement of noncohesive particles on









tershed in northwest Mississippi should
be stable with an average boundary
shear stress at channel-forming (2-year)
discharge of 0.4 to 0.9 Ib/ft".

The value of the Shields constant also
cmmatmn mrtelh i A d v meanial Al AllelIl
tion, particularly tor paved or armored
beds. Andrews (1983) derived a regres-
sion relationship that can be expressed
as:

RS/[(S,- 1)D] < 0.0834 (D/D_) """

When the left side of the above expres-
sion equals the right, bed-sediment par-
ticles of size D. are at the threshold of
motion. The D_ value in the above ex-
pression is the median size of subsur-
face material. Therefore, if D_ = 30 mm,
particles with a diameter of 100 mm
will be entrained when the left side of
the above equation exceeds 0.029. This
equation is for self-formed rivers that
have naturally sorted gravel and cobble
bed material. The equation holds for
values of D/D_ between 0.3 and 4.2. It
should be noted that R and D. on the
left side of the above equation must be
expressed in the same units.

Practical guidance for application of
allowable velocity and shear stress
approaches is provided by the Natural
Resources Conservation Service (USDA-
NRCS), formerly the U.S. Soil Conser-
vation Service (SCS)(1977), and USACE
(1994). See Figure 8.31.

Since form roughness due to sand
dunes, vegetation, woody debris, and
large geologic features in streams dissi-
pates energy, allowable shear stress for
bed stability may be higher than indi-
cated by laboratory flume data or data
from uniform channels. It is important
to compute cross-sectional average ve-
locities or shear stresses over a range of
discharges and for seasonal changes in

the erosion resistance of bank materials,
rather than for a single design condition.
Frequency and duration of discharges
causing erosion are important factors in
stability determination. In cobble- or
boulder-bed streams, bed movement
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with return periods of several years.

Computing velocity or shear stress from
discharge requires design cross sections,
slope, and flow resistance data. If the
design channel is not extremely uni-
form, typical or average conditions for
rather short channel reaches should be
considered. In channels with bends,
variations in shear stress across the sec-
tion can lead to scour and deposition
even when average shear stress values
are within allowable limits. The NRCS
(formerly SCS) (1977) gives adjustment
factors for channel curvature in graphi-
cal form that are based on very limited
data (see Figure 8.31). Velocity distribu-
tions and stage-discharge relations for
compound channels are complex
(Williams and Julien 1989, Myers and
Lyness 1994).

Allowable velocity or shear stress crite-
ria should be applied to in-channel
flow for a compound cross section with
overbank flow, not cross-sectional aver-
age conditions (USACE 1994). Channel
flow resistance predictors that allow for
changing conditions with changing dis-
charge and stage should be used rather
than constant resistance values.

If the existing channel is stable, design
channel slope, cross section, and rough-
ness may be adjusted so that the current
and proposed systems have matching
curves of velocity versus discharge
(USACE 1994). This approach, while
based on allowable velocity concepts,
releases the procedure from published
empirical values collected in other
rivers that might be intrinsically differ-
ent from the one in question.









If information is available regarding
sediment inflows into the new channel,
a multiyear sediment budget can be
computed to project likely erosion and
deposition and possible maintenance
needs. Sediment load can also be com-
puted, using the hydraulic properties
and bed material gradations of the up-
stream supply reach and a suitable sedi-
ment transport function. The USAC
software SAM (Copeland 1994) in-
cludes routines that compute hydraulic
properties for uniform flow and se -
ment discharge for single cross sections
of straight channels using any of 13 dif-
ferent sediment transport functions.
Cross sections may have complex geom-
etry and boundary materials that vary
along the section. Qutput can be com-
bined with a hydrograph or a flow du-
ration curve to obtain sediment load.

HEC-6 (USACE 1993} is a one-
dimensional movable-boundary,
open-channel-flow numerical model
designed to simulate and predict
changes in river profiles resulting from
scour and deposition over moderate
time periods, typically years, although
applications to single flood events are
possible. A continuous discharge record
is partitioned into a series of steady
flows of variable discharge and dura-
tion. For each discharge, a water surface
profile is calculated, providing energy
slope, velocity, depth, and other vari-
ables at each cross section. Potential
sediment transport rates are then com-
puted at each section. These rates,
combined with the duration of the ow,
permit a volumetric accounting of sedi-
ment within each reach. The amot t of
scour or deposition at each section is
then computed, and the cross section
geometry is adjusted for the changing
sediment volume. Computations then
proceed to the next flow in the sequence,
and the cycle is repeated using the p-
dated cross section geometry. Sediment
calculations are performed by grain size

fractions, allowing the simulation of
hydraulic sorting and armoring.

HEC-6 allows the designer to estimate
long-term response of the channel to a
predicted series of water and sediment
supply. The primary limitation is that
HEC-6 is one-dimensional, i.e., geome-
try is adjusted only in the vertical direc-
tion. Changes in channel width or
planform cannot be simulated. Another
Federal sediment routing model is the
GSTARS 2.0 (Yang et al. 1998). GSTARS
2.0 can be used for a combination of
subcritical and supercritical flow com-
putations without interruption in a
semi-two-dimensional manner. The use
of stream tube concept in sediment
routing enables GSTARS 2.0 to simulate
channel geometry changes in a semi-
three-dimensional manner.

The amount and type of sediment sup-
plied to a stream channel is an impor-
tant consideration in restoration
because sediment is part of the balance
(i.e., between energy and material load)
that determines channel stability. A gen-
eral lack of sediment relative to the
amount of stream power, shear stress,
or energy in the flow (indexes of trans-
port capacity) usually results in erosion
of sediment from the channel boundary
of an alluvial cha “Hnversely, an
oversupply of sediment relative to the
transport capacity of the flow usually
results in deposition of sediment in
that reach of stream.

Bed material sediment transport analy-
ses are necessary whenever a restoration
initiative involves reconstructing a
length of stream exceeding two mean-
der wavelengths. A reconstruction that
modifies the size of a cross section and
the sinuosity for such a length of chan-
nel should be analyzed to ensure that
upstream sediment loads can be trans-
ported through the reconstructed reach
with minimal deposition or erosion.
Different storm events and the average



annual transported bed material load
also should be examined.

Sediment Discharge Functions

The selection of an appropriate dis-

rharae farmunla ic an imnartant ~fancid.

sediment discharge in streams. Numer-
ous sediment discharge formulas have
been proposed, and extensive sum-
maries are provided by Alonso and
Combs (1980), Brownlie (1981), Yang
(1996), Bathurst (1985), Gomez and
Church (1989), and Parker (1990).

Sediment discharge rates depend on
flow velocity; energy slope; water
temperature; size, gradation, specific
gravity, and shape of the bed material
and suspended-sediment particles;
channel geometry and pattern; extent of
bed surface covered by coarse material;
rate of supply of fine material; and bed
configuration. Large-scale variables such
as hydrologic, geologic, and climatic
conditions also affect the rate of sedi-
ment transport. Because of the range
and number of variables, it is not possi-
ble to select a sediment transport for-
mula that satisfactorily encompasses all
the conditions that might be encoun-
tered. A specific formula might be more
accurate than others when applied to

a particular river, but it might not be
accurate for other rivers.

Selection of a sediment transport for-
mula should include the following
considerations (modified from Yang 1996):

Type of field data available or mea-
surable within time, budget, and
work hour limitations.

Independent variables that can be
determined from available data.

Limitations of formulas versus field
conditions.

If more than one formula can be used,
the rate of sediment discharge should

be calculated using each formula. The
formulas that best agree with available
measured sediment discharges should
be used to estimate the rate of sediment
discharge during flow conditions when
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lhe tollowing tormulas may be consid-
ered in the absence of any measured
sediment discharges for comparison:

Meyer-Peter and Muller (1948)
formula when the bed material is
coarser than 5 mm.

Einstein (1950) formula when bed
load is a substantial part of the total
sediment discharge.

Toftaleti (1968) formula for large
sand-bed rivers.

Colby (1964) formula for rivers with
depths less than 10 feet and median
bed material values less than 0.8 mm.

Yang (1973) formula for fine to
coarse sand-bed rivers.

Yang (1984) formula for gravel trans-
port when most of the bed material
ranges from 2 to 10 mm.

Ackers and White (1973) or
Engelund and Hansen (1967) formu-
la for sand-bed streams having sub-
critical flow.

Laursen (1958) formula for shallow
rivers with fine sand or coarse silt.

Available sediment data from a gaging
station may be used to develop an em-
pirical sediment discharge curve in the
absence of a satisfactory sediment dis-
charge formula, or to verify the sedi-
ment discharge trend from a selected
formula. Measured sediment discharge
or concentration should be plotted
against streamflow, velocity, slope,
depth, shear stress, stream power, or
unit stream power. The curve with the
least scatter and systematic deviation
should be selected as the sediment rat-
ing curve for the station.



Sediment Budgets

A sediment budget is an accounting of
sediment production in a watershed.

It attempts to quantify processes of ero-
sion, deposition, and transport in the
basin. The quantities of erosion from all
sources in a watershed are estimated
using various procedures. Typically, the
tons of erosion from the various sources
are multiplied by sediment delivery ra-
tios to estimate how much of the
eroded soil actually enters a stream.
The sediment delivered to the streams

is then routed through the watershed.

The sediment routing procedure in-
volves estimating how much of the sed-
iment in the stream ends up being
deposited in lakes, reservoirs, wetlands,
or floodplains or in the stream itself.
An analysis of the soil textures by ero-
sion process is used to convert the tons
of sediment delivered to the stream into
tons of silt and clay, sand, and gravel.
Sediment transport processes are ap-
plied to help make decisions during the
sediment routing analysis. The end re-
sult is the sediment yield at the mouth
of the watershed or the beginning of a
project reach.

Table 8.5 is a summary sediment budget
for a watershed. Note that the informa-
tion in the table may be :asu
values, from estimates based on data
from similar watersheds, or from model
outputs (AGNPS, SWRRBWQ, SWAT,
WEPP, RUSLE, and others. Contact the
NRCS National Water and Climate Data
Center for more information on these
models). Sediment delivery ratios are
determined for watershed drainage
areas, based on sediment gauge data
and reservoir sedimentation surveys.

The watershed is subdivided into sub-
watersheds at points where significant
sediment deposition occurs, such as at
bridge or road fills; where stream cross-
ings cause channel and floodplain

constrictions; and at reservoirs, lakes,
significant flooded areas, etc. Sediment
budgets similar to the table are con-
structed for each subwatershed so the
sediment yield to the point of deposi-
tion can be quantified.

