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Preface

Preface

This is a guide to stream simulation—a method for designing and building
road-stream crossings intended to permit free and unrestricted movements
of any aquatic species. The guide aims to help national forests achieve
their goal of maintaining the physical and biological integrity of the
stream systems they manage, including existing populations of fish and
other wildlife species (see National Forest Management Act, 16 U.S.C.
1600-1616). Habitat fragmentation is an important factor contributing to
population declines of many fish, and crossing structures that are barriers
are a large part of the problem. Stream simulation provides continuity
through crossing structures, allowing all aquatic species present to move
freely through them to access habitats, avoid adverse conditions, and seek
food and mates. Stream simulation applies to crossing structures on any
transportation network, including roads, trails, and railroads. For brevity,
the guide refers to all of these types of transportation infrastructure as
‘roads.’

Whether culverts or bridges, stream-simulation structures have a
continuous streambed that mimics the slope, structure, and dimensions of
the natural streambed. The premise of stream simulation is that since the
simulation has very similar physical characteristics to the natural channel,
aquatic species should experience no greater difficulty moving through it.
Water depths and velocities are as diverse as those in a natural channel,
providing passageways for all swimming or crawling aquatic species.

Work on this guide began in response to a set of project proposals

from engineers and biologists concerned with designing culverts for
anadromous fish passage in the Alaska, Pacific Northwest, and Northern
Forest Service, U.S. Department of Agriculture regions. During the initial
project scoping process, it became apparent that many other fish and
nonfish species across the country are also harmed by passage barriers.
At that point, the project’s focus expanded from anadromous fish to all
aquatic organisms. Stream simulation is the technology most likely to
achieve the goal of aquatic organism passage.

The idea of creating crossings that mimic the stream is not new (Katapodis
2005), but the technique was developed in its now best-known form in

the Washington Department of Fish and Wildlife’s 1999 “Fish Passage
Guidelines” (Bates 2003). The present guide builds on that foundation,
expanding our understanding of stream simulation and adding the results
of several more years of design and construction experience, much of it

by Forest Service engineers, biologists, and geomorphologists. The intent
is to meet the needs of the Forest Service for a flexible design process for
aquatic organism passage at road-stream crossings. The guide is for project
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teams that include members from several disciplines. It aims to help

each team member better understand the challenges and considerations
pertinent to the other disciplines, as well as their own. Although organized
to suit the project design, construction, and management processes of the
Forest Service, the guidance should also be helpful for other groups.

Stream-simulation technology is relatively new and changing rapidly. The
bulk of the experience reflected in this guide’s content comes from Alaska,
and the Pacific Northwest coastal and inland States. The guide’s authors,
editors, and reviewers encourage practitioners in other landscapes to adapt
the methods described here to local stream processes, and to contribute
their findings to the expanding collection of experience and guidelines. We
anticipate great strides in our ability to effectively and efficiently simulate
streams through crossings, as forests apply, monitor, and modify the
technology in vastly different areas.
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Introduction

The intent of this guide is to:
@ Explain to land and road managers and a general audience:

Why providing stream continuity at road-stream crossings is
critical for maintaining aquatic animal populations and habitats.

How stream simulation works to provide stream continuity at
road-stream crossings.

@ Guide practitioners working in multidisciplinary design teams
through the assessment, design, and construction phases of a stream-
simulation project.

Stream simulation is an approach to designing crossing structures
(usually culverts), that creates a structure that is as similar as
possible to the natural channel. When channel dimensions, slope,
and streambed structure are similar, water velocities and depths
also will be similar. Thus, the simulated channel should present no
more of an obstacle to aquatic animals than the natural channel.

The first part of the guide (chapters 1 and 2) builds the case for stream
continuity at crossings and gives a general overview of how to achieve
continuity using stream-simulation methods. This part addresses a general
audience, including managers responsible for roaded ecosystems. The
remainder of the guide is for project teams responsible for either building
a new crossing or replacing a crossing structure where full aquatic
organism passage is a goal. This guide does not deal with the question of
when full aquatic organism passage is necessary at a site. That decision
depends on local policy and ecological needs.

TR

Figure 1—Project team at a crossing site in New Hampshire.
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The greatest challenge of stream simulation is that it requires expertise

in different technical fields. This guide does not teach all the technical
concepts and methods needed for designing and constructing a stream-
simulation crossing. Rather, it assumes that people skilled in engineering,
contract administration, hydrology, geomorphology, and biology work
together as a team throughout the process. The guide aims to help each
member understand the challenges and considerations pertinent to the
other disciplines, as well as to their own. Although different specialists
may take the lead at different times, the whole team should be available
for consultation throughout the project.

Streams and roads are long, linear networks whose functions include
transporting material and organisms across the landscape. Being narrow
and linear, both streams and roads are highly susceptible to blockages.
The two systems frequently intersect, and at the junctions each can

pose an obstacle to the other’s continuity. In the past, most road-stream
crossing design has aimed at protecting the road and minimizing traffic
interruptions. Less attention has been given to protecting stream functions,
such as sediment transport, fish and wildlife passage, or the movement of
woody debris. Not surprisingly, many culverts disrupt the movement of
aquatic organisms and impair aquatic habitats.

The numbers of road-stream junctions are huge. On National Forest
System lands in Washington and Oregon, there are over 6,250 road-stream
crossings on fish-bearing streams—approximately one crossing per every
3.6 miles of stream. According to Dave Heller, fishery biologist for the
Pacific Northwest Region, in March 2004 about 90 percent of nonbridge
(mostly culvert) crossings were considered to be at least partial barriers to
anadromous fish passage. These barriers blocked about 15 percent of fish-
bearing stream miles on national forest lands in the region (figure 2).

Until recently, where fish were a serious concern, designing culverts

for passage of a target species (the “design fish”) during its migration
season was considered best practice. This practice, however, often

does not achieve the best ecological results. For example, considerable
resources have gone into facilitating passage of adult salmon and steelhead
migrating to their spawning grounds, only for fishery biologists to find that
accommodations made for adults did not even begin to cover the needs

of juveniles of the same species. Sustaining a population demands that

all life stages must succeed, and fry, juveniles, and adults have different
movement needs and capabilities.
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Figure 2—Forest Service Pacific Northwest Region map of road-stream crossing barrier status, 2005. Red dots indicate

road-stream crossings that, at least patrtially, blocked passage of juvenile and/or adult anadromous salmonids.
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As chapter 1 will show, focusing on a single desirable species is not
enough: The entire aquatic ecosystem is linked, and all species depend

on each other for food and other essential interactions. As survival of a
“target species” depends on a healthy and diverse ecosystem, it is essential
to focus on habitat quality and continuity for aquatic communities rather
than for individual species. Without an ecosystem-based approach to road-
stream crossings, we will be at risk of facilitating passage for particular
fish species while at the same time undermining the ecological integrity of
the ecosystems on which these fish depend.

Figure 3. Culvert on the Boise National Forest prevents migration of kokanee
salmon.

Stream simulation supports the ecosystem-based approach to road-stream
crossing design and aims to provide full aquatic organism passage; that
is, all aquatic and semiaquatic species should be able to travel through the
crossing structure with no greater impediment than the natural channel
would offer. The crossing, therefore, acts as neither a barrier nor a filter
that passes only certain individuals, species, or age groups (life stages).
Moreover, because a stream-simulation crossing accommodates the full
channel width, it does not impede the downstream transport of floodwater,
sediment, or woody debris as much as narrower, traditional culverts do.
Stream simulation thus provides for not only the long-term sustainability
of the entire aquatic community, but also a more durable roadway that is
less susceptible to damage by high flows and debris blockage.



Introduction

The first two chapters of this guide summarize the ecological
consequences of habitat fragmentation caused by road-stream crossing
barriers, and outline the steps necessary for restoring connectivity. These
chapters answer the following two questions: Why is stream continuity
at road-stream crossings important? and, How do we create it? Managers
faced with making fiscally significant decisions about providing habitat
connectivity at crossings should find these chapters especially useful.

Chapter 1, Ecological Cosiderations for Crossing Design, discusses when
and why aquatic species need to move, what they require to be able to
move, and what the consequences of barriers to individuals, populations,
and communities are. Biologists should note that this guide does not
describe how to determine where, when, or for which species passage

is required. This guide also does not cover setting priorities for barrier
removal.

Chapter 2, Managing Roads for Continuity, is a very brief overview

of the planning, design, construction, and monitoring practices that can
solve road-stream crossing barrier problems, including best management
practices (BMPs). This overview is intended for land managers who
participate in setting project objectives and making policy decisions that
affect crossing projects. The chapter places stream simulation in context
within a range of crossing design approaches.

The next six chapters describe the steps or phases of a stream-simulation
design project. The process is applicable to new and replacement
crossings, and to crossing removals. The focus is on forest roads; however,
the concepts and general approach are applicable to crossings on other
parts of the transportation system such as trails, highways, and railroads.

Chapters 3 through 8 are addressed to members of multidisciplinary
project teams responsible for the assessment, design, and construction

of road-stream crossings. Readers who are unfamiliar with stream
morphology and processes can refer to appendix A for a brief introduction
to geomorphic terms and concepts used throughout the assessment and
design process.
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Chapter 3, Introduction to Stream Simulation, provides an overview of
the process of stream-simulation design and construction. It defines and
describes stream simulation and discusses limitations on its application.

Since this guide is intended as a reference, the descriptions of each
phase of a stream-simulation project are comprehensive, including
many complicating circumstances that may or may not pertain to
a specific project. On any actual project, only factors and issues
relevant to that project need to be considered. The level of detail
in the assessment and design process should depend on the size,
complexity, and risk of the project. Once teams gain experience, they
can tailor the design process to the needs of each site.

Chapter 4, Initial Watershed and Reach Review, describes the large-scale
assessments of watershed and aquatic resources and transportation needs
that provide context for the project. At this stage, the project team takes a
look at the “big picture.” The team also conducts a rapid reconnaissance of
the project reach to verify that the road and crossing are well located, to
identify risks, and to formulate preliminary project objectives.

Chapter 5, Site Assessment, describes the process of collecting and
analyzing the geomorphic and other site data that are the basis for stream-
simulation design.

Chapter 6, Stream-Simulation Design, shows practitioners how to use
the assessment information in designing the simulated channel through
the road-stream crossing. Note: To cover many road and stream settings
with the design procedure, the authors have synthesized many years of
experience in stream-simulation design and consulted experts throughout
the country. Nonetheless, the guide primarily reflects experience in the
Inland and Pacific Northwest. The technology is still in development.
While culverts up to 15-percent slope have been constructed with these
methods, such methods have not been used extensively on very low-
gradient streams in fine sediments, cohesive soils, or densely vegetated
streambeds.
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Chapters 7 and 8 describe the final engineering design and construction
phases. They are primarily directed to the project engineer and contract
administrator, but all team members should find the material useful for
understanding the elements and process of final design and construction.
Consultation with the entire project team is essential in these final phases,
especially when contract changes become necessary.

Chapter 7, Final Design and Contract Preparation, discusses structural
design and contract preparation. It includes making the final decision on
structure type, as well as on materials and contract requirements that are
unique or that may need more emphasis in stream simulation projects.

Chapter 8, Stream-Simulation Construction, discusses the construction
planning and implementation actions that are especially important to
both the success of stream-simulation crossing construction projects and
the protection of aquatic species and habitats. It offers field construction
experience on stream-simulation projects and aims to help new
practitioners avoid common mistakes.

This guide does not deal in detail with the last phase of all road-stream
crossing projects—maintenance and monitoring (a brief discussion is in
section 8.3.2). Monitoring is especially important on stream-simulation
projects, since it is the only way to collect the information necessary for
continually improving crossing design and construction practices. This
guide is not the last word in this rapidly evolving field, and the authors
anticipate with enthusiasm the growth of knowledge and experience that
application of these principles in different environments will bring.

A glossary and a series of appendixes appear at the end of this guide. The
glossary will be particularly useful for understanding terms used by a
discipline in which the reader may not be well versed. As the material in
certain chapters is directed towards team members with specific expertise,
definitions of terms common within the discipline under discussion may
not appear in the text. The glossary is therefore quite comprehensive, and
readers should make good use of it.
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Chapter 1—Ecological Considerations for Crossing Design

1.1 ECOLOGICAL CONCEPTS

Rivers and streams are more than mere conduits for water and fish.

They are long, linear ecosystems made up of the physical environment,
communities of organisms, and a variety of ecological processes that
shape and maintain these ecosystems over time (figure 1.1). The long-term
conservation of important aquatic resources (such as fish) requires the
maintenance of healthy and ecologically viable ecosystems. As this chapter
will show, road crossings have the potential to undermine the ecological
integrity of roaded river and stream systems in a number of ways. To
ensure the productivity and viability of river and stream ecosystems, we
must protect and restore the quality of the physical environment (habitat),
maintain intact communities of aquatic organisms, and take care not to
disrupt critical ecological processes.

Figure 1.1—Long-term conservation of aquatic resources requires the
maintenance of healthy and ecologically viable ecosystems.

1.1.1 Habitat

To survive, an organism must have access to all habitats it needs for
basic life functions. For many species, these needs for access occur
throughout an organism’s life cycle. Habitat is a combination of physical
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and biological characteristics of an area or areas, which are essential

for meeting the food and other metabolic needs, shelter, breeding, and
overwintering requirements of a particular species. For some species,
habitat can be as small as individual rocks or the spaces between pebbles
in the streambed. For others, it can include many miles of rivers, streams,
flood plains, wetlands, and ocean.

The size and distribution of sediment particles and pore spaces within the
streambed is particularly important for small and sedentary organisms.
Water depth and velocity, as well as the physical and chemical properties
of water, are also important elements of habitat for aquatic organisms.
Substrate and hydrological characteristics of rivers and streams often vary
in predictable ways, depending on whether a particular area is a cascade,
riffle, run, pool, side channel, backwater, or flood plain. The size and
complexity of these habitat types affect the abundance and diversity of
organisms using those areas. The amount and distribution of habitat types
within a river or stream reach will, in turn, determine whether the area
serves as appropriate habitat for larger and more mobile species. The
types, amount, and distribution of habitat types vary, depending on the size
and gradient of a river or stream and its association with a significant flood
plain (figure 1.2).

Figure 1.2—The complexity of habitat types affects the abundance and diversity
of organisms inhabiting the stream as well as the resilience and persistence of
animal populations. Photo: Scott Jackson, University of Massachusetts.
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At any of these scales—from individual rocks in a streambed to particular
habitat types (riffles, pools, cascades) to an entire river system—the
particular area’s characteristics will determine what species are likely to

be present. The tendency of areas to form structurally and functionally
distinct portions of the landscape (for example, riffles, pools, runs, flood
plains, headwater streams, tidal rivers) means that organisms that inhabit
these areas often form distinct assemblages of species called communities.
These communities of organisms and the physical environmental they
inhabit are what constitute ecosystems.

1.1.2 Aquatic Communities

Natural communities are more than mere collections of organisms. Species
that make up communities are interconnected by a variety of ecological
relationships, such as nutrient cycling and energy flow, predator-prey
relationships, competition, and species interdependency. For example,

a single stream reach may support a variety of fish species competing

with each other for food and appropriate habitat. Diverse communities of
invertebrates are essential for providing a food base for fish throughout the
year. Disease organisms, parasites, or predators may differentially affect
species and thus can affect the balance of competition among these fish.

The presence or absence of fish can affect whether other species are able
to use river or stream habitats. Many amphibians, to breed successfully,
require aquatic habitats that are fish free. These species may use flood-
plain pools or intermittent sections of streams as long as fish regularly
are not present. On the other hand, numerous species of North American
freshwater mussels require specific fish hosts to complete reproduction
(figure 1.3). Larval stages (glochidia) of these mussels attach themselves
to the gills or fins of host fish (or in one case, host salamanders), a process
essential for proper development and dispersal. The nature of these
interdependencies is such that freshwater mussels are unable to occupy
otherwise appropriate habitat if their particular fish hosts are not present.

Loss of species due to extirpation (extermination) of local populations

or the exclusion of species due to migratory barriers (e.g., anadromous
fish) has the potential to alter and undermine the sustainability of natural
communities. Similarly, the presence or introduction of nonnative species
can seriously degrade natural communities. Nonnative species may prey
upon, compete, or interbreed with native species, and may serve as vectors
for disease transmission.
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1.1.3 Ecosystem Processes

Figure 1.3—A broken-rays mussel uses a mantle-flap lure to attract host darter
that it will infect with glochidia. Photo: Chris Barnhart, Missouri State University.

Other ecosystem processes that affect the composition and balance
of organisms within a community include hydrology; the movement
of sediment, woody debris, and other organic material; and natural
disturbances that can significantly change the physical and biological
characteristics of ecosystems.

As the defining feature of aquatic systems, the amount, distribution,
movement, and timing of water is a critical factor in shaping aquatic
communities. Many organisms time their life cycles or reproduction to
take advantage of or avoid specific hydrological conditions. Flowing
waters also transport sediment downstream, changing the substrate
characteristics of areas contributing and receiving the material. Sediment
lost downstream is normally replaced by material transported from farther
upstream. Woody debris is a habitat feature for many species and a factor
that can significantly change the physical and biological characteristics

of streams. Debris dams or partial dams (deflectors) can create pools and
scour holes, and change patterns of sediment deposition within the stream
channel (figure 1.4).
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Figure 1.4—Debris dams can create pools and scour holes, and change
patterns of sediment deposition within the stream channel. Photo: Scott Jackson,
University of Massachusetts.

Natural disturbances, such as floods, drought, and ice scour can interrupt
more regular cycles of stream flow, sediment transport, and the amount
and distribution of woody debris. However, not only are these disturbances
part of larger patterns of physical and biological change that help define
aquatic ecosystems, but they also are generally responsible for defining
channel characteristics.

Organisms too, move through river and stream ecosystems. These
movements range from regular movements necessary for accessing food,
shelter, mates, nesting areas, or other resources, to significant shifts in
response to extreme conditions brought about by natural disturbances.

1.1.4 Viability and Persistence of Populations

Populations are groups of organisms that regularly interact and interbreed.
Animal movements are necessary to maintain continuous populations, and
constraints on movement often delineate one population from another.
The ability of a population to remain genetically viable and to persist

over time is related to both its size and its degree of interaction with other
populations of the same species.




Stream Simulation

An important consideration for maintaining viable populations is
maintaining sufficient genetic variability within populations. Small
populations are at risk of losing genetic variability due to genetic drift,
and very small populations may be subject to the negative consequences
of inbreeding depression. Over the short term—depending on a species’
life history characteristics—the minimum population size necessary to
maintain genetic diversity ranges from 50 to 200 or more individuals
(Franklin 1980; Soulé 1980). For longer-term genetic stability, estimates
often range from 500 to 5,000 or more individuals (examples are provided
in Lemkuhl 1984; Reiman and Allendorf 2001; Reiman and McIntyre
1993; Fausch et al. 2006).

Fausch et al. (2006) provide an excellent synthesis of the literature on
population size, viability, and population isolation for salmonids. Fausch
et al. (2006) note that true “viability” (in the sense of sustainability of a
population over time) also may require the ability of populations to adapt
and evolve to changing environmental conditions. Long-term conservation
of species and ecological functions may require greater numbers of
individuals and amounts of genetic variability than that required for mere
maintenance or “persistence” of small population isolates. Landscape
attributes and the range or percentage of life history types present (e.g.,
migratory versus nonmigratory forms) also appear to strongly influence
persistence and viability of salmonids (Neville et al. 2006; Fausch et al.
2006).

Given the narrow, linear configuration of streams and rivers, animal
movements are critical for maintaining populations large enough to remain
viable. Smaller populations may be able to persist, despite their small

size, if they are connected to larger, regional populations. Connections
occur when individuals move from one population to another. For

some species, dispersing juveniles are responsible for these movements
between populations. For other species, dispersal occurs via adults. Such
movements maintain gene flow among populations, helping to maintain
genetic health. They may also represent movements of surplus animals
from one population to another, perhaps to one that could not support itself
on its own reproduction. This supplementation of failing populations from
“source” populations is referred to as “the rescue effect.” Finally, areas of
appropriate habitat that may be temporarily vacant due to local extinction
can be recolonized by individuals from nearby populations. Stochastic
(random) risks such as catastrophic disturbances (landslides, debris flows,
toxic spills) even when localized can easily eradicate small isolated
populations. Rieman and Mclntyre (1993) provide additional background
information on stochastic risks to small, isolated populations.
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As part of a long-term study of brook trout (Salvelinus fontinalis) in
western Massachusetts, Letcher et al. (2007) used data on survival and
fish movement within the population to model estimated time to extinction
under various scenarios. Under one scenario that simulated placement
of barriers to upstream movement into two tributaries, local population
extinction was predicted in two to six generations. These barriers also
increased the probability of network-wide extinction in both tributaries
and in a 1-kilometer section of the main stem. Once disconnected from
the tributary populations the network-wide population could only be
maintained via a large influx of individuals (7 to 46 percent of the total
population) immigrating into the population from downstream areas.
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Understanding ecosystems: A case study of fragmentation

The lack of population data over long periods of time—whether decades or hundreds of years—means
that our understanding of population viability and vulnerability is largely based on theoretical concepts and
population modeling. These theories and models predict that population extinction is more likely to occur in
smaller populations and that the dispersal of individuals between populations is important for maintaining
both genetic viability and local and regional populations in the face of population extinctions (Leigh 1981;
Shaffer 1981; Fahrig and Merriam 1985; Shaffer and Samson 1985; Hanski and Gilpin 1991).

One recent study provides an excellent illustration of the impact of fragmentation in riverine systems.
This study, by Kentaro Morita and Shoichiro Yamamoto (2002), focused on populations of white-spotted charr
(Salvelinus leucomaenis) occupying mountain streams in Japan. The white-spotted charr is a salmonid fish
that occurs as both large migrant individuals and small resident fish that normally interbreed in unaltered
streams. Many of the mountain streams that charr use have been fragmented by small erosion-control
dams that prevent fish from moving upstream. Above these dams, charr populations are sustained only by
the smaller, resident fish.

Morita and Yamamoto surveyed both dammed and undammed stream segments for the presence
of charr in appropriate habitat. Based on habitat conditions, they concluded that charr should have been
able to establish populations in all dammed sites. However, although charr populations were found in all
surveyed undammed sites, charr were absent in 32.7 percent of dammed sites. The results indicated
that the probability of charr occurring in dammed stream segments decreased with decreasing watershed
area and increasing isolation period. Further, this study also found evidence of genetic deterioration in
populations above dams (compared to populations below dams), including lower genetic diversity, higher
morphological asymmetry, and genetically based lower growth rates.

Results of this white-spotted charr study are consistent with predictions of increased vulnerability for
smaller and more isolated populations. Genetic and population consequences resulting from fragmentation
occurred over a relatively short period of time (30 to 35 years). That the probability of occurrence was
related to watershed size suggests that the smallest populations were the most vulnerable. The relationship
between isolation period and probability of occurrence suggests that additional populations may well be lost
over time.

The situation of small dams on headwater streams in Japan may be comparable to United States
watersheds that contain road crossings with substandard culverts. Culverts that block the upstream
movement of fish and other organisms effectively isolate populations above these crossings. Areas with
relatively small amounts of habitat upstream of the crossing will be most vulnerable to population loss. Over
time, the failure of more and more populations is expected, and the disruption of metapopulation dynamics
is likely to keep these areas of suitable habitat unoccupied.

Studies of other riverine species have yielded similar results. Genetic effects correlated with small habitat
patches and isolation have been documented for Lahontan cutthroat trout (Neville et al. 2006). Habitat
patch size (a surrogate for population size) and isolation have been found to be significantly correlated with
the presence or absence of animal populations for bull trout (Dunham and Rieman 1999), cutthroat trout
(Oncorhynchus clarki) (Dunham et al. 1997; Harig and Fausch 2002), and spring salamanders (Gyrinophilus
porphyriticus) (Lowe and Bolger 2002). Harig and Fausch (2002) point out that large interconnected stream
networks not only are likely to support larger populations of fish, but are likely to provide the complexity of
habitat types required by these fish throughout their life cycles.
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1.2 ANIMAL MOVEMENT

1.2.1 Importance of Movement for Individual Animals

Animals move through rivers and streams for a variety of reasons. Some
movements are regular daily movements to find food and avoid predators.
It is not unusual for aquatic animals to forage at night and seek shelter
during the day. Examples include juvenile bull trout and Atlantic salmon,
American eel, hellbenders, and many other species of stream salamanders.
The crayfish Orconectes virilis typically moves in the open at night,
ranging upstream or downstream as much as 82.5 feet or more before
returning to the same daytime area (Hazlett et al. 1974).

Changes in habitat conditions, such as temperature, water depth, or flow
velocity, may require organisms to move to areas with more favorable
conditions. During the summer, for example, many salmonid species move
up into cool headwater streams to avoid temperature stress in mainstem
waterways. When conditions become too dry, these animals shift to areas
with suitable water. Flood-plain side-channels and sidewall-channels fed
by ground water also provide thermal refuges for fish and other aquatic
organisms.

In many stream systems where natural disturbances cause significant
habitat variability, access to refuge habitat is especially important.
Humans, too, can cause disturbances that require fish to seek refuge
habitats. For example, major highways parallel many streams, and toxic
spills in streams are not uncommon. When these occur, fish must have the
ability to move to unaffected habitats.

Some animal movements are seasonal and therefore linked to the
reproductive biology of the species. During the breeding season, animals
move to find mates, and smaller individuals may have to move to avoid
areas dominated by larger, territorial adults. A common strategy among
river and stream fish is to segregate habitats used by adults from those
used by juvenile fish. Adult fish typically use habitats in areas of deeper
water and more stable hydrology than those in which they spawn.

They migrate to spawning areas that have higher productivity or fewer
predators, such as flood plains and headwater streams. In these areas,
recently hatched fish can take advantage of decreased predation or higher
productivity, with the large number of juveniles compensating for the risks
inherent in these more variable habitats (Hall 1972).

1—9
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The most dramatic examples of breeding movements are the long-range
migrations of anadromous fish, including various species of salmon, sea-
run trout, shad and other herring species, sturgeons, and other fish. By
contrast, the common eel is a catadromous species—Iliving as adults in
freshwater and migrating to the ocean to breed.

Adult salmon live in the ocean until the breeding season, when they
migrate long distances to reach spawning streams. As they become larger,
juvenile salmon hatched in these streams make their way downstream

to the ocean, where the large marine food base can support much higher
growth rates than freshwater environments can provide. Other fish species
make similar but less dramatic migrations to reach spawning habitats.
Pike and pickerel move into vegetated flood plains to spawn. Many
“nonmigratory” fish (for example, some species of trout, suckers, and
freshwater minnows) use headwater streams as spawning and nursery
habitat.

In contrast to fish, many stream salamanders use intermittent headwater
streams as adults but deposit their eggs in more perennial areas of the
stream. The semiaquatic adults can readily move up into headwaters to
exploit the productivity of these areas. The salamanders’ less mobile larvae
are aquatic, needing areas of more reliable, year-round surface water.

As organisms move through their various life stages, they need access to
areas that meet a variety of habitat requirements that may change as the
organisms grow and develop. Sometimes spawning habitat doubles as
nursery habitat for juvenile fish or larval amphibians. In other cases the
survival needs of eggs (for example, cool temperatures, specific substrates,
or well-oxygenated water) may greatly differ from those required by
juveniles or larvae (appropriate cover, more persistent hydrology, lower
flow velocities, or adequate food supplies). Adult fish may require deeper
water and larger cover objects. In Wisconsin, brown trout were observed to
move more than 9.6 miles downstream to overwintering sites that were too
warm for trout during the summer (Meyers et al. 1992).

In dynamic environments like rivers and streams, the location and
quality of habitats are everchanging. Large woody debris is an important
component of many stream ecosystems. Large logs in the stream can
dam up water or create plunge pools on the downstream side of the log.
Accumulations of woody debris can change the local hydraulics of the
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stream, scouring some areas and depositing the material in other places
(figure 1.5). Woody debris that forms jams across the stream can create
large and relatively deep pools. These features (woody debris, scour holes,
pools, deposited gravel) are important habitat characteristics. However,
they are not permanent features; woody debris will eventually break up
or move downstream. Flooding, substrate composition, and woody debris
work together to shape river and stream channels, water depth, and flow
characteristics, creating a shifting mosaic of habitats within riverine
systems. In these dynamic environments movement is critical for aquatic
organisms to be able to avoid unfavorable habitat conditions and to find
and exploit areas of vacant habitat.

Sediment
accumulation

—— Deep scoured
hole under
deflector

- ® - -
Figure 1.5—Woody debris has altered the local hydraulic conditions in such a
way that a deep hole has been scoured out beneath and just upstream of the
‘deflector,’ with fresh gravel deposited on the downstream side. Photo: Scott
Jackson, University of Massachusetts.

In the intermittent Colorado plains streams that provide habitat for the
Arkansas darter (figure 1.6), habitat changes seasonally with regular wet
and dry cycles. During dry periods, darters rely on ground-water-fed
refuge pools. The number, distribution, and quality of these pools change
in response to drought, winter conditions (pool freezing), and flooding
that occur every few years or decades on average. Occasional flash floods
scour out new pools and fill others. To persist in these streams in this
ever-changing landscape, Arkansas darters must rely on long-distance
movements to locate and colonize pools (Labbe and Fausch 2000).

1—11
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Figure 1.6—Arkansas darter.Photo: Kurt Fausch, Colorado State University.

For a time, fisheries biologists thought that fish species such as trout
generally stayed put, except for specific periods of movement for
breeding or avoiding unfavorable conditions. However, we now see that
a significant proportion of these fish make regular and remarkably long-
range movements (ranging behavior) that allow individuals to locate and
exploit favorable habitat within these ever-shifting mosaics (Gowan et al.
1994). For a detailed summary of salmonid fish movement within rivers
and streams see Northcote (1997).

1.2.2 Ecological Functions of Movement

Although movement and migration present obvious advantages for
individual organisms, these movements are also important for maintenance
of populations over time. Animal movement has several important
ecological functions responsible for maintaining populations and
ecosystems.

Survival of individual animals, facilitation of reproduction, and the
maintenance of continuous populations (sufficient to prevent genetic
differentiation) are important functions of movement at a population level.
Extreme events, such as floods, debris flows, and droughts, may force
entire populations to avoid unfavorable conditions by moving. Provided
that no barriers prevent the movement of individual animals back into
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the areas, populations will reoccupy the habitat once conditions have
improved. Among aquatic communities, the movement of animals helps
maintain the balance between predators and prey, and facilitates more
efficient use of food-based energy within the system.

Dispersal of individuals regulates population density. These dispersing
individuals maintain gene flow among populations and may supplement
populations where recruitment is unable to keep pace with the loss of
individuals. For many small species, especially invertebrates, dispersal of
individuals provides a mechanism for colonizing habitat, allowing local
populations to come and go as habitat is created or eliminated, while
maintaining viable regional populations.