A sediment budget has many uses, in-
cluding identification of sediment
sources for treatment (Figure 8.34). If
the goal for a restoration initiative is to
reduce sedimentation from a watershed,
it is critical to know what type of ero-
sion is producing the most sediment
and where that erosion is occurring. In
stream corridor restoration, sediment
yield (both in terms of quantity and
average grain size diameter) to a stream
and its floodplain need to be identified
and considered in designs. In channel
stability investigations, the amount of
sand and gravel sediment entering the
stream from the watershed needs to be
quantified to refine bed material trans-
port calculations.

Example of a Sediment Budget

A simple application of a sediment
transport equation in a field situation
illustrates the use of a sediment budget.
Figure 8.35 shows a stream reach being
evaluated for stability prior to develop-
ing a stream corridor restoration plan.
2 representative channel cross sec-
tions (A, B, C, D, and E) are surveyed.
Locations of the cross sections are se-
lected to represent the reach above

and below the points where tributary
streams, D and E, enter the reach. Addi-
tional cross sections would need to be
surveyed if the stream at A, B, C, D,

or E is not typical of the reach.

An appropriate sediment transport
equation is selected, and the transport
capacity at each cross section for bed
material is computed for the same flow
conditions. Figure 8.35 shows the sedi-
ment loads in the stream and the trans-
port capacities at each point.












graph. This column is multiplied by

the transport capacity to create a final
column that represents the amount of
sediment that could be transported over
each segment of the hydrograph. Sum-
ming the values in the last column
shows the total bed material transport
capacity generated by that storm.

Average annual sediment transport in

a stream can be determined using a
procedure very similar to the storm
prediction. The sediment rating curve
can be developed from predictive equa-
tions or from physical measurements.
The annual flow duration curve is s -
stituted for the segmented hydrograph.
The same type of spreadsheet described
above can be used, and the sum of the
values in the last column is the annual
sediment-transport capacity (based on
predictive equations) or the actual an-
nual sediment transport if the rating
curve is based on measured data.

Sediment Discharge After Restoration

After the sediment transport analysis
results have been field-checked to en-
sure that field conditions are accurately
predicted, the same analyses are re-
peated for the new cross sections and
slope in a reconstructed stream or
stream reach. Plans and designs may be
m i dif the second analysis indi-
cates significant deposition or erosion
could occur in the modified reach. If

potential changes in runoff or sedi-
ment yield are predicted to occur in the
watershed above a potential restoration
site, the sediment transport analyses
should be done again based on these
potential changes.

The risk of a restored channel’s being
damaged or destroyed by erosion or
deposition can be reduced if economic
considerations permit installation of
control measures. Control measures
are also required if “natural” levels

of channel instability (e.g., meander
migration) are unacceptable in the
restored reach.

In many cases, control measures double
as habitat restoration devices or aesthetic
features (Nunnally and Shields 1985,
Newbury and Gaboury 1993). Control
measures may be categorized as bed sta-
bilization devices, bank stabilization de-
vices, and hydrologic measures. Reviews
of control measures are found in Vanoni
(1975), Simons and Senturk (1977),
Petersen (1986), Chang (1988), and
USACE (1989b, 1994), and are treated
only briefly here. Haan et al. (1994) pro-
vide design guidance for sediment con-
trol on small watersheds. In all cases,
sediment control systems should be
planned and designed with the geomor-
phic evolution of the watershed in mind.



Even where streams retain relatively
natural patterns of flow and flooding,
stream corridor restoration might re-
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(vears to decades) stabilized while
floodplain vegetation recovers. The ob-
jective in such instances is to arrest the
accelerated erosion often associated
with unvegetated banks, and to reduce
erosion to rates appropriate for the
stream system and setting. In these situ-
ations, the initial bank protection may
be provided primarily with vegetation,
wood, and rock as necessary (refer to
Appendix A).

In other cases, land development or
modified flows may dictate the use of
hard structures to ensure permanent
stream stability, and vegetation is used
primarily to address specific ecological
deficiencies such as a lack of channel
shading. In either case (permanent or
temporary bank stabilization), stream-
flow projections are used (as described
in Chapter 7) to determine the degree
to which vegetation must be supple-
mented with more resistant materials
(natural fabrics, wood, rock, etc.) to
achieve adequate stabilization.

The causes of excessive erosion may be
reversible through changes in land use,
livestock management, floodplain
restoration, or water management. In
some cases, even normal rates of bank
erosion and channel movement might
be considered unacceptable due to adja-
cent development, and vegetation
might be used primarily to recover
some habitat functions in the vicinity
of “hard” bank stabilization measures.
In either case, the considerations dis-
cussed above with respect to soils, use
of native plant species, etc., are applica-
ble within the bank zone. However, a
set of specialized techniques can be em-

ployed to help ensure plant establish-
ment and improve habitat conditions.
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gration of woody vegetative cutungs, 1n-
dependently or in combination with
other natural materials, in streambank
erosion control projects is generally re-
ferred to as soil bioengineering. Soil-
bioengineered bank stabilization
systems have not been standardized for
general application under particular
flow conditions, and the decision as to
whether and how to use them requires
careful consideration of a variety of fac-
tors. On larger streams or where erosion
is severe, an effective approach involves
a team effort that includes expertise in
soils, biology, plant sciences, landscape
architecture, geology, engineering, and
hydrology.

Soil bioengineering approaches usually
employ plant materials in the form of
live woody cuttings or poles of readily
sprouting species, which are inserted
deep into the bank or anchored in vari-
ous other ways. This serves the dual
purposes of resisting washout of plants
during the early establishment period,
while providing some immediate ero-
sion protection due to the physical re-
sistance of the stems. Plant materials
alone are sufficient on some streams
or some bank zones, but as erosive
forces increase, they can be combined
with other materials such as rocks, logs
or brush, and natural fabrics (Figure
8.37). In some cases, woody debris is
incorporated specifically to improve
habitat characteristics of the bank and
near-bank channel zones.

Preliminary site investigations (see
Figure 8.38) and engineering analyses
must be completed, as described in
Chapter 7, to determine the mode of
bank failure and the feasibility of using







































Evidence suggests that traditional -
sign criteria for widespread bank and
bed stabilization measures (e.g., con-
crete grade control structures, homoge-
neous riprap) can be modified, wi no
functional loss, to better meet environ-
mental objectives and improve habitat
diversity. Table 8.7 may be used as a
general guide to relate structural type to
habitat requirement. Weirs are generally
more failure-prone than deflectors.
Deflectors and random rocks are mini-
mally effective in environments where
higher flows do not produce sufficient
local velocities to produce scour holes
near structures. Random rocks (bo
ders) are especially susceptible to 1
dermining and burial when placed in
sand-bed channels, although all types
of stone structures experience similar
problems. Additional guidance for eval-
uating the general suitability of various
fish habitat structures for a wide range
of morphological stream types is pro-
vided by Rosgen (1996). Seehorn
(1985) provides guidance for small
streams in the eastern United States.
The use of any of these guides should
also consider the relative stability of
the stream, including aggradation

and incision trends, for final design.

Structures should be sized to produce
the desired aquatic habitats at the nor-
mal range of flows from baseflow to
bankfull discharge. A hydrological
analysis can provide an estimate of the
normal range of flows (e.g., a flow du-
ration curve), as well as an estimate of
extreme high and low flows that might
be expected at the site (see Chapter 7).
In general, structures should be low
enough that their effects on the water
surface profile will be slight at bankfull
discharge. Detailed guidance by struc-
tural type is presented in the Tech-
niques Appendix. For informal design,

empirical equations like those pre-
sented by Heiner (1991) can be used to
roughly estimate the depth of scour
holes at weirs and dikes.

Hydraulic conditions at the design flow
should provide the desired habitat;
however, performance should also be
evaluated at higher and lower flows.
Barriers to movement, such as ex-
tremely shallow reaches or vertical
drops not submerged at higher flows,
should be avoided. If the conveyance of
the channel is an issue, the effect of the
proposed structures on stages at high
flow should be investigated. Structures
may be included in a standard backwa-
ter calculation model as contractions,
low weirs, or increased flow resistance
(Manning) coefficients, but the amount
of increase is a matter of judgment or
limited by National Flood Insurance
Program ordinances. Scour holes should
be included in the channel geometry
downstream of weirs and dike since a
major portion of the head loss occurs
in the scour hole. Hydraulic analysis
should include estimation or computa-
tion of velocities or shear stresses to be
experienced by the structure.

If the hydraulic analysis indicates a
shift in the stage-discharge relation-
ship, the sediment rating curve of the
restored reach may change also, lead-
ing to deposition or erosion. Although
modeling analyses are usually not cost-
effective for a habitat structure design
effort, informal analyses based on as-
sumed relationships between velocity
and sediment discharge at the bankfull
discharge may be helpful in detecting
potential problems. An effort should
be made to predict the locations and
magnitude of local scour and deposi-









Agriculture, forestry, grazing, mining,
recreation, and urbanization are some
of the principal land uses that can re-
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structure and functions. A watershed
analysis will help prioritize and coordi-
nate restoration actions (Platts and
Rinne 1985, Swanson 1989) and may
indicate critical or chronic land use ac-
tivities causing disturbance both inside
and outside the stream corridor. Ad-
dressing these in the restoration plan
and design, may greatly improve the
effectiveness and success of restoration
work.

Restoration measures designed in re-
sponse to these effects may be similar
across land uses. Sediment and nutrient
management in urban, agricultural, and
forest settings, for instance, may require
the use of buffer strips. Although the
buffer strips have many common design
characteristics, each setting has site-
specific factors.

Dams alter the flow of water, sediment,
organic matter, and nutrients, resulting
in both direct physical and indirect bi
logical effects in tailwaters and down-
stream riparian and floodplain areas
(see Chapter 3). Stream corridors below
dams can be partially restored by modi-
fying operation and management ap-
proaches. Impacts from the operation
of dams on surface water quality and
aquatic and riparian habitat should be
assessed and the potential for improve-
ment evaluated. The modification of
operation approaches, where possible,
in combination with the application of
properly designed and applied best
management practices, can reduce the
impacts caused by dams on down-
stream riparian and floodplain habitats.