Movement is an important ecosystem process for upstream cycling of
nutrients and organisms. Within aquatic ecosystems there is a tendency

for organisms and nutrients to shift downstream. This tendency has been
documented for a number of amphibians, including tailed frogs, boreal
toads, and a variety of stream salamanders. The upstream movement of
individuals counters this biological displacement and returns nutrients to
upstream portions of these systems. When adult salmon migrate upstream
and die, they transport essential nutrients to spawning streams, a process
that can have an enormous impact on the productivity of those streams (for
example, Levy 1997; Wipfli et al. 1999).

Some streams on the Great Plains support a number of minnow species
that produce semibuoyant eggs during high-flow conditions. This
buoyancy mechanism allows the spawn of adult fish inhabiting perennial
upstream areas to drift many miles downstream into intermittently flooded
portions of streams running through the plains. With this reproductive
strategy, not only is downstream drift important, but unimpeded movement
of young fish into more persistent upstream sections is also essential for
maintaining minnow populations.

1.2.3 Movement Capabilities of Aquatic and Riparian Organisms

The timing of animal movements varies by species and lifestages.
Often this means that, at virtually all times of year, one or more species
is moving (figure 1.7). Movements may be between areas of shallow
and deeper water or between the water’s edge and midstream. Animal
movements may be downstream (intentionally or unintentionally)

or upstream. For many organisms inhabiting small streams, lateral
movements or movements between surface and deeper water within the
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stream channel are severely constrained. Under these circumstances,
upstream and downstream movements become all the more important
for these organisms. Also important are movements between the stream
channel and adjacent flood plains, as well as upstream and downstream
through flood plains and riparian areas. For rivers with large flood plains,
these movements are especially important.

Spawning migration timing: Cutthroat trout, Bull trout, , Longnose
dace, Redside shiner, , Burbot
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Figure 1.7—Migration timing for a fish community in British Columbia or Alaska.
There is virtually no time when migration barriers do not pose a problem for at
least one species. Graphic: Brett Roper, Forest Service. Data from Scott and
Crossman 1973.

Some organisms are weak swimmers capable of moving only relatively
short distances unless displaced by floods or attached to other animals or
woody debris. Others are strong swimmers with the capacity for long-
distance movements and the ability to move upstream against strong
currents. In between are a whole host of species: some with the capacity
for strong bursts of swimming but with a tendency to stay put; and
others—some crayfish, for example—that are capable of long-distance
movements but typically crawl rather than swim.

For fish, swimming ability is highly variable among species. While terms
related to swimming ability do not have standardized meaning, most
researchers use three categories to describe swimming ability (Beamish
1978). These include (1) burst speed (relatively high speeds that can

be maintained for only a few seconds), (2) prolonged swimming speed
(including the range of speeds between burst and sustained), and (3)
sustained speed (speeds that can be maintained for long periods without
fatigue). Swimming speeds are significant factors affecting the ability of
animals to move through river and stream ecosystems. Burst speed is most
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relevant for physical barriers that require jumping or short sections of
relatively high water velocity. Prolonged speed is important for crossing
longer sections of fast water. Long-distance movements of migratory fish
and the ability of fish to maintain position in the stream channel for long
periods of time depend on the sustained speed of fish.

There are a number of uncertainties in using data on the swimming
abilities of fish for hydraulic design of stream crossings. For several
reasons, the available data may not reflect how wild fish behave in real
streams:

® Most swim-speed data currently available were developed by forcing
fish to swim at a constant speed in a laboratory swimming tunnel.
Such conditions are not ideal for developing estimates of a fish’s
volitional swimming ability.

@ Actual swim performance is affected by a host of environmental
and physiological factors ranging from water quality (temperature,
dissolved oxygen, toxins) to fish condition (disease, spawning status,
exercise history, body fat).

@ Individual fish of the same species have widely varying swimming
capabilities.

@ Ordinary swim-performance tests do not include the effects of
turbulence.

Most swim-speed data are based on the assumption of a constant
relationship between fish swim speed and water velocity. Peake (2004)
discovered that free-swimming fish increased their mean ground speed
(swimming speed minus water velocity) in response to higher water
velocity. Due to their increase in ground speed, small mouth bass actually
decreased their passage time as velocity increased.

The fact that swim speed data do not perfectly represent real fish
performance in the field does not mean the data are not useful for
designing crossing structures. On the contrary, hydraulic design has been
used extensively to provide passage for spawning adult trout and salmon,
and for other fish for which data exist. It is the best method in many
situations, such as retrofits, jacked pipes, and highly altered streams.
Nonetheless, we know very little about the majority of fish species,
especially small fish (including juveniles). We know even less about the
swimming abilities of nonfish species that inhabit rivers and streams.
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A number of relatively large aquatic animals that inhabit rivers and streams
rarely are considered in terms of barriers to movement (figure 1.7). Much
of the United States supports large species of aquatic salamanders (species
that rarely or never venture forth on land). Mudpuppies, waterdogs,
hellbenders, sirens, and amphiumas are fully aquatic salamanders that
range in adult size from about 1 foot to over 3 feet in length (figure 1.8).
The Oklahoma salamander and the Pacific giant salamanders of the West
Coast are other aquatic salamanders that are vulnerable to movement
barriers.

Figure 1.8—Mudpuppy. Photo: Alan Richmond, University of Massachusetts.

Significant portions of the United States support softshell and musk turtles
(figure 1.9)—aquatic reptiles that rarely travel overland. Movements of
spiny softshell turtles are almost exclusively aquatic, with the exception of
nesting and basking. In Arkansas, these turtles moved on 85 percent of the
days they were tracked, with average daily movements of 403 to 465 feet
per day. Some individuals moved more than 2,970 feet per day. Annual
home-range length for these animals averaged between 4,620 and 5,775
feet (Plummer et al. 1997).

Although little is known about the swimming abilities of amphibians and
reptiles, they are not believed to be strong swimmers, relative to migratory
fish. Many species may rely more on crawling than swimming, yet
movement and population continuity are essential to the survival of their
populations. When moving upstream, aquatic amphibians and turtles are
thought to seek out lower velocity sections of streams and take advantage
of boundary layers (low-velocity zones) along the stream bottom and bank
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edges. Some salamanders may require relatively continuous cover on the
stream bottom, moving from rock to rock to reduce exposure to predators
or high velocities (figure 1.10).

e & e
. -

Figure 1.9—Spiny softshell turtle. Photo: Gary Stolz, U.S. Fish and Wildlife
Service (USFWS) digital image library (http://images.fws.gov/default.cfm)

Figure 1.10—Northern dusky salamander.Photo: Scott Jackson, University of
Massachusetts.

Although some crayfish can travel overland, many species are fully
aquatic. Some have been documented moving long distances within
streams, and all most likely depend on smaller scale movements to
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maintain continuous and interconnected populations. Crayfish are
dominant components of headwater stream systems of the Ozarks and
southern Appalachians, rivaling aquatic insects in importance (figure
1.11). Some headwater populations have been isolated long enough (due
to natural conditions) to become separate species. In these United States
regions, headwater streams support many rare crayfish with very limited
distribution. Further population fragmentation could imperil entire species

Figure 1.11—The Grandfather Mountain crayfish (Cambarus eeseeohensis) is
only found in the headwaters of the Linville River, North Carolina, upstream of
the Linville River falls. This species does not leave the stream and cannot travel
overland around a barrier. Photo: Roger Thoma, Ohio State University.
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As a group, the most vulnerable animal species in the United States

are freshwater mussels. Over 70 percent of the 297 species native to

the United States and Canada are endangered, threatened, or of special
concern (Williams et al. 1993). Although adult mussels have a very limited
capacity for movement, typically dispersal occurs when larvae (glochidia)
attach themselves to host fish or salamanders. Therefore, survival and
persistence of freshwater mussel populations depends on the capacity of
the host fish or salamander to move through river and stream systems.
Many endangered mussels depend on small, sedentary host fish that are
typically weak swimmers and therefore highly vulnerable to movement
barriers.

River and stream ecosystems contain many other species about which

we know little except that they appear to have limited capacities for
movement. These species include worms, flatworms, leeches, mites,
amphipods, 1sopods, and snails. Collectively, these often overlooked

taxa account for a significant amount of the biomass and diversity of

river and stream ecosystems. For most, swimming ability is less relevant
than the ability to move through streambed substrates. Although large
numbers of invertebrates can often be supported in relatively small areas,
appropriate habitats may be patchy and dynamic. In these situations,

a regional population is generally maintained through cycles of local
extinction and colonization in response to changes in habitat conditions.
Scour and deposition related to flooding or changes in stream hydraulics
(for example, debris dams and deflectors) may destroy habitat in some
areas while creating suitable habitat in others. How these organisms move
upstream any significant distance is unclear. That some mechanism must
exist is a reasonable assumption; otherwise, populations would continually
shift downstream as upstream populations are lost to local extinctions. One
possible mechanism for such movements is when larger animals transport

small organisms or eggs, perhaps in association with adhered sediment or
debris.

Many weak swimmers and crawling species take advantage of boundary
zones along bank edges and the stream bottom where water velocities

are much lower than in the water column. Under natural conditions, the
movement of some stream organisms depends on the diversity of channel
structure and hydraulics typically found in natural streams. This diversity
creates alternate pathways throughout the channel bed and along the
bankline; if any point in the channel is a barrier (high-velocity or high-
turbulence zones) other less strenuous pathways are generally available.
Maintenance of unfragmented stream bottom and bank-edge habitats is the
best strategy for maintaining continuous and interconnected populations
for a variety of weak-swimming species.
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In addition to aquatic organisms, riparian wildlife use rivers and streams
as travel corridors. These species include semiaquatic animals, such

as muskrat, mink, otter, frogs, stream salamanders, turtles, and snakes
(figures 1-12 through 14). Within the larger landscape, rivers and streams
provide vital links connecting wetland, aquatic, and terrestrial ecosystems.
In developed areas, rivers and streams often represent the only available
travel corridors for many wildlife species. In arid environments, stream
channels and riparian corridors offer wet and humid conditions during
extended dry periods, and serve as movement corridors for terrestrial and
semiaquatic amphibians.

Figure 1.13—Muskrat. Photo: R. Town, USFWS digital image library.
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Figure 1.14—Snapping turtle. Photo: Scott Jackson, University of Massachusetts.

1.2.4 Barriers to Movement Providing Some Positive Benefit

In some circumstances, barriers to animal movement may serve a useful
purpose. When natural barriers have been in place for long periods,
isolated populations can become genetically distinct or evolve into
separate species. For example, a population of brook trout in western
Massachusetts isolated for more than 400 generations (approximately 910
years) above a natural barrier has evolved demographic characteristics
distinct from populations in neighboring tributaries (Letcher et al. 2007).
Individuals in the isolated population have higher early survival rates and
reproduce at smaller sizes, traits that may have been instrumental in the
persistence of this isolated population. The loss of the natural barriers
could result in the genetic swamping of a distinct population that has not
yet fully differentiated into a separate species. Removal of natural barriers
can also provide access for organisms that might successfully outcompete
rare and geographically restricted species, or allow transmission of
parasites and disease from one population to another.

Artificial barriers, such as road crossings, dams, and diversions, also can
have positive benefits. Where stocked or introduced strains of fish are
genetically different from native populations, movement barriers may
protect the native fish from contamination by outside genotypes. Movement
barriers also can be important for containing the spread of exotic, invasive
species, such as the zebra mussel, Asiatic clam, and rusty crayfish.
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Many populations of native trout in the inland West are vulnerable to the
negative effects of introduced salmonids. Artificial barriers are viewed

as a potential tool for protecting native populations from the negative
genetic and population effects of introduced species. However, the use of
such barriers comes with risks. Native populations isolated above these
barriers may not be large enough to persist. There also may be negative
consequences for other, nontarget species. Fausch et al. (2006) offer a well
thought-out framework for analyzing the risks and tradeoffs associated
with constructing an artificial barrier to isolate a population and protect it
from invasive species.

Relying on substandard road-stream crossings to prevent the spread of
invasive species is unwise. While such structures may serve to inhibit
movement of invasive species, they may not be complete barriers to
passage. When exclusion of exotic species is the goal, structures should
be designed with the specific objective of blocking movement of the target
(undesired) organisms.

1.3 POTENTIAL ADVERSE IMPACTS OF ROAD-STREAM

CROSSING STRUCTURES

Traditional culverts can impact aquatic animals directly. However, they
also can affect aquatic-animal habitats by means of their effects on stream
channels and flood plains. These impacts are not universally adverse, but
beneficial effects are less common than detrimental ones.

1.3.1 Effects on Channel Processes and Aquatic Habitats
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Streams do the vast majority of their habitat construction and valley
modification work—mobilizing, sorting, and depositing sediments, woody
debris, and ice—at a range of higher flows. The highest flows approach or
exceed the conveyance capacity of many stream crossings on low-volume
roads; therefore, the potential for stream crossings to alter the fundamental
processes that create and renew physical geometry and habitat properties
of the channel and valley bottom is high.

Road-stream crossings that are narrower than the incoming channel can
cause upstream backwatering during high flows (figure 1.15). In many
cases, debris enhances this tendency by plugging the structure. The
backwatering usually results in sediment deposition, which can extend a
distance of several channel widths upstream of a narrow culvert. These
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sediment and debris accumulations at the pipe inlet can constitute fish
passage barriers (figure 1.16). The accumulation steepens the local
gradient, sometimes accelerating flow at the inlet beyond the velocity
against which fish can swim, especially at the upstream end of the journey
through the pipe.

Figure 1.15—Many crossing structures are narrower than the stream and block
fluvial processes that maintain aquatic habitats. The structures also impede
aquatic species passage. Photo: Scoft Jackson, University of Massachusetts.

Figure 1.16—Debris and sediment at culvert inlet can be a fish barrier. Photo
courtesy of Ross Taylor and Associates, McKinleyville, California.
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Degradation
Downstream
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Aggradation also can be induced by a crossing structure that is skewed
with respect to the stream. As a cost-efficiency measure to minimize
culvert length, culverts are sometimes installed perpendicular to the road
and skewed relative to the stream channel. Where these pipes force flow
to turn abruptly at the inlet, they may induce sediment deposition (see
skew discussion in section 6.1.1). Skewed-pipe outlets often aim flow at
one bank, causing it to erode. A skewed alignment is not always harmful;
where the culvert width is nearly as wide as the channel, a mild skew can
create an eddy that functions as a resting area for fish.

Because water speeds up inside a culvert, which is usually narrower and
smoother than the natural channel, the water flowing out the downstream
end surges out as a jet at high flows, scouring (degrading) the streambed
(figure 1.17). The degradation usually occurs during the first few years
after construction. Scouring can create good habitat; the deepest pool

in the affected reach may be the outlet plunge pool. However, it also
creates a vertical discontinuity that often stops or impedes passage of
aquatic animals. Because the scoured streambed is lower in elevation, the
streambanks are taller and may be less stable. Plunge pools caused by local
scour at culvert outlets usually do not extend further than 3- to 6-channel
widths below the culvert.

Figure 1.17—High-velocity discharge from undersized culverts causes
downstream scour. (a) Culvert was placed at grade in 1979. (b) By 1998,
undersized culvert had caused over 1 foot of downstream scour.
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Plugged Culverts

Flood-plain Hydrology

Debris-plugged inlets often are found to be responsible for crossing and
fill failures due to overtopping during floods (Furniss et al. 1998) (figure
1.18). Plugged culverts act as small dams, and overtopping flows can cause
partial or complete fill failure. Alternatively, where the road slopes away
from the crossing, flow will divert down the road. If the flow then runs
across the road onto a hillslope, it may erode a gully that can contribute
sediment to the stream (Furniss et al. 1997). The diverted flow may reach
another channel, increasing flow there and causing that channel to erode
and enlarge.

Figure 1.18—Culvert-crossing failure after flooding, Plumas National Forest,
California.

Almost all streams have an adjacent valley bottom of some width. The
stream may inundate the valley bottom frequently (every 1 to 3 years)

or infrequently (greater than 50-year recurrence interval). During
floods, water, sediment, and woody debris move down-valley across

the flood plain creating new habitats, such as side channels and debris
accumulations. Roadfills approaching crossings are often raised above the
flood-plain surface, creating a bottleneck at flows higher than bankfull, and
locally changing the erosional and depositional processes that maintain
the diverse flood-plain habitats. The extent and duration of upstream
flood-plain backwatering shown in figure 1.19 are unusual, but the photos
demonstrate the concept.
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Direct Habitat Loss
and Degradation
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Figure 1.19—Roadfill effects on flood-plain hydrology—Minnesota. (a) Meandering
channel with half-mile-wide flood plain remains backwatered for several weeks
during snowmelt runoff, and sediment deposition extends for thousands of feet
upstream. High water tables have killed the flood-plain trees. (b) Downstream view
from same point as (a).

The channel itself can be affected when sediment transport into the
downstream reach is reduced, as in figure 1-19. When overbank flows are
funneled through the culvert, streambed scour tends to occur at the culvert
outlet. Bank erosion can occur at both the inlet and outlet.

Replacing the natural streambed and banks with an artificial crossing
structure usually results in direct loss of some habitat value. Culvert
crossings provide very little habitat within the culvert. Some habitat can

be provided if the culvert is sufficiently embedded with substrate that is
similar to the natural streambed. Open-bottom or arch culverts and bridge
crossings often maintain natural streambeds, although some habitat may be
lost to footings, piers, and abutments. Fords may or may not significantly
affect habitat near the crossing, depending on how much the ford alters the
streambed, banks, and water-surface elevations (figure 1.20).



Chapter 1—Ecological Considerations for Crossing Design

Figure 1.20—Elevated concrete-slab ford eliminates aquatic habitat area directly
underneath the structure and blocks fish passage at low flows. However, it may
not significantly alter the character of aquatic habitats upstream and downstream.

Erosion and sedimentation are two significant impacts of road crossings.
They often occur during construction if BMPs are not used, but they

also can occur even when BMPs are in place. Ongoing erosion of
embankments, the road surface, and drainage ways are of more long-term
concern. Excess sedimentation degrades river and stream habitats by
increasing suspended solids in the water and altering downstream substrate
and channel characteristics. Increased turbidity in the water can adversely
affect visual predators and increase the amount of inorganic particles
(relative to organic particles) available to filter feeders downstream.

1.3.2 Effects on Aquatic Organism Passage

Inlet or Outlet Drop

There are a variety of ways by which crossing structures can impede or
prevent the movement of animals:

Elevation drops at the inlet or outlet or within a crossing structure can create
physical barriers to many animal species. Not all stream-dwelling aquatic
species have strong jumping capabilities, and many subadult life stages of
strong jumpers are not well enough developed to navigate vertical drops
associated with crossing structures. In addition, outlet pools often have
insufficient depth to allow fish to jump into structures (figure 1.21).
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Figure 1.21—OQutlet drop formed by scour at the downstream end of an asphalt
apron. Photo: Scott Jackson, University of Massachusetts.

Clogged or collapsed culverts and trash racks can block animal movement.
Weirs or baffles, which are typically designed to facilitate fish passage by
increasing depth or decreasing local velocities within a crossing structure,
can be barriers for nontarget weak-swimming or crawling species.

Water velocities can be too high to pass fish or other organisms during
some or all of the year. As stream-discharge increases, velocities within
culverts increase correspondingly. Average velocities can easily exceed
10 feet per second, a speed far greater than the prolonged swim speed of
most fish. In addition, culverts usually contain no resting areas for aquatic
species attempting to pass through them. The result is that the animal may
have to swim the entire length of the structure at burst speeds, and may
exhaust itself before reaching the end of the culvert.

In corrugated metal pipes, the corrugations moderate velocities near
the culvert wall, and fish use those lower velocity areas. Depending
on the flow, culvert average velocities can be much higher than water
velocity in the swimming zone inside corrugated metal pipes (Behlke et
al. 1991). Average velocity is more likely to represent the swimming zone
in smooth-walled concrete box culverts and steep bare-metal pipes.
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Absence of

Bank-edge Areas Because certain organisms utilize bank edges for movement in natural
stream channels it is possible that the absence of those bank edges may
at least inhibit, if not prevent, passage by weak-swimming or crawling
organisms (figure 1.22). Constructing a crossing structure that allows
for bank-edge areas is often challenging, because of the increased cost
associated with the larger structure needed. However, long-term costs
to species may justify the additional cost of constructing a structure that
provides bank-edge areas.

Figure 1.22—This box culvert has a concrete floor and no shallow edges for
crawling-species passage. Photo: Scott Jackson, University of Massachusetts.

Excessive Turbulence When a culvert creates more turbulence than the natural channel, the
associated aeration and chaotic flow pattern can disorient aquatic species,
inhibit their swimming ability, and block their passage. Turbulence
barriers are common downstream of perched culverts; at some flows fish
may not even be able to approach culvert outlets. Baffles, riprap, or other
roughness elements designed to reduce the water velocity can also create
turbulence that blocks movement. Turbulence at culvert inlets can also
block passage.

Insufficient

Water Depth Absence of a low-flow channel can result in water depths too shallow to
allow passage for fish or other organisms (figure 1.23). In streams with
highly variable flows, the challenge is constructing a structure capable
of passing high flows while still maintaining a defined low-flow channel
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similar to the natural streambed. In these systems the most successful
structures are often those that provide bank edges and a flood plain within
the structure. When designing these types of crossings, project teams need
to pay particular attention to the size, location, and spacing of substrate
within the structure to emulate the natural streambed as closely as possible.

Figure 1.23—Lack of a low-flow channel results in insufficient water depth in
these box culverts. Photo: Scott Jackson, University of Massachusetts.

Crossing structures that lack any natural substrate or contain substrates
(including riprap, baffles, or other armoring) that contrast with the natural
stream channel create discontinuities in streambed habitats. Many benthic
(streambed-dwelling) organisms are confined to the streambed and

can only move through, or over the surface of, appropriate substrates.
Hyporheic zones (saturated stream sediments below the surface of the
streambed) typically support a host of invertebrate species including
copepods, ostracods, amphipods, nematodes, tardigrades, rotifers,
oligochaete worms, and early instars of aquatic insects. Fauna in the
hyporheic zone are an important contributor to nutrient cycling and food-
chain support in river and stream communities.

Much of the movement of benthic organisms is downstream as passive
drift. However, rare upstream movements must also occur to compensate
for this drift and ensure that upgradient sections of streams do not become
depleted over time. The flying adult stage of most aquatic insects provides
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an obvious opportunity for upstream movement. However, noninsect
invertebrates most likely require other mechanisms, such as movement
through the streambed or attachment to larger organisms for upstream
movement. There is some concern that streambed discontinuities caused
by crossing structures may disrupt and fragment populations of these
benthic organisms. Vaughan (2002) offers a thorough discussion of
crossing effects on invertebrates.

Summary: How Crossing Structures Can Impede Movement
Debris accumulation

Inlet or outlet drops

Physical barriers (weirs, collapsed culverts)

Water velocities exceed swimming ability (too fast for too long)
Absence of bank-edge areas

Excessive turbulence

Insufficient water depth

Discontinuity of channel substrate

1.3.3 Effects on Individual Animals

If not properly designed, road-stream crossings can block animal
movements, delay migration (a process made worse where many crossings
exist), and cause physiological stress as animals expend energy passing
both natural and artificial obstacles (Fleming 1989) (figure 1.24). Delays
in movement also can result in overlap of individuals that typically occupy
different stream reaches. For example, culverts often concentrate migrating
fish in large pools at their outlets. These pools often provide resident fish
habitat, and residents can experience increased predation or competition
from migrants when such overlap occurs. Increased susceptibility to
fishing pressure and stress associated with overcrowding can also occur
when fish movements are delayed at crossings.
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Figure 1.24—Hypothetical example of the cumulative effects of delaying spawning salmon at a series of culverts.
Used by permission of Mike Love, Love and Associates, Eureka, CA.
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Riparian wildlife may choose to cross over the road surface rather than
pass through a crossing structure that does not have banks or other dry
passage. However, if physical barriers, such as fencing or Jersey barriers
are present, passage across the roadway may be blocked. Even where
passage over the road is not blocked physically, if the road supports high-
traffic volumes, individual animals are likely to be killed trying to cross.
For some long-lived species with low reproductive rates, such as turtles,
roadkill can undermine the viability of populations significantly. Stream-
simulation structures generally offer dry passage opportunities for riparian-
dependent species, since the structures are wide enough that the channel
edges are dry much of the year.

1.3.4 Reduced Access to Vital Habitats

Crossing structures may be complete barriers—essentially blocking
passage for all aquatic species—or they selectively may pass some species
or lifestages while blocking others. Even for a particular species a partial
barrier may allow passage for only the strongest swimming individuals in
a population. Partial barriers are sometimes referred to as “filters” because
of their selective nature in facilitating passage. Other structures may be
barriers at certain times of the year (high-flow or low-flow conditions)

but not others. For some species, the timing of movement is critical

and temporary or seasonal barriers might seriously impact survival or
reproduction within a population.

Crossings that are partial or complete barriers may reduce access to vital
habitats. These vital habitats can be spawning areas, nursery habitat for
juvenile fish, foraging areas, refuge from predators, deepwater refuges,

or other seasonal habitats. With restricted access to vital habitats, we
would expect populations of affected fish or wildlife to be reduced or lost
altogether [figure 1.25 (a) through (c)]. For important fisheries, reduced
access to vital habitats can result in a significant reduction in productivity.

1.3.5 Population Fragmentation and Isolation

To the extent that road-stream crossings act as barriers to animal passage,
they can fragment and isolate populations [figure 1.26 (a) through

(c)]. Smaller and more isolated populations are vulnerable to genetic
change and extinction from chance events. Genetic changes may result
from genetic drift that occurs in small populations, or via inbreeding
depression in very small populations. Local extinctions can result from
demographic chance events (change in sex ratio), natural disturbances,
or human impacts. As crossings contribute to population fragmentation
and isolation, they undermine the viability of animal populations. (For
examples of how this may have impacted riverine species, see: Dunham et
al. 1997; Dunham and Rieman 1999; Harig and Fausch 2002; Letcher et
al. 2007; Lowe and Bolger 2002; Morita and Yamamoto 2002; Neville et
al. 20006).
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1.3.6 Disruption of Processes That Maintain Regional Populations

Decreased animal movement can undermine processes that help maintain
regional populations over time. Barriers to movement can block the
exchange of individuals among populations, eliminating gene flow

and disrupting the ability of “source” populations to support declining
populations nearby. Barriers to dispersing individuals also eliminate
opportunities for recolonizing vacant habitat after local extinction events
[figure 1.27 (a) through (f)]. (For examples affecting riverine species see
Cooper and Mangel 1999; Dunham and Rieman 1999; Letcher et al. 2007;
Lowe and Bolger 2002; Morita and Yamamoto 2002).

1.3.7 Time and Geography
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When road-stream crossings result in the loss or degradation of habitat,
impacts, such as those caused by erosion and sedimentation, are
immediately obvious. Portions of streams may no longer provide habitat
for certain species. As a result, the abundance and diversity of aquatic
organisms inhabiting those stream sections changes. By contrast, adverse
impacts that result from the disruption of ecosystem processes, including
the restriction of animal movement, are not as obvious and may take years
to fully manifest themselves.

The loss or degradation in habitat conditions from changes in hydrology,
sediment transport, or the movement of woody debris within a river or
stream, may occur over many years. It may result in gradual changes that,
over time, reduce the amount of suitable habitat for aquatic organisms.
With less available habitat, populations will become smaller and more
vulnerable to genetic changes or local extinctions. As these smaller areas
of suitable habitat become separated by increasing amounts of unsuitable
habitat, animal movements become even more important for maintaining
the viability of populations.

The problem of dams, culverts, and other barriers to fish passage is an
obvious concern for migratory fish, especially anadromous, adfluvial (lake-
dwelling fish that migrate to streams to spawn), and fluvial fish. Because
anadromous fish travel such long distances and must often pass many
potential barriers to reach their spawning grounds, barriers to passage can
result in significant and immediate impacts on these species. Where barriers
prevent nonmigratory animals from accessing vital habitats, populations

of certain species may quickly disappear from river and stream systems.
These losses may or may not be noticed, depending on whether the species
is closely monitored. As changes in habitat or barriers to movement

cause populations to become smaller and more isolated, we can expect

a gradual and continual loss of species over time. Because mechanisms

for the recolonization of habitat made vacant by local extinctions have
been disrupted, species loss is a cumulative process that can eventually
undermine the stability of ecosystems.
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(@)  For most of the year a population of brook
trout occupies the mainstem of a stream network.

(b)  During spawning
season, adult fish move
into the headwater
tributaries to mate and
deposit eggs.

(c) Construction of a road with
substandard culverts blocks access to
some of the spawning areas. With reduced
access to these vital habitats, the stream
network can support only a fraction of its
previous population.

Figure 1.25 (a) through (c)—Hypothetical example of population effects of barrier culverts that reduce access
to spawning areas.
1—35




Stream Simulation

(@)  This stream network supports a
continuous population of Pacific Giant
Salamanders, an aquatic species with limited
swimming abilities (occupied area illustrated in

purple).

(b) After
construction of a road
with substandard
culverts the population
is fragmented into

five smaller and more
isolated populations.

(¢)  Smaller and more isolated populations
are more vulnerable to genetic changes and
local extinctions due to chance events. Over
time, as these smaller populations fail, the
salamander is eliminated from a significant
portion of the suitable habitat available in this
drainage.

Figure 1.26 (a) through (c)—Hypothetical example of effects of barrier culverts that isolate populations.
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(@)  The headwaters of this stream network
support populations of the Appalachian Brook
Crayfish.

(b) Although the
mainstem is not suitable
as habitat, crayfish are
still able to move through 4_}
the area to occasionally
exchange individuals
among populations. Such
exchanges facilitate gene
exchange and can allow
source populations to
supplement and maintain
populations that would
otherwise be declining.

would not be unusual to lose one or more
of the small crayfish populations. However,
dispersal of individuals from populations
nearby would recolonize some of the areas.

(©)  In a period of extended drought it f-

Figure 1.27 (a) through (c)—Hypothetical example of population effects of barrier culverts that prevent

recolonization after catastrophic disturbances.
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(d)  Once these areas are recolonized, they
can serve as a base to reestablish a population
in the more distant tributary. Maintenance of a
regional population structure eventually allows all
suitable habitat in the area to be reoccupied after
the drought.

()  The presence
of a road with
substandard culverts
blocks movement of
individuals among
populations.

(f) Tributaries that had supported
populations that failed due to genetic effects
of fragmentation or natural disturbance such
as drought, can no longer be recolonized by
dispersing individuals from nearby populations.