Best management practices can be ap-
plied individually or in combination to
protect and improve surface water qual-
ity and aquatic habitat in reservoirs as
well as downstream. Several approaches
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solved oxygen (DO), temperature, and
other constituents in reservoirs and tail-
waters. One design approach uses
pumps, air diffusers, or air lifts to in-
duce circulation and mixing of the
oxygen-poor but cold hypolimnion
with the oxygen-rich but warm epil-
imnion, resulting in a more thermally
uniform reservoir with increased DO.
Another design approach for improving
water quality in tailwaters for trout fish-
eries involves mixing of air or oxygen
with water passing through the turbines
at hydropower dams to improve con-
centrations of DO. Reservoir waters can
also be aerated by venting turbines to
the atmosphere or by injecting com-
pressed air into the turbine chamber
(USEPA 1993).

Modification to the intakes, the spill-
way, or the tailrace of a dam can also be
designed to improve temperature or
DO levels in tailwaters. Installing vari-
ous types of weirs downstream of a
dam achieves similar results. These de-
sign practices rely on agitation and tur-
bulence to mix reservoir releases with
atmospheric air to increase levels of DO
(USEPA 1993).

Adequate fish passage around dams, di-
versions, and other obstructions may be
a critically important component of
restoring healthy fish populations to
previously degraded rivers and streams.
A fact sheet in Appendix A shows an
example for fish passages. However,
designing, installing, and operating fish
passage facilities at dams are beyond
the scope of this handbook. Further,
the type of fish passage facility and the
flows necessary for operation are gener-



ally site specific. Further information
on fish passage technology can be
found in other references, including
Environmental Mitigation at Hydroelec-
tric Projects - Volume II. Benefits and
Costs of Fish Passage and Protection
(Francfort et al., 1994); and Fish Passage
Technologies: Protection at Hydropower
Facilities (Office of Technology Assess-
ment, Congress of the United States,
Washington DC, OTA-ENV-641).

Adjusting operation procedures at some
dams can also result in improved qual-
ity of reservoir releases and downstream
conditions. Partial restoration of stream
corridors below dams can be achieved
by designing operation procedures that
mimic the natural hydrograph, or desir-
able aspects of the hydrograph. Modifi-
cations include scheduling releases or
the duration of shutoff periods, institut-
ing procedures for the maintenance of
minimum flows, and making seasonal
adjustments in pool levels and in the
timing and variation of the rates of
drawdowns (USEPA 1993).

Modifying operation and management
approaches, in combination with the
application of properly designed best
management practices, can be an effec-
tive approach to partially restoring
stream corridors below dams. Hov

dam removal is the only way to begin
to fully restore a stream to its natural
condition. It is important to note, how-
ever, that unless accomplished very
carefully, with sufficient studies and
modeling and at significant cost, re-
moving a dam can cause more damage
downstream (and upstream) than the
dam is currently causing until a state of
dynamic equilibrium is reached. Dam
removal lowers the base level of up-
stream tributaries, which can cause reju-
venation, bed and bank instability, and
increased sediment loads. Dam removal
can also result in the loss of wetlands

and habitat in the reservoir and tribu-
tary deltas.

Three options should be considered—
complete removal, partial removal, and
staged breaching. The option is selected
based on the condition of the dam and
future maintenance required if not
completely removed, and on the best
way to deal with the sediment now
stored behind the dam. The following
elements must be considered in manag-
ing sediment:

Removing features of dams necessary
to restore fish passage and ensure
safety.

Revegetation of the reservoir areas.

Long-term monitoring of sediment
transport and river channel topo-
graphy, water quality, and aquatic
ecology.

Long-term protection of municipal
and industrial water supplies.

Mitigation of flood impacts caused
by long-term river aggradation.

Quality of sediment, including iden-
tification of the lateral and vertical
occurrence of toxic or otherwise
poor-quality sediment.

Water quality issues are primarily re-
lated to suspended sediment concentra-
tion and turbidity. These are important
to municipal, industrial, and private
water users, as well as to aquatic com-
munities. Water quality will primarily
be affected by any silt and clay released
from the reservoirs and by reestablish-
ment of the natural sediment loads
downstream. During removal of the
dam and draining of the lake, the un-
vegetated reservoir bottoms will be ex-
posed. Lakebeds will be expected to
have large woody debris and other or-
ganic material. A revegetation program
is necessary to control dust, surface
runoff, and erosion and to restore habi-



tat and aesthetic values. A comprehen-
sive sediment management plan is
needed > address the following:

Sediment volume and physical prop-
erties.

posal requirements.

Hydraulic and biological characteris-
tics of the reservoir and downstream
channel.

Alternative measures for sediment
management.

Impacts on downstream environ-
ment and channel hydraulics.

Recommended measures to manage
sediment properly and economically.

Objectives of sediment management
should include flood control, water
quality, wetlands, fisheries, habitat, and
riparian rights.

For hydropower dams, the simplest de-
commissioning program is to dismantle
the turbine-generator and seal the water
passages, leaving the dam and water-
retaining structures in place. No action
is taken concerning the sediments since
they will remain in the reservoir and the
hydraulic and physical characteristics of
the river and reservoir will remain essen-
tially unchanged. This approach is vi-
able only if there are no deficiencies in
the water-retaining structures (such as
inadequate spillway capacity or inade-
quate factors of safety for stability) and
long-term maintenance is ensured. In
some cases, decommissioning can in-
clude partial removal of water-retaining
structures. Partial removal involves de-
molition of a portion of the dam to
create ¢ reach so that it no longer
functions as a water-retaining structure.

For additional information, see Guide-

lines for the Retirement of Hydroelectric
Facilities published by the American So-
ciety of Civil Engineers (ASCE) in 1997.

Channelization and flow diversions
represent forms of hydrologic modifica-
tion commonly associated with most
nrincinal land nises. and their effects

eftorts (see Chapter 3). In some cases,
restoration design can include the re-
moval or redesign of channel modifica-
tions to restore preexisting ecological
and flow characteristics.

Modifications of existing projects, in-
cluding operation and maintenance or
management, can improve some nega-
tive effects without changing the exist-
ing benefits or creating additional
problems. Levees may be set back from
the stream channel to better define the
stream corridor and reestablish some or
all of the natural floodplain functions.
Setback levees can be constructed to
allow for overbank flooding, which pro-
vides surface water contact with stream-
side areas such as floodplains and
wetlands.

Instream modifications such as uniform
Cross sections or armoring associated
with channelization or flow diversions
may be removed, and design and place-
ment of meanders can be used to
reestablish more natural channel char-
acteristics. In many cases, however, ex-
isting land uses might limit or prevent
the removal of existing channel or
floodplain modifications. In such cases,
restoration design must consider the ef-
fects of existing channel modifications
or flow diversions, in the corridor and
the watershed.

Exotic species are another common
problem of stream corridor restoration
and management. Some land uses have
actually introduced exotics that have be-
come uncontrolled, while others have
merely created an opportunity for such







































allow more water to be stored during
wet seasons, thereby prolonging flow
even during periods of drought (Elmore
and Beschta 1987).

Kauffman et al. (1993) observed th
fencing livestock out of the riparian
zone is the only grazing strategy that
consistently results in the greatest rate
of vegetative recovery and the greatest
improvement in riparian function.
However, fencing is very expensive, re-
quires considerable maintenance, and
can limit wildlife access—a negative
impact on habitat or conduit functions.

Some specialized grazing strategies hold
promise for rehabilitating less severely
impacted riparian and wetland areas
without excluding livestock for long pe-
riods of time. The efficiency of a num-
ber of grazing strategies with respect to
fishery needs are summarized in

Tables 8.11 and 8.12 (from Platts
1989). They summarize the influence of
grazing systems and stream system char-
acteristics on vegetation response, pri-
marily from a western semiarid
perspective. Some general design rec-
ommendations for selecting a strategy
include the following (Elmore and
Kauffmann 1994):

Each strategy must be tailored to a

t 1 .
Management objectives and compo-
nents of the ecosystem that are of
critical value must be identified (i.e.,
woody species recovery, streambank
restoration, increased habitat diversi-
ty, etc.). Other information that
should be identified includes present
vegetation, potential of the site for
recovery, the desired future condi-
tion, and the current factors caus g
habitat degradation or limiting its
recovery.

The relationships between ecological
processes that must function for
riparian recovery should be

described. Factors affecting present
condition (i.e., management stress vs.
natural stress) and conditions
required for the stream to resume
natural functions need to be
assessed. Anthropogenic factors caus-
ing stream degradation must be iden-
tified and changed.

Design and implementation should
be driven by attainable goals, objec-
tives, and management activities that
will achieve the desired structure and
functions.

Implementation should include a
monitoring plan that will evaluate
management, allowing for correc-
tions or modifications as necessary,
and a strong compliance and use
supervision program.

The main consideration for selecting a
grazing system is to have an adequate
vegetative growing season between the
period of grazing and timing of high-
energy runoff. It is impossible to pro-
vide a cookie-cutter grazing strategy for
every stream corridor; designs have to
be determined on the ground, stream
by stream, manager by manager. Simply
decreasing the number of livestock is
not a solution to degraded riparian con-
ditions; rather, restoring these degraded
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the ways that livestock are grazed
(Chaney et al. 1990).

Clearly, the continued use of grazing
systems that do not include the func-
tional requirements of riparian vegeta-
tion communities will only perpetuate
riparian problems (Elmore and Beschta
1987). Kinch (1989) and Clary and
Webster (1989) provide greater detail
on riparian grazing management and
designing alternative grazing strategies.
Chaney et al. (1990) present photo his-
tories of a number of interesting graz-
ing restoration case studies, and of the












short-term results of some of the avail-
able grazing strategies.

Post-mining reclamation of stream cor-
ridors must begin with restoration of a
properly functioning channel. Because
many of the geologic and geomorphic
controls associated with the pre-distur-
bance channel may have been obliter-
ated by mining operations, design of
the post-mining channel often requires
approaches other than mimicking the
pre-disturbance condition. Channel
alignment, slope, and size may be de-
termined on the basis of empirical rela-
tions developed from other streams in
the same hydrologic and physiographic
settings (e.g., Rechard and Schaefer
1984, Rosgen 1996). Others (e.g., Has-
further 1985) have used a combination
of empirical and theoretical approaches
for design of reclaimed channels. Total
reconstruction of stream channels is
treated at length in Section 8.E. Other
sections of the chapter address stabiliza-
tion of streambanks, revegetation of
floodplains and terraces, and restora-
tion of aquatic and terrestrial habitats.
Additional guidance is available in In-
terfluve, Inc. (1991).

Surface mining is usually associated
with large-scale disturbances in the con-
tributing watershed, therefore, a rigor-
ous hydrological analysis of pre- an
post-mining conditions is critical for
stream corridor restoration of disturbed
systems. The hydrologic analysis should
include a frequency analysis of extreme
high- and low-flow events to assess
channel performance in the post-
mining landscape.

Hydrologic modeling may be required
to generate runoff hydrographs for the
post-mining channel because watershed
geology, soils, vegetation, and topogra-
phy may be completely altered by min-
ing operations. Thus, channel design

and stability assessments will be based
on modeled runoff rates reflecting ex-
pected watershed conditions. The hy-
drologic analysis for post-mining
restoration should also address sedi-
ment production from the reclaimed
landscape. Sediment budgets (see Chap-
ter 7) will be needed for both the pe-
riod of vegetation establishment and
the final revegetated condition.

The hydrologic analyses will provide
restoration practitioners with the flow
and sediment characteristics needed for
restoration design. The analyses may
also indicate a need for at least tempo-
rary runoff detention and sediment re-
tention during the period of vegetation
establishment. However, the post-min-
ing channel should be designed for
long-term equilibrium with the fully re-
claimed landscape.

Water quality issues (e.g., acid mine
drainage) often control the feasibility of
stream restoration in mined areas and
should be considered in design.

Both concentrated and dispersed recre-
ational use of stream corridors can
cause damage and ecological change.
Ecological damage primarily results
from the need for acce: ‘or the rec
ational user. A trail often will develop
along the shortest or easiest route to
the point of access on the stream.
Additional resource damage may be a
function of the mode of access to the
stream: motorcycles and horses cause
far more damage to vegetation and
trails than do pedestrians. Control of
streambank access in developed recre-
ation sites must be part of a restora-
tion design. On undeveloped or
unmanaged sites, such control is
more difficult but still very necessary
(Figure 8.50).



Rehabilitation of severely degraded
recreation areas may require at least
temporary use restrictions. Even actively
eroding trails, camp and picnic sites,
and stream access points can be stabi-
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and combinations ot so1l and vegeta-
tion restoration (Wenger 1984, Marion
and Merriam 1985, Hammitt and Cole
1987). Closure will not provide a long-
term solution if access is restored with-
out addressing the cause of the original
problem. Rather, new trails and recre-
ation sites should be located and con-
structed based on an understanding of
vegetation capabilities, soil limitations,
and other physical site characteristics.
Basically, the keys to a successful design
are:

Initially locating or moving use to
the most damage-resistant sites.

Influencing visitor use.

Hardening use areas to make them
more resistant.

Rehabilitating closed sites.

Few land uses have the capacity to alter
water and sediment yield from a
drainage as much as the conversion of
a watershed from rural to urban condi-
tions; thus, few land uses have greater
potential to affect the natural environ-
ment of a stream corridor.

As a first step in hydrologic analyses,
designers should characterize the nature
of existing hydrologic response and the
likelihood for future shifts in water and
sediment yield. Initially, construction
activities create excess sediment that can
be deposited in downstream channels
and floodplains. As impervious cover
increases, peak flows increase. Water be-
comes cleaner as more area is covered
with landscaping or impervious mater-
ial. The increased flows and cleaner

Figure 8.56: Controlled access. Control of
streambank access is an important part

of the restoration design.
Source: J. McShane.

water enlarge channels, which increases
sediment loads downstream.

Determine if the watershed is (a) fully
urbanized, (b) undergoing a new phase
of urbanization, or (c) is in the begin-
ning stages of urbanization (Riley,
1998).

An increase in the amount of impervi-
ous cover in a watershed leads to in-
creased peak flows and resulting
channel enlargement (Figure 8.57).
Research has shown that impervious
cover of as little as 10 to 15 percent of
a watershed can have significant adverse
effects on channel conditions (Schueler
1996). Magnitudes of channel-forming
or bankfull flood events (typically 1-

to 3-year recurrence intervals) are in-
creased significantly, and flood events
that previously occurred once every
year or two may occur as often as one
or two times a month.

Enlargement of streams with subse-
quent increases in downstream sedi-
ment loads in urbanized watersheds
should be expected and accommodated
in the design of restoration treatments.






can be estimated from hydraulic geom-
etry relationships developed using data
from stable, alluvial channels in simil
(soils, slope, degree of urbanization)

watersheds, or other analytical ap-
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ization of a watershed can be mitigated
during u an planning through prac-
tices designed to control storm runoff.
These practices emphasize the use of
vegetation and biotechnical methods, as
well as structural methods, to maintain
or restore water quality and dampen
peak runoff rates. Strategies for control-
ling runoff include the following;

Increasing infiltration of rainfall and
streamflow to reduce runoff and to
remove pollutants.

Increasing surface and subsurface
storage to reduce peak flows and
induce sediment deposition.

Filtration and biological treatment of
suspended and soluble pollutants
(i.e., constructed wetlands).

Establishment and/or enhancement
of forested riparian buffers.

Management of drainage from the
transportation network.

Introduction of trees, shrubs, etc., for
various restoration purposes.

In addition to changes in water yield,
urbanization of a watershed frequently
generates changes in its sediment yield.
In humid climates, vegetative cover
prior to urbanization often is adequate
to protect soil resources and minimize
natural erosion, and the combination
of impervious area and vegetation of a
fully urban watershed might be ade-
quate to minimize sediment yield. Dur-
ing the period of urbanization,

however, sediment yields increase sig-
nificantly as vegetation is cleared and
bare soil is exposed during the con-
struction process. In more arid climates,
sediment yield from an urban water-

chod maxr artiiallyyr hoe Tawrer than the

struction) is still the time of greatest
sediment production.

The effect of urbanization on sediment
discharge is illustrated in Figure 8.58,
which contains data from nine sub-
basins in a 32-square-mile area in the
Rock Creek and Anacostia River Basins
north of Washington, DC (Yorke and
Herb 1978). During the period of data
collection (1963-74), three subbasins
remained virtually rural while the oth-
ers underwent urban development. In
1974, urban land represented from O to
60 percent of land use in the nine sub-
basins. These data were used to develop
a relation between suspended sediment
yield and the percentage of land under
construction. This relation indicated
that suspended sediment yield in-
creased about 3.5 times for watersheds
with 10 percent of the land area under
construction. However, suspended-sedi-
ment yields for watersheds where sedi-
ment controls (primarily sediment
basins) were employed for 50 percent
of the construction area were only
about one-third of these for areas with-
out controls. The effect of controls is
seen in the figure. The three curves pre-
sent growing season data for three peri-
ods of increasing sediment control:
1963-67, when no controls were used
on construction sites; 1968-71, when
controls were mandatory; and 1972-74,
when controls were mandatory and
subject to inspection by county officials.
It further illustrates that storm runoff is
not the only factor affecting storm sedi-






water runoff for up to 24 hours before
release (i.e., extended detention). A
common design storm for extended de-
tention is the one-year, 24 hour storm
event. Storm water retrofit ponds are
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practical in larger streams and rivers.

Tool 2. Reduce urban pollutant pulses.

A second need in urban stream restora-
tion is to reduce concentrations of nutri-
ents, bacteria and toxics in the stream,
as well as trapping excess sediment
loads. Generally, three tools can be ap-
plied to reduce pollutant inputs to an
urban stream: storm water retrofit
ponds or wetlands, watershed pollution
prevention programs, and the elimina-
tion of illicit or illegal sanitary connec-
tions to the storm sewer network

Tool 3. Stabilize channel morphology. Over
time, urban stream channels enlarge
their dimensions, and are subject to
severe bank and bed erosion. Therefore,
it is important to stabilize the channel,
and if possible, restore equilibrium
channel geometry. In addition, it is also
useful to provide undercuts or overhead
cover to improve fish habitat. Depend-
ing on the stream order, watershed im-
pervious cover and the height and angle
of eroded banks, a series of different
tools can be applied to stabilize the
channel, and prevent further erosion.
Bank stabilization measures include
imbricated rip-rap, brush bundles, soil
bioengineering methods such as willow
stakes and bio-logs, lunker structures
and rootwads. Grade stabilization mea-
sures are discussed earlier in this chap-
ter and in Appendix A.

Tool 4. Restore Instream habitat structure.
Most urban streams have poor instream
habitat structure, often typified by in-
distinct and shallow low flow channels
within a much larger and unstable
storm channel. The goal is to restore

instream habitat structure that has
been blown out by erosive floods. Key
restoration elements include the cre-
ation of pools and riffles, confinement
and deepening of the low flow chan-
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Typical tools include the installation of
log checkdams, stone wing deflectors
and boulder clusters along the stream
channel.

Tool 5. Reestablish Riparian Cover. Ripar-
ian cover is an essential component of
the urban stream ecosystem. Riparian
cover stabilizes banks, provides large
woody debris and detritus, and shades
the stream. Therefore, the fifth tool in-
volves reestablishing the riparian cover
plant community along the stream net-
work. This can entail active reforesta-
tion of native species, removal of exotic
species, or changes in mowing opera-
tions to allow gradual succession. It is
often essential that the riparian corridor
be protected by a wide urban stream
buffer.

Tool 6. Protect critical stream substrates.

A stable, well sorted streambed is often
a critical requirement for fish spawning
and secondary production by aquatic
insects. The bed of urban streams, how-
ever, is often highly unstable and
clogged by fine sediment deposits. It is
often necessary to apply tools to restore
the quality of stream substrates at
points along the stream channel. Often,
the energy of urban storm water can be
used to create cleaner substrates—
through the use of tools such as double
wing deflectors and flow concentrators.
If thick deposits of sediment have accu-
mulated on the bed, mechanical sedi-
ment removal may be needed.

Tool 7. Allow for recolonization of the
stream community. It may be difficult to
reestablish the fish community in an
urban stream if downstream fish barri-



ers prevent natural recolonization.
Thus, the last urban stream restoration
tool involves the judgment of a fishery
biologist to determine if downstream
fish barriers exist, whether they can be
removed, or whether selective stocking
of native fish are needed to recolonize
the stream reach.


















should be the first activity conducted
on the site. The zones should be
marked by visible stakes and more
preferably by temporary fencing (usu-
ally a bright-colored sturdy plastic net-
ting). This delineation should conform
to any special restrictions noted or tem-
porary stakes placed during the precon-
struction meeting between the project
manager and field inspector.