Figure 1.27 (d) through (f)—Hypothetical example of population effects of barrier culverts that prevent
recolonization after catastrophic disturbances.
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Although the effects of population fragmentation and isolation may take
years to occur, these effects are nonetheless important. A Canadian study
found that the diversity of birds, reptiles, amphibians, and plants in 30
Ontario wetlands was negatively correlated with the density of paved
roads on land up to 1.2 miles from the wetlands (Findlay and Houlahan
1997). The study calculated that an increase in hard-surface road density of
less than 1-linear-mile per acre would have approximately the same impact
on species richness as the loss of half the wetland area. Further analysis of
the data, including data of the road network from 1944, revealed an even
more significant negative relationship between roads and species richness
(Findlay and Bourdages 2000). The inference drawn from this was that
lower species diversity today may be the result of roads and highways
built many years ago. These studies suggest that, despite taking decades
for the ultimate impact of roads to be apparent, the impacts can be quite
significant. Thurow et al. (1997) concluded from a study of seven salmonid
fish in the Interior Columbia River and portions of the Klamath River

and Great Basin that the proportion of areas with healthy populations
(strongholds) declined from 0.58 in roadless watersheds to 0.16 in
watersheds that exceeded 4 kilometers of road per square kilometer.

Another important consideration of scale is that of landscape position

and the geographic extent of impacts. Culverts are the crossing structures
most often used for small streams. Typically, little consideration is given
to the ecology of these small streams, probably because they are perceived
as being less important than larger streams and rivers. However, small
streams are extremely important to the ecology of river and stream
ecosystems and support species of fish and wildlife that are not found in
larger waterways (Meyer et al. 2007). A road network that crosses every
tributary of a river could have a large effect on the entire system.

Zero-, first- and second-order streams account for most of the total
stream miles within any watershed. They cumulatively provide much more
habitat area for aquatic organisms than large rivers. Small streams are

also highly productive systems, owing to their relationships with adjacent
upland habitats (figure 1.28). These areas of high productivity are often
used for spawning and nursery habitat by fish that normally inhabit larger
waterways as adults.

Even intermittent and very small perennial streams play an important role
in transporting invertebrates, detritus, and other organic matter that fuel
downstream food webs (Wipfli et al. 2007). One study in Alaska estimated
that fishless headwater streams export enough invertebrates downstream

to feed 100 to 2,000 young-of-the-year salmonids per kilometer (0.6 mile)
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of salmonid habitat (Wipfli and Gregovich 2002). In another study (of
Sagehen Creek in California), researchers estimated that 39 to 47 percent
of rainbow trout in the population spawn in an intermittent tributary that
flows for less than half the year (Erman and Hawthorne 1976). Bryant et
al. (2004) emphasized the importance of small, high-gradient streams to
fish communities in southeast Alaska.

Figure 1.28—Headwater streams are important habitats for aquatic species.
Photo: Scott Jackson, University of Massachusetts.

Small streams provide important summer habitat for cold-water fish that
move up into headwater streams to escape unfavorably warm conditions in
ponds and rivers. Headwater streams also provide a significant amount of
woody debris input to mountainous stream systems.

In addition to providing critical habitat for fish, small streams support
many animals that do not occur in larger streams and rivers. These include
species of stream salamanders, crayfish, and probably countless other
invertebrate species. Many rare species of crayfish are confined to a very
limited number of small streams.
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When considering the impacts or potential impacts of a crossing, project
teams should consider the cumulative effect of all barriers to movement,
such as crossings, dams, and other significant discontinuities (channelized,
intermittent, dewatered, or piped sections) within the watershed (see figure
1.29). The greater the number of artificial barriers and discontinuities, the
more threatened the ecosystem. Because small streams make up the larger
proportion of stream miles within a watershed, these headwater systems
are particularly vulnerable to fragmentation by crossings. On the other
hand, because stream systems are convergent, a passage barrier low in the
watershed (close to confluence with an ocean or other important water
body) can block migratory fish access to entire stream networks. Setting
priorities for limited resources calls for a watershed perspective, evaluating
restoration opportunities in terms of both habitat quality and river and
stream continuity.

Figure 1.29—Aquatic organism passage barriers in the 721-square mile
Chicopee River watershed, Massachusetts, include 195 old small-scale industrial
dams and 2,230 rail and road crossings.
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1.4 AN ECOSYSTEMS APPROACH

The impacts of substandard crossing structures on migratory fish affect
rivers and streams up and down the Atlantic, Pacific, and Gulf coasts of
the United States. The importance of migratory fish as fisheries resources
and the status of some as federally “threatened” or “endangered” species
has focused much attention on fish passage for migratory species. A
large amount of time, money, and effort have been expended on the issue
of passage barriers for migrating adults. Unfortunately, some efforts to
promote upstream passage for adult fish have failed to provide passage
for the juvenile stages of the same species. Strategies that focus solely
on adult fish but don’t address all life stages for a particular species are
unlikely to maintain populations over time.

As strategies are adjusted for passage issues for both adult and juvenile
stages of migratory fish, we must avoid replacing one type of short-term
thinking with another. Even when a particular species is the primary target
for management, management strategies that ignore the community and
ecosystem context for that species cannot succeed. Conservation strategies
that focus only on target species—without careful planning to maintain
habitat quality, passage for the variety of aquatic organisms in the stream,
and other ecosystem processes—may succeed in the short term, but they
undermine long-term prospects for success.

"gfthebwfa,m#wcowpe{f’m WWWWWW&(O
mmxmmmmaﬁdﬂmmdkwd ngly useless
Wﬁ?TokeepW/wﬂaMdetﬁeﬁryt?r%mﬁm intetligent

— Aldo Leopold

Given the large number of species that make up most river and stream
communities and the lack of information about swimming abilities and
passage requirements for most organisms, using a species-based design

to meet the movement needs of an aquatic community is impractical

in many cases. An ecosystems approach is the most practical way of
maintaining both the viable populations of organisms that make up aquatic
communities and the fundamental integrity of river and stream ecosystems.
Such an approach focuses on maintaining the variety and quality of
habitats, the connectivity of river and stream ecosystems, and the essential
ecological processes that shape and maintain these ecosystems over time.

1—42




Chapter 1—Ecological Considerations for Crossing Design

THREE GUIDING PRINCIPLES FOR THE DESIGN
OF ROAD-STREAM CROSSINGS

To preserve or restore all important elements of aquatic ecosystems,

crossing structures should be designed following these three

principles:

1. The design should fit both the stream and the road, not just
the road.
Crossing designs must accommodate the stream—the stream’s
geomorphic processes and anticipated changes over the life of the
structure—not simply road or transportation needs.project teams
must factor both systems into the design.

2. Minimum intervention in the stream process results in the
least risk.
Crossings should present the least possible obstacle to stream
processes. Streams move water, wood, sediment, and organisms.
Crossings should be designed, constructed, and maintained to
permit movement of these components to the greatest degree
possible.

3. Crossings should present no greater challenge to organism
movement than the stream being crossed.
Crossings should not fragment aquatic habitats. Avoiding
fragmentation means reproducing the natural conditions of the
stream being crossed. The key is matching the structure to the
stream, both in form and process.

Stream simulation is one approach to road-stream crossings that protects
habitats, maintains ecological processes, and sustains aquatic communities.
The stream-simulation approach avoids flow constriction during normal
conditions by using structures at least as wide as the natural channel.

The constructed stream channel within the culvert is designed to insure
adequate water depth during low-flow conditions and resist scouring
during flood events. Well-designed stream-simulation culverts can
maintain the continuity of stream bottom and hydraulic conditions, thereby
facilitating passage for aquatic organisms.

Designing culverts to avoid channel constriction and maintain appropriate
channel conditions within the structure is a relatively simple and effective
approach for accommodating the normal movements of aquatic organisms and
preserving (or restoring) ecosystem processes that maintain habitats and aquatic
animal populations. Where passage for riparian and terrestrial wildlife is desired,
stream-simulation structures can be adapted for wildlife preferences (see Forman
et al. 2003).

Connectivity is key to the successful functioning of both roads and rivers.
Ultimately, our goal should be to create a transportation infrastructure that does
not fragment or undermine the essential ecological infrastructure of the land.
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Figure 2.1—General process for providing habitat connectivity at road-stream crossings begins with large-scale
assessments and drills down to site-scale design and monitoring.
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Chapter 1 showed that to maintain or restore the long-term viability

of stream ecosystems and aquatic populations, roads and road-stream
crossings must protect stream connectivity. This chapter briefly describes
the planning, design, and implementation work needed to provide for
stability and continuity in both road and stream networks. The chapter is
a summary overview for land managers and decisionmakers among other
readers, highlighting actions that protect aquatic habitat. Setting project
objectives is emphasized here because it is one of the most important
actions that require managers’ participation. Chapters 4 and 5 provide
more detail about formulating project objectives during the project
development process.

Figure 2.1 shows the general sequence of steps required for constructing
crossings that maintain or restore stream connectivity—from large-scale
transportation system planning to project construction and site monitoring.
The feedback loop from monitoring to planning and design is an essential
step without which experience cannot improve the technology. Because
crossing design is not a perfect science, project teams need to learn quickly
from their mistakes if they are to avoid repeating them year after year.

2.1 REVIEW THE ROAD NETWORK

Before deciding on the location or design of any particular road or
structure, project teams should review the area road network to ensure
that it is as efficient and environmentally benign as possible. Creating a
road system that is safe, efficient (that is, minimum length to meet access
objectives), and protective of the aquatic and terrestrial environment calls
for considering a variety of elements from a broad range of disciplines.

For road systems on national forest lands, “Roads Analysis: Informing
Decisions About Managing the National Forest Transportation System”
(USDA Forest Service 1999) provides a framework for analysis supporting
broad-scale, strategic planning. This framework includes a comprehensive
set of questions that transportation-planning teams should ask about the
areas and facilities they are evaluating. The procedure poses each question
in the context of an overall analysis at several scales, citing resources for
assistance in determining the relevance of each question. Planning for
transportation needs and mitigating environmental effects is often referred
to as “access and transportation management”—an application of roads
analysis, with the goal of planning the development of the transportation
system over a decade or more.
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The roads-analysis process should answer the first question in any road-
crossing planning effort: Is the road needed? Before going on to the

next step in crossing planning, be sure this question has been answered.
Compare the access benefit against the resources and other costs the road
incurs, and then ask: Is it worth it? (figure 2.2). The process helps avoid
the expensive mistake of retrofitting a crossing for organism passage on a
road that may soon undergo decommissioning.

Cost )
ta maintain and mitigate Values at risk

sttt
o/ Eaals

Uses and Benefits Environmental Damage

Figure 2.2—Remove or Retain? The cost-risk analysis. From USDA Forest Service 1999.

2.2 OPTIMIZE ROAD AND CROSSING LOCATIONS

Many forest roads were originally constructed where access was
easiest—in the valley bottom. Despite the damage they may have caused
over the years, many of those roads are still maintained. Before doing
any upgrade work on a road, check that it is located properly. As all
crossings result in some impacts to streams, the first principle is locating
roads to avoid stream crossings, wherever doing so is feasible and
consistent with transportation and other environmental considerations.
All options for locating roads should be explored, because the more roads
that are near streams or cross streams, the greater the potential adverse
cumulative effects (figure 2.3). Roads that either run along streams

or have many crossings, or both, should be considered for relocation

or decommissioning. Relocating roads is often the only approach to
mitigating the impact of old roads built in streamside areas. Many roads
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have alternative routes that access the same places, and these are good
candidates for decommissioning. Where stream crossings are unavoidable,
their number should be the bare minimum.

Road failures per mile by distance from crenulated-stream channel
(Multiple watersheds)

mAIl failures (319)
M Mass wasting (229)
0.80 O Surface erosion (90)

Road failure/mile of road
o
o
o
|

0-25 26-50 51-75  76-100 101-125 126-150 151-175 176-200 201-225 226-250
Distance from crenulated-stream (meters)

Figure 2.3—Road proximity to streams is usually strongly correlated with road failures,
problems, and risks to aquatic ecosystems. From USDA Forest Service 1999.

Conduct a thorough geologic review of areas traversed by the road. If a
road is in a high-hazard location, such as steep, wet, or unstable slopes,

or streamside areas, consider removing, relocating, or modifying it to
reduce its effects (figure 2.4). Also, identify critical or high-value habitats
(wetlands, spawning grounds), and avoid them if possible. Road alignment
and roadfills should avoid isolating flood plains, constricting or realigning
channels, or constraining channel migration, so that riparian and aquatic
habitats retain their natural character.

Figure 2.4—Road located on a geologically unstable slope causes massive
landslides, Bolivia.



Stream Simulation

Try to locate roads away from high-value areas that are sensitive to
disturbances created by road users. Roads can provide access for poaching,
introduce exotic and invasive organisms, contribute to declines in rare or
unique native vertebrate populations, or otherwise increase the potential of
damage to important habitats.

As we will see later, crossing location is a critical element in stream-
simulation design because location affects the risks associated with
processes like shifting stream alignments, flood-plain constriction, and
debris flows.

2.3 INVENTORY BARRIERS AND SET PRIORITIES FOR PASSAGE

RESTORATION

There are several systems for evaluating culverts for their impacts on
aquatic animal passage and other ecosystem processes (Taylor and Love
2003; Clarkin et al. 2003; Coffman 2005). After these evaluations are
done, a process for prioritizing barrier crossings for remediation is
needed. Priority setting should take into account the habitat quality in

the river or stream and surrounding areas, upstream and downstream
conditions, as well as the number of barrier crossings and other barriers on
and off national forest lands (resource and risk assessments are described
in sections 4.2 and 4.3). In some cases, dealing with other problems, such
as the impacts of water withdrawals, restoration of in-stream habitat, or
control of exotic invasive species, may be a higher priority than upgrading
substandard culverts.

To maximize positive outcomes and avoid unintended consequences,
using a watershed-scale approach to restoring connectivity is critical.

The diversity and complexity of stream ecosystems impede the creation
of precise formulas for weighing the various costs, benefits, and other
factors that affect decisions about whether and how to replace substandard-
crossing structures. Clearly, priorities for restoring connectivity depend
in part on biological values in an area. High priority goes to areas with
high biological diversity or productivity or with other special values,
such as migration-route connectivity. However, because many other
social, economic, logistical, and engineering elements go into prioritizing
crossing replacement, the project team should weigh and balance them all
before recommending priorities.
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2.4 SET PROJECT OBJECTIVES AND DESIGN TO ACHIEVE THEM

The level of stream and flood-plain connectivity at a site has tremendous
implications for transportation efficiency, safety, cost, fluvial changes,
ecological effects, longevity, maintenance needs, and so on. Again,

the most successful approaches to defining the appropriate degree

of connectivity involve an active partnership between engineers,
geomorphologists, hydrologists, and biologists, using an ecosystems
approach for each case. At every site, the project team should analyze
resource values, ecological risks and consequences, future management
constraints, and access needs (see chapter 4). From that analysis, they can
recommend what level of stream and valley continuity to aim for.

Federal land managers should be aware of at least three Federal
laws when making decisions about the degree of connectivity at a
new or replacement crossing:

® The 1973 Endangered Species Act
[16 U.S.C. §§ 1531-1544].

® The Clean Water Act, 1977 amendment of the 1972
Federal Water Pollution Control Act Amendments
[33 U.S.C. §§ 1251-1387].

® The 1976 National Forest Management Act
[16 U.S.C §§ 1600-1616].

All these laws contain provisions that apply at road-stream
crossings.

Ecologically speaking, crossing objectives can range from providing
for full flood-plain functioning and large-animal passage to providing
capacity for a certain flood, with no consideration of either animals or
woody debris.