A site is often accessed from a public
road in an upland portion of the site.
Ideally, for convenience, a staging area
for crew, equipment, and materials can
be located near an access road close to
the restoration site but out of the
stream corridor and away from wet-
lands or areas with highly erodible
soils. The staging area should also be
out of view from public thoroughfares,
if possible, to increase security.

Although property ownership, topogra-
phy, and preexisting roads make access
to every site unique, several principles
should guide design, placement, and
construction of site access:

Avoid any sensitive wildlife habitat
or plant areas or threatened and
endangered species and their desig-
nated critical habitat.

Avoid crossing the stream if at all
possible; where crossing is unavoid-
able, a bridge is almost mandatory.

Minimize slope disturbance since
effective erosion control is difficult
on a sloped roadway that will be
heavily used.

Construct roadways with low gradi-
ents; ensure that storm water runoff
drains to outlets; install an adequate
roadbed; and, if possible, set up a
truck-washing station at the entrance
of the construction site to reduce off-

site transport of mud and sediment
by vehicles.

In the event of damage to any private
or public access roads used to trans-
port equipment or heavy materials to
and from the site, those responsible
should be identified and appropriate
repairs should be made.

Every effort should be made to mini-
mize and, where possible, avoid site
disturbance. Emphasis should be placed
on addressing protection of existing
vegetation and sensitive habitat, erosion
and sediment control, protecting air
and water quality, protecting cultural re-
sources, minimizing noise, and provid-
ing for solid waste disposal and
worksite sanitation.

Protection of Existing Vegetation and
Sensitive Habitat

Fencing can be an effective way to en-
sure protection of areas within the con-
struction site that are to remain
undisturbed (e.g., vegetation designated
to be preserved, sensitive terrestrial
habitat, or sensitive wetland habitat).

As in delineating work zones, fencing
sh 1d be placed around 1 prote 1
areas during initial site preparation,
even before the access road is fully con-
structed, if possible, but certainly before
wholesale earthmoving begins. Fencing
material should be easy to see, and
areas should be labeled as protection
areas. Caution should always be exer-
cised when grading is planned adjacent
to a protected area.

Erosion

Many well-established principles of ef-
fective erosion and sediment control
can be readily applied to stream corri-
dor restoration (Goldman et al. 1986).
Every effort should be made to prevent















and Miller 1986). Meeting the HUD
standard (65 dBA) requires that typical
construction equipment be over 300
feet away from the listener; avoiding the
chance of any significant complaints re-
Arriran ahlnsit ENN Fant ~AF cnmaratiam A
more. 1he project manager should con-
tact surrounding neighbors prior to
restoration implementation. Public
awareness of and appreciation for the
project goals help improve tolerance for
off-site noise impacts. (Impacts from
noise on equipment operators is usu-
ally not significant since most construc-
tion equipment meets the noise
standards imposed by the U.S. General
Services Administration of 75 dBA at 50
feet.)

High noise levels might be a concern to
wildlife as well, particularly during the
breeding season. Any sensitive species
that inhabit the project vicinity should
be identified and appropriate actions
taken to reduce noise levels that could
adversely affect these species.

Solid Waste Disposal

Debris is an inevitable by-product of
implementation activities. The manage-
ment of debris is a matter of job site
safety, function, and aesthetics. From
the first day, the locations of equipment
storage, vehicle unloading, stockpiled
materials, and waste should be identi-
fied. At the end of each workday, all
scattered construction debris, plant ma-
terials, soil, and tools should be gath-
ered up and brought to their respective
holding areas. The site should be left as
neat and well organized as possible at
the end of each day. Even during the
workday, sites in close proximity to
business or residential districts should
be kept as well organized and “sightly”
as possible to avoid complaints and de-
lays initiated by unhappy neighbors.

The importance of these measures to
the safety and efficiency of the restora-

tion effort as a whole is sometimes evi-
dent only to the project manager.
Under such conditions, achieving ade-
quate job site cleanliness is almost im-
possible because the manager alone
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debris. Meelings With WOTK Crews to
emphasize this element of the work
should occur early in the construction
process and be repeated as often as re-
quired. People working on site, whether
contractors, volunteers, or government
personnel, need to be reminded of
these needs as an unavoidable part of
doing their jobs.

Worksite Sanitation

Sanitation facilities for work crews
should be identified before construc-
tion begins. Particularly in remote
areas, the temptation to allow ad hoc
arrangements will be high. In urban
areas, the existing facilities of a neigh-
boring business might be offered. In
most settings, however, one or more
portable toilets should be provided and
might be required by local building or
grading permits. Although normally
self-contained, any facilities should be
located to minimize the risk of contam-
ination of surface water bodies by leak-
age or overflow.

Standard earthmoving and planting
equipment is appropriate for most
restoration work. Small channels or
wetland pool areas can be excavated
with backhoes or track-mounted exca-
vators or trackhoes. Trackhoes are mo-
bile over rough or steep terrain (Figure
9.7). They have adequate reach and
power to work at a distance from the
stream channel; with an opposing
“thumb” on the bucket, they can ma-
neuver individual rocks and logs with
remarkable precision. Logs can also be





















Timing

The optimum conditions for successful
plant installations are broad and vary
from region to region. As a general rule,
temperature, moisture, and sunlight
must be adequate for germination and
establishment. In the eastern and mid-
western United States, these conditions
are met beginning in late winter or
early spring, after ground thawing, and
continuing through mid-autumn. In the
West, the typical summertime dryness
normally limits successful seedings to
late summer or early autumn. Where
arid conditions persist through most of
the year, plants and seedings must take
advantage of whatever rainfall occurs,
typically in late autumn or winter, or
supplemental irrigation must be pro-
vided. Because the requirements can
vary so much for different species, the
local supplier or a comprehensive refer-
ence text (e.g., Schopmeyer 1974, Ford-
ham and Spraker 1977, Hartmann and
Kester 1983, Dirr and Heuser 1987)
should be consulted early in the
restoration design phase. If rooted stock
is to be propagated from seed before it
is planted at the restoration site, 1 to 2
years (including seed-collection time)
should be allowed.

Plants should be installed when dor-
mant for the highest rate of survival.
Survival is further influenced by species
used and how well they are matched to
site conditions, available moisture, and
time of installation. In mild climates,
the growth of roots occurs throughout
the winter, improving survival of fall
plantings. Where high wintertime flows
are anticipated, however, first-season
cuttings might not survive unless given
some physical protection from scour.
Alternatively, planting can occur in the
spring before dormancy ends, but sup-
plemental irrigation might be needed
even in areas of abundant summertime
rainfall. Irrigation might be necessary in

some regions of the country to ensure
successful establishment of vegetation.

Acquisition

Native plant species are preferred over
exotic ones, which might result in un-
foreseen problems. Some plant materi
als can be obtained from commercial
sources, but many will need to be col-
lected. When attempting to restore na-
tive plant communities, it is desirable
to use appropriate genotypes. This re-
quires the collection of seeds and plants
from local sources. Early contact with
selected sources of rooted stock and
seed can ensure that appropriate species
in adequate quantities will be available
when needed.

The site itself might also be a good
source of salvageable plants. Live cut-
tings can be collected from healthy na-
tive vegetation at the donor site. Sharp,
clean equipment must be used to har-
vest the plant material. Vegetation is
normally cut at a 40 to 50 degree angle
using loppers, pruners, or saws. If the
whole plant is being used, the cut is
made about 10 inches above the
ground, which encourages rapid regen-
eration in most species. Cuttings typi-
cally range from 0.4 to 2 inches in
diameter and 2 to 7 feet long.

After harvesting, the donor site should
be left in a clean condition. This will
avoid the potential for landowner com-
plaints and facilitate potential reuse of
the site at some time in the future.

Large unused material can be cut for
firewood, piled for wildlife cover, or
scattered to hasten decomposition. Any
diseased material should be burned, per
local ordinances.

Transportation and Storage

The requirements for the transport and
storage of plant materials vary, depend-
ing on the type of material being used.
Depending on species, seeds may require
a minimum period of dormancy of sev-






that have no residual chemicals and un-
desirable plant species.

When using seeds, planting should be
preceded by elimination of competing
plants and by preparation of the
seedbed (McGinnies 1984). The most
common methods of seeding in a
restoration setting are hand broadcast-
ing and hydroseeding. Hydroseeding
and other methods of mechanical seed-
ing might be limited by vehicular access
to the restoration site.

When using either cuttings or rooted
stock, the soil and the roots must make
good contact. This requires compaction
of the soil, either by foot or by equip-
ment, to avoid air pockets. It also re-
quires that the soil be at the right
moisture content. If it is too dry (a rare
condition), the soil particles cannot
“slip” past each other to fill in voids. If
it is too wet (far more common, espe-
cially in wetland or riparian environ-
ments), the water cannot squeeze out of
the soil rapidly enough to allow com-
paction to occur.

Another aspect to consider is that quite
frequently after planting, the resulting
soil is too rough and loose to support
vigorous seed growth. The roughness
promotes rapid drying, and the loose-
ness yields poor seed-to-soil contact
and also erratic planting depths where
mechanical seed drills are used. As a re-
sult, some means of compaction should
be employed to return the soil to an ac-
ceptable state for planting.

Special problems may be encountered
in arid or semiarid areas (Anderson et
al. 1984). The salt content of the soil in
these settings is critical and should be
tested before planting. Deep tillage is
advisable, with holes augured for
saplings extended to the water table if
at all possible. First-year irrigation is
mandatory; ongoing fertilization and
weeding will also improve survival.

Competing Plants

Although a well-chosen and established
plant community should require no
human assistance to maintain vigor and
function, competition from other plants
during establishment might be a prob-
lem. Competing plants commonly do
not provide the same long-term benefits
for stability, erosion control, wildlife
habitat, or food supply. The restoration
plan therefore must include some
means to suppress or eliminate them
during the first year or two after con-
struction.

Competing plants may be controlled
adequately by mechanical means. Cut-
ting the top growth of competing plants
can slow their development long
enough for the desired plants to be-
come established. Hand weeding is also
very effective, although it is usually fea-
sible only for small sites or those with
an ongoing source of volunteer labor.

Unfortunately, some species can survive
even the most extreme mechanical
treatment. They will continue to
reemerge until heavily shaded or
crowded out by dense competing
stands. In such cases the alternatives are
limited. The soil containing the roots of
the undesired vegetation can be exca-
vate 1scre d

the site, relatively mature trees can be
planted to achieve near-instantaneous
shading, or chemical fertilizers or herbi-
cides can be applied.