A corresponding continuum of design approaches exists (figure 2.5).

The degree of stream and habitat connectivity decreases as we move

from crossings designed for minimum interference with flood plain and
valley processes to those designed simply for passing a flood of a certain
frequency. Stream simulation is in the middle of this continuum. The
structure types shown on figure 2.5 are not the only ones that correspond
to the stated objectives; they simply illustrate the degree of connectivity. In
addition to ecological objectives, the design approach will vary according
to many criteria, such as traffic volume and type.
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Figure 2.5—Range of crossing ecological objectives and examples of corresponding design approaches.
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Most sites will have a suite of biological, geomorphic, hydraulic, and/
or infrastructure objectives. Some of these may conflict. The goal is
to balance all the objectives appropriately and design a structure that
optimizes achievement of all of them.

The team may have to modify objectives as the assessment and design
process progresses. Site and other constraints that limit the degree to
which certain objectives can be achieved may become evident as project
planning progresses. Site conditions, public safety, land ownership, and
cost are some of the many possible constraints. As the team learns more
about the site, they are likely to engage in a healthy and challenging
discussion about the achievability of objectives, feasibility of structure
types, and best design approaches. An open and balanced discussion with
due consideration for all aspects of the project is most likely to produce
the best overall plan.

Following are examples of some of the ecological objectives and design
approaches that a team might recommend for a site. There will be many
other objectives related to, for example, local regulations, traffic safety,
vehicle types, project footprint, associated infrastructure, etc.

A team might recommend minimal interference with valley and flood
plain processes where:
@ The stream is shifting rapidly across a wide valley flat.

@ There are many side channels used by juvenile fish or other aquatic
species.

@ The valley flat is a migration corridor for large mammals and traffic
is high on the road.

® The full range of riparian habitat diversity must be sustained as
critical habitat.

This objective might guide the project toward a bridge and/or viaduct
that spans the valley flat [figure 2.5(a)]. On very low volume roads where
traffic interruptions are acceptable, other less expensive ways to maintain
a high level of valley and channel connectivity may be appropriate,
such as fords and dips. In some situations, well-designed fords can help
maintain flood plain connectivity by keeping the approach road low across
the flood plain. However, maintaining passage for aquatic organisms
across fords is challenging, and requires designing the structure to fit the
needs of the specific site (Clarkin et al. 2006).
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Flood plains are extremely important components of the aquatic system.
During floods, water, sediment, and woody debris may move across flood
plains, constructing important and unique habitats. Flood-plain stability—
and channel stability—may depend on deposition of sediment and debris
from upstream and on maintenance of the natural flooding regime. Flood-
plain continuity is therefore an important value in many locations. Side
channels are often important habitats on active flood plains, calling for
preservation of aquatic organism passage in these smaller channels, too.
In figure 2.5(b), culverts are placed in side channels and swales to achieve
this objective. In other situations, such as little-used roads, ephemeral flow,
seasonal closure, simple rocked dips may offer adequate passage.

Wildlife species primarily associated with stream ecosystems, and others
that use riparian areas as movement corridors, may need passage through a
crossing structure if the road has a high volume of traffic and/or very high,
steep fillslopes. For some species of wildlife, such as muskrat and stream
salamanders, maintaining streambed continuity (with a stream-simulation
structure) may be adequate. Many other species prefer to use banks or

dry streambed areas to cross through structures. Figure 2.5(b) shows a
structure slightly wider than the bankfull channel that offers dry passage
for some terrestrial animals.

Larger wildlife species are thought to have minimum requirements for
the height of the structure (in many cases minimum requirements are

not known). These species may be sensitive to the relative “openness”

of the structure. [A structure’s openness ratio is defined as the cross-
sectional area of the crossing opening divided by the structure’s length,
and is usually stated in meters.] A few studies of structure use by deer, for
example, indicate that these species need openness ratios of at least 0.6,
and that ratios of 1.0 or greater are preferred (Brudin 2003; Reed 1981).
The Wildlife Crossing Toolkit (www.wildlifecrossings.info) provides
information on terrestrial wildlife requirements.

Compared to other crossing structures, bridges are more likely to facilitate
the passage of riparian and terrestrial wildlife, because they are more open
and shorter in the along-stream direction. When sized properly, open-
bottom arches are similar to bridges; the arches maintain the continuity

of the streambed, allow unrestricted flow during normal conditions, and


http://www.wildlifecrossings.info
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typically allow the passage of some woody debris. Project teams may
sometimes be tempted to rule out bridges or open-bottom structures in the
beginning of the design process because of high cost. However, when the
lifetime costs and resource effects are considered together, these structure
types may sometimes be the best overall solution.

Ideally, crossing structures should constitute no greater restriction on
movement for fish (including juvenile and relatively small resident fish)
and other aquatic organisms, such as amphibians, reptiles, and crayfish,
than the organisms confront in the stream itself. Unnatural physical
barriers, such as inlet or outlet drops, debris racks, weirs, baffles, or other
structures that would block movement of aquatic organisms should be
avoided if at all possible. Keep in mind, however, that creating passage
where there was none originally may be just as undesirable as creating a
barrier (see Fausch et al. 2006).

Stream-simulation design is appropriate where passage is desired

for all aquatic organisms present in the channel. Structures include

open- and closed-bottom structures, but in all cases the streambed is
continuous through the structure. [Figures 2.5(b) and (c) show stream-
simulation structures; (b) goes further and provides for partial flood-plain
connectivity.] Since streambed width, slope, and composition are all
similar to the natural channel, stream-simulation structures accommodate
the normal movements of aquatic organisms and preserve (or restore) the
transport processes that maintain habitats and aquatic animal populations.
Weak-swimming and crawling species may need appropriate bank-edge
habitat for movement. Again, where passage for riparian and terrestrial
wildlife is desired, teams should adapt structures to meet minimum height
and openness requirements.

Hydraulic design [figure 2.5(d)] has been used for decades as the primary
design tool for fish passage at road crossings all over the world. Hydraulic
design optimizes the hydraulic effects of culvert size, slope, material, and
length to create water depths and velocities suited to the swimming ability
of a target fish. It can be appropriate when designing for a small number
of target species with similar requirements, if the hydraulic requirements
of those species are known. In current practice, the weakest-swimming
species and lifestage of concern is usually selected to set velocity criteria,
with the assumption that this also provides for the stronger swimmers.
This design method and the uncertainties associated with it are covered in
appendix B.
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Streams move water, sediment, and organic materials such as wood and
detritus. Maintaining natural channel slope, width, and alignment through
crossings is the best way to permit these stream functions to maintain the
channel and flood plain downstream. Substantial decreases in slope or
channel width will tend to restrict the movement of watershed products
and contribute to higher maintenance costs and a risk of crossing failure.

Culvert failures usually do much more damage than bridge or ford failures
because of the amount of fill that is mobilized within the channel. Teams
will find many approaches to minimizing both the probability of failure
and its consequences. Stream-simulation design reduces the probability of
failure by matching channel width, which generally provides capacity for
rare flood flows plus debris and sediment. Carefully designed transitions
between structure and stream also minimize the probability of failure.
Nonetheless, any crossing can fail, so where the risks and consequences
of failure are high, designing for a “soft” failure is a wise strategy. Such a
design strategy may mean providing a dip at the crossing to prevent stream
diversion, and/or armoring a portion of the fill to sustain overtopping flow.

In a world where exotic species are invading many aquatic habitats,
managers sometimes may have to erect or maintain a barrier to protect a
population. The value of protecting a population from invasives sometimes
outweighs the increased risk to both target populations and other species
when habitat is restricted. Fausch et al. 2006 present a framework for
evaluating these tradeoffs that may help in making these decisions.

Culvert barriers are often designed hydraulically [figure 2.5(d)] so that
they are perched higher than the target fish can jump, or have faster water
velocities than the fish can swim. Steep or perched crossing structures not
specifically designed as barriers may not reliably block invaders because
they may be passable at some flows or to some individual animals.

Where a headcut is progressing upstream and the existing crossing is
protecting the upstream channel from incision, the team may recommend
maintaining the grade control function. This might happen, for example,
where the roadfill backs up water and creates an unusually valuable wetland
habitat. A full-bottom culvert or ford can function as a grade control, but

to provide for aquatic species passage, the installation may require special
measures, such as a specially designed side channel.
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Where a channel has incised downstream of the existing culvert and
degraded important habitat, the team may recommend restoring both
passage and habitat. This work would involve restoring the channel to an
elevation and sinuosity that makes the transition across the road crossing
as close to seamless as possible. These projects may be more extensive and
expensive than those in which only the crossing is treated.

2.4.1 Road Approaches to the Stream Crossing

The effectiveness of any structure depends on how well its design fits the
site. Size, alignment, and provision for overbank flows and woody debris
passage all influence the long-term sustainability and passage effectiveness
of structures. Part of the challenge of fitting the structure into the site and
minimizing ecological damage is designing the road approaches to the
crossing and implementing needed BMPs. For example, where the road
crosses an active flood plain, the continuity of water, sediment, and debris
transport along the flood plain depends on drainage through the roadfill.
Side-channel culverts, and culverts or dips on flood-plain swales and other
locations across the flood plain might be necessary for maintaining flood-
plain habitats and passing aquatic species that use those features.

Other design BMPs act to hydrologically disconnect the road from the
stream. Their purpose is to leave no continuous surface flow path from the
approach road to the stream during runoff events, so that water quality is
protected from road-derived pollutants. These BMPs include:

@ Ensuring that drainage ditches discharge muddy storm runoff to a
vegetated buffer area or a constructed sediment trap rather than the
stream.

@ Stabilizing road fills effectively so that sediment production
1s minimized, not chronically disturbing road fills during road
maintenance, and revegetating or rearmoring them for stability where
needed.

@ Outsloping road surfaces for surface drainage dispersal
wherever possible. (Outsloping minimizes needed
excavation, hydrologic connectivity, drainage concentration,
and maintenance needs. Backup cross-drainage may be
necessary where outsloped running surfaces become rutted.)
(http://www.stream.fs.fed.us/water-road/w-r-pdf/surfaceshape.pdf)

® Armoring road surfaces where necessary to prevent erosion and
sediment transport to the stream.

2—11
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@ Ensuring that stream crossings do not have diversion potential.
(http://www.stream.fs.fed.us/water-road/w-r-pdf/diversionpntl.pdf)

@ Anticipating and preventing maintenance problems, and disturbing
well-cured roads and trails only when needed for safety or drainage.

® Monitoring roads, trails, and crossings at regular intervals after large
storms, and promptly remedying problems.

2.5 CONSTRUCT AND MAINTAIN THE CROSSING

The next step is to build the new crossing, ensuring adequate protection of
the aquatic ecosystem during construction. This step involves timing and
sequencing of installation, appropriate construction methods, and use of
BMPs for water quality and aquatic habitat protection.

Timing is important for reducing the environmental impacts of crossing
construction. Construction sites may be more vulnerable to erosion—and
organisms that inhabit the stream or river may be especially sensitive to
impacts—during certain times of the year. For example, many freshwater
mussels shed their larvae directly into the water, where the larvae drift
downstream until they encounter host fish. These releases occur at specific
times of the year, varying according to species. During spawning season,
fish may require natural flow conditions to reach headwater spawning
areas. Likewise, some life stages (eggs, larvae, fry) cannot easily move

to avoid unfavorable conditions, such as periods of higher-than-normal
turbidity, or dewatering of the stream channel. Before determining the
most favorable time for construction, therefore, teams should identify
species using the stream or river and understand their specific life cycles
and habitat requirements. Except where species are particularly vulnerable
during low-flow conditions, timing construction during periods of low
flow is usually best. In practice, the ‘work window’ is often specified in the
State permit for in-channel work.

The best construction practices are those that reduce the amount of
erosion and sedimentation; minimize the extent, abruptness, and duration
of streamflow changes; and avoid the creation of physical barriers to
animal passage (figure 2.6). Where tradeoffs need to be made among these
considerations, knowledge of watershed conditions, the species present,
and their ecological needs should guide decisionmaking.
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Figure 2.6—Isolating the construction area at a bridge reconstruction site in
Yellowstone National Park. Photo: Dan Rhodes, National Park Service.

Water quality, channel integrity, and downstream habitats are always at
risk in crossing construction and retrofit projects. Diligent attention to
erosion and sedimentation controls and stormwater management during
and after construction is essential. Common events such as summer
thunderstorms can have important negative effects if teams do not
anticipate them when planning for erosion control.

Maintenance and restoration of riparian vegetation is another important
BMP. Riparian vegetation helps anchor banks, maintains channel form,
provides shade and temperature control, contributes nutrients essential

for productivity in small streams, provides large woody debris that shapes
stream channel environments, and is an important component of habitat
for riparian wildlife. (See chapters 7 and 8 for descriptions of construction
methods that protect aquatic and riparian resources.)
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2.6 MONITOR THE CROSSING

Only by monitoring can we know whether our methods meet our
objectives. Before beginning, teams must clearly delineate monitoring
objectives and determine what data they need to achieve the desired
confidence in the results. Several types or levels of monitoring exist:

Implementation monitoring occurs during and/or immediately after
construction, when the project team checks whether construction BMPs
are being implemented and determines whether the structure was installed
as designed. Regardless of what further monitoring is planned, as-built
surveys or the plans annotated by the contract administrator (with changes
made during construction) should be permanently filed, so that future
changes can be identified.

Effectiveness monitoring answers the question: is the structure performing
as intended? It does not need to be complex and time consuming, and

can be as simple as the team visiting the site to see whether streambed
continuity is being maintained over time. This monitoring can also be
incorporated into regularly scheduled road safety checks. In an evolving
technology such as stream simulation, this type of monitoring is essential
for verifying whether design methods need modification. In some cases,
installation problems may reduce a structure’s effectiveness, and team
members need feedback so that they may correct for past mistakes or poor
decisions and continue to improve the process.

Validation monitoring (determining how well species can actually

move through a structure) is more complex. It should be done as an
administrative study, designed and conducted in cooperation with
university or other researchers. Much has been learned from past
experience, especially from detailed case studies that result from careful
validation monitoring (see, for example, Lang et al. 2004). Continued
monitoring of crossing structures—with particular attention to innovative
designs and a broad range of species—will ensure that we know how well
our efforts to protect stream ecosystems are succeeding and how we can
improve those efforts.
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3.1 WHAT STREAM SIMULATION IS AND WHAT IT ISN’T

Stream simulation is a method of designing crossing structures
(usually culverts), with the aim of creating within the structure a
channel as similar as possible to the natural channel in both structure
and function. The premise is that the simulated channel should
present no more of an obstacle to aquatic animals than the adjacent
natural channel.

Stream simulation developed when people began to realize how important
it is to provide passage for the variety of aquatic species and lifestages
present in most streams, and how difficult that is to accomplish in a bare
or baffled culvert. To solve the passage problem simultaneously for many
different species with different movement capabilities and timing needs,
stream simulation takes a very different approach from hydraulic design.
Stream simulation does not target specific fish or other species for passage,
nor does the designer need to match species-specific water velocity, water
depth, or crossing length criteria. Instead, a continuous streambed that
simulates natural channel width, depth, and slope connects the reaches up-
and downstream of the crossing. The simulation creates the diverse water
depths and velocities, hiding and resting areas, and moist-edge habitats
that different species need for movement (figure 3.1). Given the similar
conditions, we can safely presume that the simulated channel inside the
crossing presents no more of an obstacle to movement than the adjacent
natural channel. Stream simulation crossings are larger than traditional
crossings, and therefore less prone to debris plugging. This can benefit the
road by reducing any tendency for debris plugging to cause overtopping or
flow diversion.

The goal in stream simulation is to set the stage so that the simulated
channel adjusts to accommodate a range of flood discharges and sediment/
debris inputs, without compromising aquatic organism passage and
without having detrimental effects on up- or downstream reaches. For the
simulated streambed to maintain itself through a broad range of flows,
stream processes that control sediment and debris transport and maintain
hydraulic diversity must function similarly to the natural channel. In
other words, flows that transport sediment and debris and rework the
channel bed should not be constrained or accelerated inside the crossing
structure. Bankfull flow is widely recognized as a good estimator of the
channel-forming flow in stable alluvial rivers (Wolman and Miller 1960;
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Andrews 1980; Hey 1997) (see appendix A.4.1). Therefore, as a working
criterion, we ensure that the channel inside the structure is at least as wide
as bankfull width in the reference reach. Although this criterion is by

no means the only characteristic of a self-maintaining stream-simulation
structure, it is an essential one.

First, the simulated channel is designed. Then the crossing structure—
either a bridge or culvert—is fitted over and around it. Its width depends
strongly on project objectives, and it may exceed reference reach bankfull
width if necessary for achieving objectives such as bed stability or
amphibian or terrestrial animal passage.

Simulations are not exact replications of real stream channels. Features we
cannot recreate inside crossing structures include:

@ Natural light.

® Cohesive soils.

® Channel-spanning or embedded wood.
@ Debris jams.

@ Bankline vegetation.

® Channel bends.

@ Flood-plain functions.

Features that provide roughness in a stream channel are essential

for stabilizing the bed and creating the depth and velocity variations
needed for aquatic species passage. Though we cannot duplicate these
characteristics, we can simulate some of them with large rock. For
example, to simulate natural banklines, we can place immobile rock
along the channel margin in various arrangements that mimic the natural
streambank. We can also use rock to simulate the grade-stabilizing
functions of embedded debris.

For these and other reasons, the design is not a perfect simulation of the
natural channel. Where to draw the boundaries of “stream simulation” is
not always clear. Although stream simulation is most often described in
terms of performance (providing passage for all aquatic organisms), since
we are unable to verify free mobility for all aquatic organisms at a site,
success is likely to remain somewhat subjective.
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Real stream channels are tremendously diverse and complex, with some
degree of unpredictability in their response to runoff events and land
management. Even using sophisticated quantitative methods for design,
we cannot guarantee that a simulated streambed will sustain itself through
the full range of flows it may experience. Moreover, our knowledge is
continually expanding as we build more structures and as floods test those
structures. While this guide synthesizes years of experience to date, the
authors have tried throughout to make its limitations clear.

“/thﬂZf use the best data and methods available at the ttme.”
— Dr. Charles Betlke

3.2 KEY ELEMENTS AND LIMITATIONS OF STREAM SIMULATION

The reference reach is the key element of a stream-simulation design. A
natural stable reach, preferably upstream and near the project (see section
5.4), becomes the design template. The reference reach must satisfy the
physical conditions of the crossing site, especially the slope, and it must
be self-sustainable inside a confined structure. In other words, flows
interacting with the bed and the structure walls will dynamically maintain
the streambed within the structure. In high flows, although some features
of the simulated bed may be immobile, other streambed materials should
mobilize and restructure themselves similarly to the natural channel;
sediment transported from upstream should replace eroded material.

Setting the stage for self-sustainability in the simulated channel means
establishing basic characteristics of the reference reach, such as gradient,
cross-section shape, bank configuration, and bed material size and
arrangement. The reference reach need not reflect the average conditions
in the natural channel; however, the condition should not be extreme.

We assume that if we can simulate a reach representative of the natural
channel, passage will be as good as in the natural channel. This is a virtual
certainty in the many cases where the reference reach is very near the
project site and represents the project reach as it would be if the crossing
had never been constructed.
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The ideal of simulating a stable reference reach inside the crossing
structure may not be feasible in certain common situations. These
situations include highly unstable channels that are rapidly changing,
such as after a major flood, where no stable reference reach exists.

Other examples are inherently unstable landforms subject to frequent
disturbances, such as alluvial fans (figure 3.2) and debris torrent-prone
channels. Even stable sites where channel changes occur frequently, such
as active meandering streams, are undesirable sites for any rigid structure.
The ideal solution is to relocate the crossing and/or the road. Where
relocation is not feasible, the project team must predict potential channel
adjustments for the life of the structure and design for them.

Figure 3.2—Active alluvial fan channel where flows have deposited gravel over
the fan surface.

Channels in wide, active flood plains present a challenge to stream
simulation if the structure has to accommodate a large amount of flow
that normally spreads across the flood plain. Funneling flood-plain flows
through the structure can exert the sort of pressure on the simulated
streambed that a reference reach connected to the flood plain never sees.
Chapter 6 (section 6.5.1.1) gives a detailed discussion of design solutions.
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On some occasions the crossing needs to maintain a steeper-than-natural
grade. For example, where a long stream reach downstream of the road has
incised, the crossing might be retained as a grade control to protect the
upstream channel. For such sites, the project team may have to search the
stream to find a reference reach of the desired (steeper) slope. How far a
simulation can diverge from the natural slope of the project reach and still
achieve full passage remains uncertain (see section 5.5). The key question
is whether the channel immediately upstream of the crossing will be able
to supply the size and volume of sediment that the simulated channel
needs. Section 6.1.2.3 discusses designing simulations steeper than the
natural channel.

Assuming downstream channel incision is not ongoing, the ideal way to
handle crosssings with large elevation drops is channel restoration. Instead
of steepening the culvert to tie the upstream and downstream elevations
together, the design restores the incised segment to its natural elevation,
sinuosity, and diversity. In some cases, to achieve sustainability, restoration
of a long reach becomes necessary.

Channel restoration can restore more than aquatic species passage at the
crossing; it also can restore aquatic habitat where that habitat has been
simplified or destabilized. Section 6.1.2.3 covers the channel restoration
option, but details of channel design are beyond the scope of this guide.
For more information on channel restoration, see Federal Interagency
Stream Restoration Working Group (1998) and Saldi-Caromile et al.
(2004).

Many older culverts have caused sediment deposition upstream and local
scour downstream (even when the channel has not incised), leaving an
elevation difference that the replacement project must deal with. A simple
method of handling this situation is to simply reconnect the streambed
and allow it to regrade naturally. However, in some cases undesirable
ecological effects could result. For example, a small wetland may have
developed above the old culvert, and that wetland may now be providing
valuable habitat to amphibians. Or an important spawning habitat may
exist downstream, where sediment should be minimized. Section 5.3.3
describes some of these considerations.
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What constitutes “stream simulation” in these less straightforward
situations is not entirely clear: How far can the characteristics of the
constructed channel diverge from the natural channel before some aquatic
species is impeded? How much steeper than the surrounding reaches

can the simulated bed be? We might find a short, steep natural reach
somewhere upstream, and ask: Can we use this reach as a valid reference
reach? To answer this, we should keep a couple of basic questions in mind:

® Does the natural reach impede movement of aquatic species?

@ Are the local controls on sediment supply, transport, and bed stability
similar to the culvert site?

If the reach passes these tests, most practitioners would consider it a valid
reference reach.

Where teams can find no reference reach steep enough to achieve site
objectives, they can reasonably use a hybrid design procedure for the
structure’s streambed. This technique simulates the streambed materials
and structure that would be expected in nature at the desired slope.
However, the major structural features of the bed are designed to be
immobile because, if washed away, they would not be replaced by
upstream rock of the same size (see appendix B). The structure may or
may not pass all aquatic species at the site; the further the design departs
from the characteristics of the natural channel, the less likely it is to pass
all aquatic species that are present. To maximize the project’s resource
benefits and minimize its natural resources costs, the project team and
managers must weigh these compromises and trade-offs that some
situations necessitate.
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3.3 HOW COMPLEX DOES IT NEED TO BE?

All these factors may make the design method for stream simulation seem
complex, but the key is to tailor the level of effort to the complexity of
the site. Complicated sites, such as those listed below, require a careful,
detailed design process.

CROSSING DESIGN IS MORE CHALLENGING WHEN A CHANNEL
IS:

Unstable (laterally or vertically).

Undergoing rapid meander shift or bank erosion.
Severely incised below the crossing.

Severely aggraded above the crossing.

Subject to debris flows, hillslope erosion events, or other
large sediment inputs upstream of the crossing.

Steeper than 6 percent.

Made up of intermittent bedrock exposures in the streambed
(see section 8.2.10).

Simple sites may not need detailed assessment, and their design is often
straightforward. As teams gain experience, they can streamline the process
appropriately for each site.

Part of the reason why the stream-simulation process appears complex is
that it is inherently multidisciplinary. It requires considerable expertise
and experience in diverse disciplines. The project team should include
members who understand aquatic wildlife biology and ecology, so that
they can identify passage needs, participate in setting project objectives,
and protect wildlife during construction. Fluvial geomorphology and
hydrology are important to understanding the watershed processes that

the design must accommodate and the fluvial processes and channel
features that must be simulated through the crossing. Civil engineering and
hydraulics are essential to designing a fixed structure that will withstand
the dynamic stream and valley environment. As no single person can
competently cover all these areas of scientific and engineering knowledge,
stream-simulation projects always involve a team of people experienced
in applying these sciences (figure 3.3). Sometimes other specialists will be
needed at especially complicated sites. In all cases, good communications
between disciplines is crucial throughout the project.
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Figure 3.3—M uiltidisciplinary project team on initial reconnaissance of a project site.

3.4 ROADMAP FOR STREAM-SIMULATION DESIGN

Figure 3.4 shows the phases of a stream-simulation project, somewhat
modified from phases defined by Jim Doyle (fishery biologist, Mount
Baker-Snoqualmie National Forest). Except for stream-simulation design,
the phases are essentially the same as for any crossing design project.
Figures at the beginning of each of the following chapters will expand
figure 3.4 to show details of the actions and considerations pertinent to
each phase. It will function throughout the guide as a navigational “road
map” to the project development process.

The project phases are identified primarily as a way of organizing this
guide. The actual process of stream-simulation design is not linear. The
phases overlap, and the team may have to go back and forth between
phases when knowledge gained in a particular phase forces reevaluation of
earlier conclusions. Often—especially at complex sites—a decision taken
in one phase must be revisited in light of new information in later phases.
The process starts with a broad view, and focuses down to smaller scales
and more detail as the project develops.
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Figure 3.4—Steps in the stream-simulation design and construction process.

3.4.1 Initial Watershed and Reach Review

Unless you are well versed in the field of fluvial geomorphology,
read appendix A before plunging into the stream-simulation process.
Appendix A introduces geomorphic terms and concepts that are
used throughout this guide and that are essential to understanding
stream simulation.

In this phase (discussed in chapter 4) the project team reviews the access
and travel management plan to verify that the road is both necessary and
well located. They collect existing biological and physical watershed-scale
information as background for project planning and for helping to interpret
observations from the site-assessment phase. Placing the crossing site in
the context of the road network and the watershed helps ensure recognition
of ‘big picture’ risks, consequences, and opportunities.

Additionally, the team does an initial site walk-through reconnaissance,
looking at site-specific risks such as woody debris, sediment accumulation
potential, and the elevation drop through the crossing.

Assessment of site risks and suitability for stream simulation begins now,
and continues through the site assessment and design phases. If risks are
high, the team can plan for a higher level of detail in subsequent phases.
This initial review should be done before replacing any crossing structure.
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3.4.2 Site Assessment

The site assessment (chapter 5) is a detailed survey and analysis of

the project site, including channel and road longitudinal profiles, cross
sections, and channel bed materials. It also includes a survey of the
reference reach that will be the template for the simulated stream channel.
From the results of the assessment, the project team develops a set of
specific design objectives, and provides the information needed to design
the simulated channel.

3.4.3 Stream-simulation Design

Stream-simulation design (chapter 6) begins with establishing the crossing
alignment and the longitudinal profile of the simulated channel. Assuming
that stream simulation is feasible, the next steps are to:

® Design the simulated channel based on channel characteristics of the
reference reach.
@ Size the crossing structure.

@ Verify bed mobility and stability, where necessary.

At the end of this phase, the simulated stream-channel design is complete,
and we know the area and depth the structure will have to cover. Although
the focus in this guide is primarily on culverts, the same principles apply
to bridges, and the team does not have to make a final choice of structure
type until phase 4, final design.
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3.4.4 Final Design and Contract Preparation

In this phase, final design and contract preparation (chapter 7), the
engineer-designer completes the structural design and details of the overall
installation. Contract drawings and specifications are prepared, including
stream simulation bed construction details, as well as water quality,
wildlife, and other environmental protections. The level of engineering
expertise necessary in this phase of the project depends on site conditions
and risk, but in all cases the engineer-designer is part of the project team.
Working through the details, the engineer-designer may discover that
certain design objectives cannot be met or that changes in the preliminary
design are needed. In this case, he or she should communicate with other
team members, who may be able to suggest alternate solutions and should
review any changes. Communication with the Contracting Officer’s
Representative (COR) is also crucial for predicting and solving problems
that may arise during construction.

At this point, if not before, the COR should become a member of the project
team. The COR should review the design during contract preparation, to
become familiar with the critical design elements and to comment on the
practicality of contract specifications and special requirements. As he or she
will have to deal with any contract changes or unforeseen site conditions,
the COR should understand earlier design decisions thoroughly. Good
communication and mutual trust among team members make it much easier
to handle sudden challenges during the construction process.

3.4.5 Construction

Contracting officers, CORs, and inspectors take the lead in phase 5
(construction, chapter 8), which begins when the solicitation is advertised.
Again, to help manage changes in project design or unexpected conditions
as they arise, the COR should keep other team members informed about
progress, and make them aware of construction issues. For example, the
biologist may need to be involved in trapping and moving the aquatic
organisms at the site before construction and dewatering begin. The fluvial
geomorphology specialist who participated in the design may also be able
to advise on channel construction. Specialists’ continued involvement will
help assure the design objectives are accomplished as intended.
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3.4.6 Maintenance and Monitoring

3—12

Road-maintenance personnel need to be informed about critical design
elements that may not be obvious—especially any grade controls, bank
stabilization, or sediment control measures that may require occasional
maintenance. Over time, road maintenance staff may be not only the
caretakers but also the most regular monitors of crossing condition.

Stream simulations are expected to have lower maintenance needs,

since their larger size decreases the probability of them plugging and
overtopping. Nonetheless, some maintenance needs will undoubtedly
arise. Unforeseen watershed or climatic events and channel adjustments
may occur, perhaps changing the simulated streambed in ways that impair
passage. Floods exceeding the structure’s capacity certainly will cause

a need for maintenance. All stream-simulation projects should prepare

for maintenance and emphasize both monitoring and sharing monitoring
results as a way of improving these design methods as rapidly as possible.