Use of Chemicals

In situations where mechanical controls
are not enough, the application of fer-
tilizers and the use of herbicides to sup-
press undesirable competing species
may be necessary.

Herbicides can eliminate undesirable
species more reliably, but they may
eliminate desirable species. Their use
near watercourses may also be severely
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Figure 9.15: review of the action against the plan

Sample of an
inspector’s daily
report. Frequent,
periodic inspection
is @ mandatory
part of restoration
implementation.

and applicable standards should be
conducted. For example, rotational
grazing may be a critical plan element
to achieve restoration of the stream cor-
ridor. Inspection of this plan element
would involve a review of the rotation
scheme, condition of individual pas-
tures or ranges, and condition of fenc-
ing and related watering devices.

Keep in mind that although plans and
specifications should be specific to the
conditions of the site, they might have
been developed from generic sets or
from those implemented elsewhere.

The final inspection after installation
determines the conditions under which
the contractor(s) can be paid and the
contract finalized. It must occur

promptly and should determine
whether all elements of the contract
have been fulfilled satisfactorily. Before
scheduling this final inspection, the
project manager and inspector, together
with any other necessary members of
the restoration team, inspect the work
and prepare a list of all items requiring
completion by the contractor. This “pre-
final” inspection is in fact the most
comprehensive review of the work that
will occur, so it must be conducted with
care and after nearly all of the work has
been completed. The final inspection
should occur with representatives of
both the client and the contractor pre-
sent after completion of all required
work and after site cleanup, but before
equipment is removed from the site to
facilitate additional work if necessary. It
must address removal of protection
measures no longer needed, such as silt
fences. These are an eyesore and might
inhibit restoration. A written report
should state the complete or provi-
sional acceptance of the work, the basis
on which that judgment has been
made, and any additional work that is
needed prior to final acceptance and
payment.

Planning for successful implementation
should always look beyond the period
of installation to the much longer inter-
val of plant establishment. Twelve or
more additional site visits are advisable
over a period of many months or years.
Such inspections will generally require
a separate budget item that must be an-
ticipated during restoration planning. If
they are included in the specifications,
they may be the responsibility of the
contractor. A sample inspection sched-
ule is shown in Table 9.2. Although this
level of activity after installation might
seem beyond the scope of a project, any
restoration work that depends on the


















full resistance to high-flow velocities or
saturation of bank soils. Replanting
should be an anticipated potential
maintenance need in this situation.

In many stream corridor restoration
areas, the intent of streambank and
channel measures is to provide tempo-
rary stabilization until riparian vegeta-
tion develops and assumes those
functions. In such cases, maintenance of
some structures might become less im-
portant over time, and they might even-
tually be allowed to deteriorate. They
can be wholly or partially removed if
they represent impediments to natural
patterns of channel migration and con-
figuration, or if some components (ca-
bles, stone, geofabrics) become hazards.

Routine maintenance of vegetation in-
cludes removal of hazardous trees and
branches that threaten safety, buildings,
fences, and other structures, as well as
maintenance of vegetation along road
shoulders, trails, and similar features.

Planted vegetation may require irriga-
tion, fertilization, pest control, and sim-
ilar measures during the first few years
of establishment. In large-scale planting
efforts, such as floodplain reforestation
efforts, maintenance 1ay be precluded.
Occasionally, replanting will be needed
because of theft.

Maintenance plans should anticipate
the need to replant in case soil- bio-
engineered bank protection structures
are subjected to prolonged high water
or drought before the plants are fully
established. Techniques using numer-
ous cuttings establish successfully, it
might be desirable to thin the dense
brush that develops to allow particular
trees to grow more rapidly, especially if
channel shading is a restoration objec-
tive. Often, bank protection measures
become popular points for people to

access the stream (for fishing, etc.).
Plantings can be physically removed or
trampled. Replanting, fencing, posting
signs, or taking other measures might
be needed.

A wide variety of other restoration fea-
tures will require regular maintenance
or repair. Rural restoration efforts might
require regular maintenance and peri-
odic major repair or replacement of
fences and access roads for manage-
ment and fire control. Public use areas
and recreational facilities require up-
keep of roads, trails, drainage systems,
signs, and so forth (Figure 9.22). Main-
tenance of urban corridors may be in-
tensive, requiring trash removal,
lighting, and other steps. An adminis-
trative contact should be readily avail-
able to address problems as they
develop. As the level of public use in-
creases, contracting of maintenance ser-
vices might become necessary, and
administration of maintenance duties
will become an increasingly important
component of corridor management.

Restoration measures placed to benefit
fish and wildlife (e.g., nest boxes and
platforms, waterers) need annual clean-
ing and repair. These maintenance ac-
tivities can be as time-consuming as the
original installation, and structures that
are in bad condition might draw public
attention and criticism. The mainte-
nance commitment should be recog-
nized before such structures are
installed. Special wildlife management
units, such as moist-soil-management
impoundments and green-tree reser-
voirs, require close attention to be man-
aged effectively.

Flooding and drawdown schedules
must be fine-tuned based on site-
specific conditions (Fredrickson and
Taylor 1982). Special equipment might
be needed to maintain levees, to work










































In cases where streamflow control is an
option, it likely will be a significant
component of the management plan to
maintain baseflows, water temperatures,
and other attributes. However, appro-
priate flow patterns should have been
defined during the design phase, with
components of corridor management
prescribed accordingly. If hydrologic
patterns change after the restoration is
established, significant redesign or
management changes might be required
for the entire corridor. Ultimately, a
well-planned, prepared stream corridor
restoration design predicts and ad-
dresses the potential for hydrologic
change.

In forested environments, the planning
and design phases of stream corridor
restoration should set specific objectives
for forest structure and composition
within the corridor. If existing forests
are developing in the desired direction,
action may not be needed. In this case,
forest management consists of protec-
tion rather than intervention. In de-
graded stream corridor forests,
achieving desired goals requires active
forest management. In many corridors
economic return to private and public
landowners is an ¢ nt objec. _ of
the restoration plan. Stream corridor
restoration may accommodate eco-
nomic returns from forest management,
but management within the stream cor-
ridor should be driven primarily by eco-
logical objectives. If the basic goal is to
restore and maintain ecological func-
tions, silviculture should imitate natural
processes that normally occur in the
corridor.

Numerous forest management activities
can promote ecological objectives. For
example, some corridor forest types
might benefit from prescribed fire or
wildfire management programs that

maintain natural patterns of structural
and compositional diversity and regen-
eration. In other systems, fire might be
inappropriate or might be precluded if
the stream corridor is in an urban set-
ting. In the latter case, silvicultural treat-
ments might be needed to emulate the
effects of fire.

Recovery of degraded streamside forests
can be encouraged and accelerated
through silvicultural efforts. Active in-
tervention and management may be es-
sential to maintain the character of
native plant communities where river
regulation has contributed to hydrology
and sedimentation patterns that result
in isolation from seed sources (Klimas
1991, Johnson 1994). Streamside
forests used as buffers to prevent nutri-
ents from reaching streams may require
periodic harvests to remove biomass
and maintain net uptake (Lowrance et
al. 1984, Welsch 1991). However,
buffers intended to intercept and de-
grade herbicides might be most effec-
tive if they are managed to achieve
old-growth conditions (Entry et al.
1995).

Management of corridor forests should
not proceed in isolation from manage-
ment of adjacent upland systems (Fig-
ure 9.28). Upland harvests can result in
raised water tables and tree mortality in
riparian zones. Coordinated silvicul-
tural activities can reduce timber losses
as well as minimize the need for roads
(Oliver and Hinckley 1987).

Forests managed by government agen-
cies are usually subject to established
restrictions on activities in riparian
areas. Elsewhere, BMPs for forestry prac-
tices are designed to minimize non-
point source pollution and protect
water quality. BMPs typically include re-
strictions on road placement, equip-
ment use, timber removal practices, and
other similar considerations. Existing




































The restoration plan may prescribe a variety of approaches

depending on the condition of the stream corridor and the

restoration goals:

e No action. Simply remove disturbance factors and “let
nature heal itself.”

* Management. Modify disturbance factors to allow
continued use of the corridor, while the system recovers.

e Manipulation. Change watershed, corridor, or stream
conditions through land use changes, intervention, and
designed systems ranging from installing practices to
altering flow conditions, to changing stream morpholo-
gy and alignment.

Regardless of the techniques applied, they should restore
the desired functions and achieve the goals of the restora-
tion plan. The following are general considerations that
apply to many or all of the techniques in this appendix:

* The potential adverse impacts from failure of these and
other techniques should be assessed before they are
used.

» Techniques that change the channel slope or cross
section have a high potential for causing channel insta-
bility upstream and downstream. They should therefore
be analyzed and designed by an interdisciplinary team
of professionals. These techniques include: weirs, sills,
grade ¢« 1ol s, channel realignment, and
meander reconstruction.

® The potential impact on flood elevations should be
analyzed before these and other techniques are used.

e Many techniques will not endure on streams subject to
headcuts or general bed degradation.

* Some form of toe protection will be required for many
bank treatment techniques to endure where scour of the
streambank toe is anticipated.

* Any restoration technique installed in or in contact with
streams, wetlands, floodplains, or other water bodies are
subject to various federal, state, and local regulatory
programs and requirements. Most techniques presented
in this appendix would require the issuance of permits
by federal, state, and local agencies prior to installation.
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WATERSHED MANAGEMENT

Streamflow Temperature
Management

Streamside vegetation and upland
practices to reduce elevated streamflow
temperatures.

Applications and Effectiveness

e Effective for smaller streams where bank vegetation can provide substan-
tial shading of the channel and on which much of the canopy has been
removed.

e Appropriate cactices are those that establish streamside vegetation,
increase vegetative cover, increase infiltration and subsurface flow,
maintain base flow, and reduce erosion.

¢ Turbid water absorbs more solar radiation than clear; therefore, erosion
control in watersheds can help in reducing thermal pollution.

¢ Flow releases from cooler strata of reservoirs must be exercised with
caution. Although cooler, water from this source is generally low in
dissolved oxygen and must be aerated before discharging downstream.
Selective mixing of the reservoir withdrawal can moderate temperature as
may be required.

e There might be opportunities in irrigated areas to cool return flows prior
to discharge to streams.

For More Information
e Consult the following references: Nos. 32, 39, 45, 73, 80, 81, 88, 89.
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CONVERSION FACTORS

Length

Unit of measure Abbreviation mm cm m km in ft mi
millimeter mm 1 0.1 0.001 — 0.0394 0.003 —
centimeter cm 10 1 0.01 —_ 0.394 0.033 —
meter m 1000 100 1 0.001 39.37 3.281 —
kilometer km — — 1000 1 — 3281 0.621
inch in 25.4 2.54 0.0254 — 1 0.083 —
foot ft 304.8 30.48 0.305 —_ 12 1 —
mile mi — — 1609 1.609 — 5280 1
Area

Unit of measure Abbreviation m? ha km?2 2 acre mi?

square meter m2 1 — — 10.76 — —

hectare ha 10000 1 0.01 107600 247 0.00386

square kilometer km? 1x106 100 1 - 247 0.386

square foot t2 0.093 — —_ 1 — —

acre acre 4050 0.405 — 43560 1 0.00156

square mile mi? — 259 2.59 — 640 1

Volume

Unit of measure Abbreviation km?3 m3 L Mgal acre-ft 13 gal
cubic kilometer km3 1 1x109 — — 811000 — —
cubic meter m3 — 1 1000 — — 35.3 264
liter L — 0.001 1 — — 0.0353 0.264
million U.S. gallons Magal — — — 1 3.07 134000 1x106
acre-foot acre-ft — 1233 — 0.3259 1 43560 325848
cubic foot 3 — 0.0283 28.3 — — 1 7.48
gallon gal — — 3.785 — — 0.134 1
Flow Rate

Unit of measure Abbreviation km3/yr m3/s s mgd gpm cfs acre-ft/day
cubic kilometers/year km3/yr 1 31.7 — 723 — 1119 2220
cubic meters/second m3/s (m3/sec) 0.0316 1 1000 22.8 15800 353 70.1
liters/second L/s (L/sec) — 0.001 1 0.0228 15.8 0.0353 0.070
million U.S. gallons/day mgd (Mgal/d) — 0.044 43.8 1 694 1.547 3.07
U.S. gallons/minute gpm {(gal/min) — — 0.063 — 1 0.0022 0.0044
cubic feet/second cfs (ft3/s) — 0.0283 28.3 0.647 449 1 1.985
acre-feet/day acre-ft/day — — 14.26 0.326 226.3 0.504 1
Temperature

Unit of measure Abbreviation F C

Fahrenheit F — .56 (after subtracting 32)

Celsius C 1.8 (then add 32) —
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field indicators, 7-10

Benthic invertebrates, 2-64

benthic rapid bioassessment, 7-82

Beaver
ecosystem impacts, 8-26
impact of dams, 2-58
transplanting, 8-26
Biological diversity
complexity, 7-78
evaluating indices, 7-84

in developing goals and objectives,

5-6

Index of Biotic Integrity, 7-79

measures of diversity, 7-79

spacial scale, 7-79

standard of comparison, 7-83

subsets of concern, 7-79
Buffers, 8-11

forested buffer strips, 8-89

multispecies riparian buffer system,

8-81
requirements, 8-90
urban stream buffers, 812

C
Channel, 1-12,
equilibrium, 1-13
scarp, 1-12
size, 1-13
thalweg, 1-12
Channel form, 1-26
anastomos¢  treams, 1-27
braided streams, 1-27
predicting stable type, 8-30
Chanrel incision, 1-20
Channel slope, 2-22
longitudinal profiles, 2-22
Channel cross section, 2-23
composite and compound cross
sections, 7-23
field procedures, 7-24
site/reach selection, 2-23, 7-23
Channel evolution models, 7-30
advantages of, 7-34
applications of geomorphic
analysis, 7-37
limitations of, 7-36
Channel-forming (or dominant)
discharge, 1-16, 7-3, 7-8
determining from recurrence
interval, 7-4, 7-12
determining from watershed
variables, 7-15
mean annual flow, 7-15
Channel models, 8-40
computer models, 8-41
physical models, 8-41
Channel restoration, 8-28
dimensions, 8-32, 8-37
inspection, 9-23
maintenance, 9-26
moving beds, known slope, 8-38
moving beds, known sediment
concentration, 8-39
reconstruction procedures, 8-28
reference reach, 8-33
shape, 8-43
Channel roughness, 2-24

formation of aquatic habitat, 2-25

in meandering streams, 2-25
Channel stability

bank, 7-50

bed, 7-51

local, 7-51

systemwide, 7-51
Channel wide 3, 7-60

predictions, /-62
Channelization and diversions, 3-8

restoration design, 8-79
CompMech (compensatory mecha-

nisms), 7-92

use with PHABSIM, 7-92
Conditions in stream corridor, 4-19

causes of impairment, 4-23

condition continuum, 4-22

management influence, 4-26
Conduit function, 2-82

Connectivity and width, 2-79, 8-4,
8-17
reference stream corridor, 8-7
restoration design, 8-20
Conservation easements, 6-7
Contouring, 9-13
Cost components and analysis, 5-21
benefits evaluation, 5-29
cost-effectiveness analysis, 5-26
data requirements, 5-21
decision making, 5-28
estimations, 6-29
incremental cost analysis, 5-27
Cross section surveys, 7-53
Cultural resources, 9-8

D

Dams
as a disturbance, 3-7
best management practices, 8-77
effects on stream corridors, 8-77
Glen Canyon Dam spiked flow
experiment, 3-9
removal, 8-78
Data analysis and management, 7-72
costs, 6-30
Degradation
regression functions, 7-54
Design, 8-1
Discharge, 1-16
continuity equation, 7-17
design discharge for restoration,
8-29
measurement, 7-25
Drainage, for implementation, 9-11
Dynamic equilibrium, -1, 2-86
Disturbance, 2-87, 3-1
Arnold, MO flood, 3-5
biological, 3-6, 7-96
broad scale, 3-3
causal chain of events, 3-1

chemical, 3-6
natural disturbances, 3-3
physical, 3-6
E
Ecological Restoration, I-3
Ecosystem

internal/external movement model,

1-3

stream-riparian, 2-53

relationship btw. terrestrial/aguatic

ecosystems, 2-75

river floodplain, 2-53
Effective discharge, 1-17 , 7-13
Erosion, 2-15, 2-27,

control of, 2-27, 9-4
Environmental impact analysis, 5-30
Eutrophication, 2-73



Evaluation, 6-34, 6-41
baseline characterization, 9-29
effectiveness monitoring, 9-32
fish barrier modifications, 9-36
human interest, 9-38, 9-46
implementation monitoring, 9-32
parameters, 9-32
performance evaluation, 9-29
reference sites, 9-35
risk assessment, 9-29
trend assessment, 9-29
validation monitoring, 9-32
Evaporation, 2-6
Evapotranspiration, 2-7
Exotic species, 3-10
control, 8-79
salt cedar, 3-712
Western U.S., 3-717

F

Fauna
aquatic fauna, 2-63
beaver (see Beaver above)
benthic invertebrates, 2-63
birds, 2-57
fish, 2-65
habitat features, 2-56
mammals, 2-58
mussels, 2-67
reptiles and amphibians, 2-57
Fencing, 9-20
Filter and barrier functions, 2-84
edges, 2-85
Fish, 2-65
barriers, 8-75, 9-36
bioindicators, 7-83
feeding and reproduction
strategies, 2-66
managing restoration, 9-46
species richness, 2-65
Floodplain, 1-12
hydrologic floodplain, 1-18
topographic floodplain, 1-18
flood storage, 1-18
lag time, 1-18
lateral accretion, 2-26
stability, 2-24
vertical accretion, 2-26
Floodplain landforms and deposits,
1-19
backswamps, 1-19
chute, 1-19
clay plug, 1-19
meander scroll, 1-19
natural levees, 1-19
oxbow, 1-19
oxbow lake, 1-19
restoration of microrelief, 8-8
splays, 1-19
Flood-pulse concept, 1-21

Flow
allowable velocity check, 8-48, 8-51
allowable stress check, 8-48, 8-51
baseflow, 1-14, 2-13
daily mean streamflow, 7-6
ecological impacts, 2-15
ephemeral streams, 1-16
effluent or gaining reaches, 1-16
impact on fauna, 2-68
influent or “losing” reaches, 1-16
intermittent streams, 1-16
mean annual flow, 7-15
peak flow, 7-6
perennial streams, 1-16
stormflow, 1-14
sources of data, 7-6
uniform flow, 7-20
Flow duration, 2-14
flow duration curve, 7-3
Flow frequency, 2-14, 7-4
flood frequency analysis, 7-4, 7-7
low-flow frequency analysis, 7-7
Food patches, 8-25
Forests and forestry
buffer strips, 8-89
managing restoration, 9-42
site preparation, 3-17
transportation, 3-17, 8-88
tree removal, 3-16
Functions, 2-78
barrier, 2-78
conduit, 1-8, 2-78
filter, 2-78
habitat, 2-78
sink, 2-78
source, 2-78
Funding, '
organization, 4-9
restoration implementation, 6-2

G

Geomorphic assessment, 7-26
Geomorphology, 2-15
Goals and Objectives, 5-12, 5-14
desired future conditions, 5-3,
5-12
responsiveness, 5-14
restoration constraints and issues,
5-7
restoration goals, 5-12
restoration objectives, 5-13
scale considerations, 5-3
self-sustainability, 5-74
tolerance, 5-14
value, 5-14
vulnerability, 5-14
Grazing
loss of vegetative cover, 3-18
physical impacts, 3-19
restoration, 8-90, 9-43
Greentree reservoirs, 8-24

Ground water
aquifer, 2-10
aquitards, 2-10
capillary fringe, 2-10
confined aquifer, 2-11
pellicular water, 2-10
phreatic zone, 2-11
recharge area, 2-11
springs, seeps, 2-11
unconfined aquifer, 2-11
vadose zone, 2-10

H
Habitat Evaluation Procedures (HEP),
7-87
Habitat functions, 2-78
edge and interior, 2-87, 8-21
Habitat Recovery (instream), 8-70
procedures, 8-71
Hydraulic geometry
channel planform, 7-47
hydraulic geometry curves Salmon
River, 7-43
hydraulic geometry theory, 7-41,
8-36
meander geometry, 7-47,7-48,
7-49
regime formulas, 7-49
regime theory, 7-44
regional curves, 7-44
relations based on mean annual
discharge, 7-41
stability assessment, 7-44
Hydrologic cycle, 2-3
Hydrologic unit cataloging, 1-9

Indicator species, 7-76
aquatic invertebrates
habitat evaluation procedures,
7-78
riparian response guilds, 7-78
selecting indicators, 7-77

Infiltration, 2-8
infiltration capacity, 2-8
infiltration rate, 2-8
porosity, 2-8

Implementing restoration, 6-2
construction, 9-12
emergency maintenance, 9-26
flow diversion, 9-14
minimizing disturbance, 9-4
plant establishment, 9-15
remedial maintenance, 9-26
scheduled maintenance, 9-26
site preparation, 9-3, 9-10
staging areas, 9-4
work zone, 9-3

Inspection, 9-21

Instream Flow Incremental Methodol-
ogy (FIM), 5-24,7-88,



Instream structures, 8-72
design, 8-72
engineered log jams, 9-30
inspection, 9-23
Interception, 2-4
precipitation pathways, 2-5
Irrigation, 9-20

L

Landscape scale, 1-7
in goals and objective develop-
ment, 5-5
Land use
design approaches for common
effects, 8-76
developing goals and objectives,
5-3
summary of disturbance activities,
3-26
Log jams, engineered, 9-30
Longitudinal zones, 1-24
Longitudinal profile, 2-23, 8-43
adjustments, 2-23

M

Managing restoration, 9-40
Manning’s equation, 7-17
direct solution for Manning’s n,
7-18
Froude number, 7-27
indirect solution for Manning’s n,
7-19
Manning’s n in relation to
bedforms, 7-21
Monitoring, 6-22
acting on results, 6-37
dissemination of results, 6-39
documenting and reporting, 6-38
inspection, 9-21
monitoring plan, 6-23, 6-25, 6-29,
6,33
performance criteria, 6-24
level of effort, 6-31
parameters, and methods, 6-26
target conditions, 6-26
types of data, 6-31
Montgomery and Buffington
classification system, 7-29
Mining
altered hy  Hlogy, 3-19
contaminants, 3-20
reclamation, 8-96
soil disturbance, 3-20
vegetative clearing, 3-20
Mulches, 9-19

N

Nest structures, 8-25

o)

Oak Ridge Chinook salmon model
(ORCM), 7-92

Organic material, 2-73
autochthonous, 1-30, 2-73
allochthonous, 1-30, 2-73
heterotrophic, 1-30

Organizing restoration
advisory group, 4-4
boundary setting, 4-3
commitments, 6-10
contractors, 6-10
characteristics of success, 6-17
decision maker, 4-4
decision structure, 4-10
dividing responsibilities, 6-4, 6-6
documentation, 4-13
information sharing, 4-12
permits, 6-13
schedules, 6-12
scoping process, 4-3
sponsor, 4-4
technical teams, 4-5, 6-8
tools, 6-3
volunteers, 6-8

Overland flow, 2-11
depression storage, 2-11
Horton overland flow, 2-12
surface detention, 2-12

P
Physical Habitat Simulation Model
(PHABSIM), 7-88
time series simulations, 7-91
use with CompMech, 7-92
Physical structure
corridor, 1-3
patch, 1-3
matrix, 1-3
mosaic, 1-3
Pools and riffles, 1-28, 2-22
riffle spacing, 8-43
Problem/opportunities identification,
4-16
baseline data, 4-17
community mapping, 4-17
data analysis, 4-19
data collection, 4-16
historical data, 4-17
problem/opportunity statements,
4-27
reference condition, 4-20
reference reach, 4-20
reference site, 4-20
Proper Functioning Condition (PFC),
7-39
Public outreach, 4-12
tools, 4-13

Q

Quality assurance and quality control
costs, 6-29
restoration planning, 5-8
sampling, 7-73

R

Rapid bioassessment, 7-80

Reach file/National Hydrography
Dataset, 1-9

Reach scale, 1-10
in developing goals and objectives,
5-7

Rehabilitation, /-3

Recovery, 2-87

Recreation, 3-21
restoration design, 8-97

Regional hydrological analysis, 7-15

Regional scale, 1-6

Rehabilitation, /-3

Resistance, 2-87

Resilience, 2-87
in Eastern upland forests, 3-4

Restoration, I-2, I-3

Riffles (see Pools and riffles)

Risk assessment, 5-29

River continuum concept, 1-30

Riverine Community Habitat
Assessment and Restoration
Concept Model (RCHARC), 7-91

Rosgen stream classification system,
7-29

Runoff, 2-11

Quick return flow, 2-13

S
Salmonid population model
(SALMOD), 7-93
Sampling
automatic, 7-65
chain of custody, 7-70
discrete versus composite, 7-66
field analysis, 7-67
field sampling plan, 6-30
frequency, 7-63, 6-32
grab, 7-65
labeling, 7-69
laboratory sample analysis, 6-30
manual, 7-65
packaging and shipping, 7-70
preparation and handling, 7-69
preservation, 7-69
site selection, 7-64
timing and duration, 6-32
Saturated overland flow, 2-13
Scarp, 1-12
Schumm
classification system, 7-29
equation, 2-21
Sediment
ecological and water quality
impacts, 2-26
Sediment control, 9-4
hay bales, 9-5
silt fence, 9-5
Sediment deposition, 2-15
Sediment sampling
analysis, 7-71
collection techniques, 7-71



Sediment transport, 2-15, 8-53
bed load, 2-18
bed-material load, 2-18, 2-19
budget, 8-56
discharge functions, 8-55
HEC-6, 8-54
impact on habitat, 2-26
impact on water quality, 2-26
measured load, 2-19
particle movement, 2-17
processes, 7-57
saltation, 2-17
sediment load, 2-18
sediment rating curve, 7-13, 8-29
stream competence, 2-16
stream power, 2-19, 8-52
suspended bed material load, 2-18
suspended load, 2-18, 2-19
suspended sediment discharge,
2-18
tractive (shear) stress, 2-16, 8-38,
8-48, 8-51
unmeasured load, 2-19
wash load, 2-18, 2-19
Single-thread streams, 1-26
Sinuosity, 1-27
affecting slope, 2-22
meander design, 8-34, 8-36
Site access, 6-15, 9-4
access easement, 6-16
drainage easement, 6-16
fee acquisition, 6-16
implementation easement, 6-16
right of entry, 6-15
Site clearing, 9-10
Species requirements, 7-86, 8-7
Specific gauge analysis, 7-52
Soil
compaction, 8-9
ecological role of, 2-51
depleted matrix, 2-49
functions, 2-45
hydric soils, 2-48
microbiology, 2-46, 2-51, 8-9
salinity, 8-10
soil surveys, 8-9
topographic position, 2-47
type, 2-46
wetland, 2-48
Soil bicengineering, 8-23, 8-61
geotechnical engineering, 9-13
Soil moisture, 2-9
evaporation, 2-6
deep percolation, 2-9
field capacity, 2-9
permanent wilting point, 2-9
relationship with temperature,
2-47
Source and sink functions, 2-86
Spatial scale, 1-3
landscapes, 1-7
region, 1-6
reach, 1-10
watershed, 1-8

Stability (in stream and floodplain),
2-20, 2-87
assessment, 8-44
allowable stress check, 8-48
allowable velocity check, 8-48
controls, 8-64
horizontal stability, 8-45
vertical stability, 8-44
Storm hydrograph, 1-15
after urbanization, 7-75
recession limb, 1-15
rising limb, 1-15
Stream classification, 7-26, 7-85
applications of geomorphic
analysis, 7-37
advantages, 7-27
alluvial vs. non-alluvial, 7-27
limitations, 7-27
use in restoring biological
conditions, 7-86
Stream corridor, 1-1
adjustments, 2-21
common features, 1-12
Stream corridor scale, 1-10
in developing goals and objectives,
5-6
Stream health
visual assessment, 7-76
Stream instabitity, 7-50
bed stability, 7-51
local, 7-51
systemwide, 7-51
Stream order, 1-25
as a classification system, 7-28
stream continuum concept, 1-30
Stream scale, 1-10
Stream stability (balance), 1-14, 2-20
Stream system dynamics, 7-48
Substrate, 2-71
bed material particle size
distribution, 7-25, 8-28
hyphorheic zone, 2-72
pebble count, 7-25
vertical (bed) stability
Subsurface flow, 2-12

T
Temporal scale, 1-11
Terrace, 1-20
formation, 1-20
numbering, 1-21
Thalweg, 1-12
profiles, 7-53
surveys, 7-53
Transitional upland fringe, 1-12, 1-20
Transpiration, 2-5
Two-dimensional flow modeling,
7-90

U

Urbanization, 3-22
altered channels, 3-24. 8-97
altered hydrology, 3-23, 8-97
design tools, 8-101
habitat and aquatic life, 3-25
inspection program, 9-25
runoff controls, 8-99
sediment controls, 8-100
sedimentation and contaminants,
3-24

\'

Valley form, 8-4
Vegetation
across the stream corridor, 1-21
along the stream corridor, 1-29
canyon effect, 2-54
distribution and characteristics,
2-51
flooding tolerances, 7-96, 8-22
horizontal complexity, 2-52, 8-17
internal complexity (diversity),
2-51
landscape scale, 2-53
structure, 2-55
stream corridor scale, 2-53
vertical complexity (diversity),
2-55, 8-21
zonation, 7-96
Vegetation-hydroperiod modeling,
7-94
use in restoration, 8-23
Vegetation restoration, 8-14
existing vegetation, 8-11
inspection, 9-24
maintenance, 9-28
restoration species, 8-10
revegetation, 8-14, 9-15

w

Waste disposal, sanitation, 9-9

Water surface
energy equation, 7-21
profile, 7-18
slope survey, 7-24

Water temperature, 2-28
effects of cover, 2-68
impacts of surface versus ground
water pathways, 2-28
impacts on fauna, 2-68
sampling, 7-68
thermal loading, 2-28



Water quality
acidity, 2-30, 2-31
alkalinity, 2-30, 2-31
biochemical oxygen demand (BOD),
2-32
dissolved oxygen, 2-31, 2-70,
(sampling) 7-68
iron, 2-29
metals, 2-44
nitrogen, 2-35
pH, 2-30, 2-71, (sampling) 7-68
phosphorus, 2-35
restoration implementation, 9-6
salinity, 2-29
toxic organic chemicals, 2-38
Watershed, 1-24
designing for drainage and
topography, 8-8
drainage patterns, 1-25
watershed scale, 1-8
Wetlands, 2-60
functions, 2-61
hydrogeomorphic approach, 2-62
National Wetlands Inventory, 2-61
palustrine wetlands, 2-62
plant adaptation, 2-49
USFWS Classification of Wetlands
and Deepwater Habitats of the
United States, 2-61
Width (see Connectivity and width)