This guide covers maintenance and monitoring only briefly (section 8.3.2),
despite their importance. Maintenance, continued monitoring observations
over time, and documentation are essential to further development of
stream-simulation technology. Early stream-simulation design replacement
structures should be monitored intensely to improve our understanding and
knowledge of the stream-simulation assessment, design, and construction
process. Such monitoring will ensure that (1) mistakes are not repeated

on future installations and (2) knowledge gained on techniques and
interpretations is applied on future installations.
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and Considerations in Initial Watershed and Reach Review

Review the road context

@ Access needs

® Road location

® Road management objectives

@ Landownership and partnership potential

Review watershed and site resource values
@ Aquatic species, habitats, and conditions

® Terrestrial animal passage needs

® Flood-plain values

® Water uses

Evaluate watershed-scale risk factors
® Geomorphic hazards

® Event history

® Past and projected land management

® Crossing maintenance history

©® Channel stability

Evaluate site risk factors

©® Channel stability

@ Potential for blockage by debris, ice, and/or sediment
@ Flood-plain constriction

@ Large elevation change across existing structure

©® Channel sensitivity to change

Evaluate site suitability

Establish project objectives

@ Traffic access requirements

® Degree of stream continuity

® Degree of flood-plain continuity

® Aquatic and terrestrial animal passage requirements
® Channel restoration

RESULTS

Site suitability evaluation
® Type of crossing

Broad project objectives

@ Full aquatic organism passage
® Terrestrial wildlife passage

® Full flood-plain continuity

® Channel restoration, etc.

igure 4.1—Steps and considerations in initial watershed and reach review.
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Before planning a crossing replacement, always ask the questions:
Is the road necessary? Is there a better location for the road and/
or crossing?

Consult existing planning documents, such as the area roads analysis
and pertinent watershed analyses. Those analytical efforts should
show:

@ Location and type of the resources the road accesses.
® Long-term access needs in the area.

® Expected future development and its effects on road use and
stability.

® Road standard needed.

@ Stability and appropriateness of the current road location.

This information allows a reasonable evaluation of the long-term
need for the road and whether it justifies expected maintenance
requirements.

If a road analysis has been done (section 2.1), it will indicate whether the
road should remain at its current location or could be relocated. If not,
make those determinations before continuing.

Review road management objectives to identify traffic access
requirements—an important component of the crossing project objective.
What transportation needs are to be served, at what standard, for how long,
at what cost? For some seasonally closed roads on intermittent streams,
a ford or other low-water crossing may suffice. If a road is being closed

or put into long-term storage, removing crossing structures might be an
option until the road reopens. Roads that must stay open during all but the
largest floods will require a structure that reliably passes not only large
floods but also the sediment and debris they carry. Safety is a primary
consideration.

After reviewing land ownership in the area, identify potential partners for
passage and habitat restoration among downstream or upstream property
owners. Other interested parties—such as watershed councils, county road
departments, and wildlife interest groups—might be possible partners.
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4.2 REVIEW RESOURCE VALUES

To build an understanding of the degree of passage required at a site,
compile existing information on watershed- and site-resource values.
Background information might come from stream surveys, watershed
inventories, special uses databases, and the personal knowledge of

forest specialists, among other sources. Where the crossing is a passage
barrier, habitat value for upstream reaches is an especially critical piece
of information. It helps establish the context and priority of a possible
passage-restoration project. If existing information is not adequate, do the
necessary field investigations.

Examples of potential resources values might include:

® Threatened or endangered aquatic species.

® Excellent or rare aquatic habitats (both up- and downstream of the
crossing) that need protection from excessive sediment and other
pollutants at all costs.

® Terrestrial animal travel routes (for example, the valley is an
important migration corridor for large mammals).

® Specialized flood-plain habitats (for example, ground-water-fed
channels provide crucial cool-water refuges for fish).

® Flood-plain water storage for flood attenuation, maintenance of base
flows, and maintenance of riparian habitats.

® Domestic, municipal, or irrigation water supplies.
® Cultural or archeological resources.
® Recreation.

@ Aesthetics.

Where high-value or unique resources could be affected, the consequences
of partially blocking movement of animals, water, sediment, and/or

debris may be unacceptable. Where severe consequences combine with a
high risk of crossing failure, such as in areas subject to debris torrents,
consider relocating the crossing to a more suitable location. The value and
sensitivity of the resources at risk are also two of the factors that dictate
the level of effort that should go into the design and the degree of stream
continuity the crossing should provide (see also section 4.6).
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4.3 EVALUATE WATERSHED RISK FAC

Take a “big-picture” look at large-scale watershed conditions and
processes that have or can influence the crossing reach. Some of them are:

® Geologic or geomorphic hazards.
® History of flooding and geologic/geomorphic events.

® Past, current, and anticipated land management in the contributing
watershed.

® Regional channel instability (for example, downstream channel
incision; see appendix A.7.2)

Together with a field visit to the site, the watershed background
information provides a basis for understanding how the channel has
responded to watershed events in the past. This knowledge, in turn, helps
predict the direction and degree of future channel change. Predicting
future changes is critical because stream-simulation structures must
accommodate future streambed changes. Key questions include:

® What events and processes led to the current channel form? Is the
channel stable, or is it still adjusting to past events?

©® What watershed changes are likely during the life of the structure?
How might they affect runoff and sediment loads?

® What channel changes are likely during the life of the structure? How
will the stream respond to large floods?

To answer these questions, it helps to know what the watershed has
delivered in terms of floods, debris flows, droughts, etc., and how future
land use changes might change flows and sediment and debris loads. On
the site scale, it is important to know what current reach conditions are
and how responsive (sensitive) the reach is to changes in water, sediment,
and debris loads (see section 5.3). Depending on the complexity of the site
and the watershed, these interpretations can be hard to make. Someone
knowledgeable in watershed and channel processes should guide the team
in interpreting watershed and channel risk factors.
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4.3.1 Geomorphic Hazards

Research the geology, soil, vegetation, and hydrology of the general area.
Interpret these characteristics in terms of their likely effect on watershed
processes and site stability. If a watershed analysis has already been
completed, this information will be available. If not, tailor the detail of
the investigation to the apparent risks at the site. For example, a 3-foot-
wide stream on a closed road may not require the same level of effort as a
20-foot-wide river on a highway.

Evaluate each site for its proximity to potentially unstable landforms that
could dramatically change sediment and debris loading to the crossing
reach (see sidebar info sources). Look for features such as:

® Slope stability problems such as landslides and earthflows.
® Snow-avalanche chutes.

® Debris torrent-prone channels.

In addition, the site itself may be located on an inherently unstable
landform susceptible to sediment deposition or erosion (for example,
alluvial fans, deltas, coastal bluffs). Geologic materials may be highly
prone to erosion, such as unconsolidated glacial sands. These features raise
red flags about site stability.

Information Sources. Information sources commonly available
on national forests are watershed analyses, access- and travel-
management plans, aquatic-habitat inventories, geographic
information systems layers, Infra (Forest Service database housing
information about constructed features on national forests) and
the Natural Resources Information Systems (NRIS) database.
U.S. Geological Survey professional papers, water-supply papers,
technical reports, and surface-geology maps are valuable resources
for helping identify geologic hazards. In more populated areas, State
and local agency maps and reports are often available. Land-type
maps with descriptions of dominant geomorphic processes and
hazards are available on some forests. Do not rely solely on published
information. Field and aerial photo interpretations are essential in
identifying geomorphic hazards.
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4.3.2 History and Location of Land Cover Ch

Watershed Events

Information needed includes:

® Location of the reach in the watershed and in relation to landforms or
activities that could influence water, sediment, and wood input to the
channel such as: geomorphic hazards, in-channel gravel extraction
operations, large-scale riparian forest harvest, road and crossing
failures, dams, etc.

@ History of watershed land use and road system.
@ Maintenance history at crossing site.

@ History of major hydrologic events such as fires, floods, mass
wasting, and droughts.

® Recent flood events.
® Type and intensity of channel responses to those events.

® Projected land use and road system changes in the watershed.

This historical information is the background needed to develop an
understanding of current reach condition as it relates to past events and
current watershed conditions (see figure 4.2 for an example). Is the reach
changing? How have past changes affected the existing crossing? What
is the direction of change? For excellent formal examples of this type of
historical watershed analysis, see Wissmar et al. (1994); MclIntosh et al.
(1994); and Stillwater Sciences (2005).

Collect information on crossing maintenance and failure history to get

an idea of how well the existing structure has performed at the site. This
information will give an idea of channel processes that affect the crossing,
and help identify chronic problems that the new structure should solve.

In addition, analyze how runoff timing and amount and sediment loads
may change in the future as a result of expected watershed events such as
fires, landslides, or development. Project how the reach may respond to
those changes.
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Figure 4.2—Flood-damage surveys can provide historical context for stream
condition. (a) On Gap Creek in northeastern Washington, extensive erosion
occurred on a riparian road in unconsolidated glacial sands during a 1993 flood.
(b) Sediment filled the channel for several years but this transport channel
remained stable and the sediment progressively cleared out during subsequent
high flows.

4.3.3 Offsite Channel Stability

Instability elsewhere in the watershed can affect a crossing structure over
time. For example, a headcut could migrate upstream and undermine a
structure. (Refer to appendix A, section A.7.2 for a discussion of headcuts
and channel incision.) Alternatively, if an upstream reach is unstable, it
could dramatically increase sediment and debris loading to the site. Since
the crossing structure will have to accommodate any large, enduring
changes in the channel, it is important to predict the magnitude, direction,
and timing of likely channel changes.
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Detecting significant channel instability in the watershed is not always
possible without field work. Where forest cover is not too dense, a

time series of aerial photographs can show changes in channel reach
planform and instability. Photos might show noticeable change in channel
width, rapid growth and movement of depositional bars, and growth of
alluvial fans at tributary mouths (Grant 1988). These changes frequently
are associated with observable land uses such as mining, agriculture,
subdivision and road development, or forest harvest. Channel incision is
a common type of regional instability caused by channel straightening,
gravel mining, or loss of an important grade control feature. Historical
accounts of stream and watershed conditions sometimes are available in
local libraries or from community elders.

4.4 CONDUCT THE INITIAL SITE

With this background knowledge about the watershed and the road, the
project team should traverse the channel up- and downstream of the
crossing to (a) get a general overview of channel conditions in the project
reach and (b) identify key geomorphic features and potential channel
stability concerns. The actual length of the reconnaissance depends in part
on how much information already exists about the stream. If good stream
surveys are not available, the reconnaissance may need to extend well
upstream from the crossing to evaluate the extent, accessibility, and quality
of habitat. If the team has confidence in the accuracy of the existing survey
information, walk the channel for at least 30- to 50-channel widths up-

and downstream of the crossing. The reconnaissance should be longer for
more responsive channels, such as where the streambed is more mobile, or
banks are sensitive to disturbance. Be sure to go far enough to confidently
assess channel conditions outside the existing structure’s area of influence.

“Read” the stream for clues about the magnitude of overbank floods and
channel-forming flows, the frequency and type of sediment transport
events, and other channel processes, such as debris transport, beaver
influences, bank erosion, streambed aggradation and degradation, and
general channel stability.

(The sidebar provides a checklist of questions that might be a useful
starting point.) Identify unstable features that could affect the crossing,
such as a sediment wave progressing downstream, an unstable debris jam
that could fail, a potential landslide, or an active headcut. Consider how
the crossing is aligned relative to the stream and whether the alignment
could be improved. Be aware of recent large floods or other unique
occurrences that might affect interpretations of channel conditions.
Observing how the stream has responded to the existing crossing structure
can help you predict stream responses when the structure is replaced.
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Initial Site Reconnaissance Tickler Checklist

Note: This checklist is not exhaustive. There are likely many other questions
that should be answered in different environments. Modify it as needed.

What effects has the existing crossing had on the stream? How high
is the perch, if any?

How prevalent is woody debris? What role does it play in channel
structure and stability? How stable is it? Does the riparian area
provide a future supply of wood?

Is there a high-conveyance flood plain? Is there evidence of scour,
sediment, and wood deposition on the flood plain? Locate side
channels and swales. Are there culverts or dips at these locations?

What processes modify the channel (for example, debris flows,
meander shift, ice or debris jamming, beaver, etc.)?

Are the banks stable?

What are the dominant streambed materials and how mobile are
they?

Is culvert alignment creating stability problems (for example,
with plugging, bank erosion)? Should alternative alignments be
considered?

Is the channel a response or a transport reach? \What channel type
is it?

Are there natural or other barriers to aquatic species passage in the
reach?

Are there solid grade controls (e.g., boulder weirs, bedrock outcrops,
high-stability log weirs) in the reach? These locations can function as
end points for the longitudinal profile surveyed in the site assessment
(chapter 5).

Is the downstream reach incised? If so, should the crossing be
retained as a grade control?

Is there a reach similar to the project site nearby that might be a
potential reference reach?

What features might constrain construction activities at the site?

Are there specialized habitats that require protection during
construction?
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During the site reconnaissance, think through the elements of stream-
simulation design (described in chapter 6) to verify that stream simulation
is actually feasible at the site. Sketch a plan-view map of the channel

and adjacent flood plain or valley side slopes. Annotate the map with
observations, such as location of high flow marks, severe bank erosion,
and bedrock outcrops. (See section 5.1.1 for more discussion on sketch
maps.) Now is a good time to establish photo points. If multiple site visits
become necessary, there may be opportunity to photograph the site at
different flows. Locate the photo points on the sketch map, and mark them
in the field.

Most importantly, focus on the stability of the existing channel and

its responsiveness to water and sediment inputs from natural and
anthropogenic disturbances. Since a stream-simulation design must
accommodate the potential range of channel adjustments during

the service life of the replacement structure, channel stability and
responsiveness to disturbances strongly affect the design. In general,
response reaches are more sensitive than transport reaches. As described in
appendix A, section A.2, response reaches tend to have finer, more erodible
materials, and are more prone to sediment deposition, channel widening,
channel scouring, and channel migration. Knowledge of channel types
(appendix A.6) can often help with interpreting channel responsiveness.

During the site assessment (chapter 5), channel characteristics affecting
responsiveness and stability will be fully documented, but some channel
characteristics and geomorphic settings that can complicate design are
easily observable during the initial walk-through (see sidebar).
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Reach Conditions Requiring Special Consideration

@ Existing structures with large elevation drops (perched).
@ High flood plain-conveyance.
@ Active lateral channel migration.

® Depositional reaches: alluvial fans, braided streams, concave
stream reaches.

® Channels with large amounts of woody debris, especially
channels prone to debris flows or within a debris-flow runout
zone.

® Channels prone to icing.

® Channels with unusual flow regimes, such as estuarine
channels with tidal influences, glacial-meltwater channels,
palustrine (wetland) channels where ground water and
area flooding are important influences, tributary channels
backwatered by the mainstem.

® Channels with intermittently exposed bedrock.

® Unstable channels (laterally or vertically unstable).

These channel characteristics and geomorphic settings are not
universally or equally hazardous. In most situations, designs that
mitigate risks to acceptable levels are feasible. Usually, mitigating
designs will affect project costs to some degree, so be aware from
the outset that these conditions may entail additional costs.

Descriptions of channel characteristics and geomorphic settings requiring
special consideration along with some of their field indicators follow:

Where substantial aggradation above and/or incision below the existing
structure have occurred, the replacement structure design needs to address
the large change in streambed elevation. Such situations can compromise
the feasibility of stream simulation, and their implications are analyzed

in full detail during the site assessment and design phases (chapters 5 and
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6). Documenting the situation now alerts managers that the design may
require more than the usual care and effort. If the existing structure is
functioning as a grade control on an incising channel (see appendix A.7.2),
the team will need to consider whether to preserve the grade control.

Overbank flows may transport large quantities of sediment and debris

on high-conveyance flood plains. These sites require special design
elements to avoid putting the simulated streambed at risk by concentrating
floodwaters through the crossing structure (see section 6.5.1.1).
Geomorphic evidence of substantial flow on the flood plain includes:
scoured channels or swales, slack-water sediment deposits, buried
vegetation, trees scarred by floating debris, and small debris accumulations
upstream of obstructions.

Rapid channel shifting across the valley floor may cause alignment
problems for the crossing and structure design will need to account for the
rate and extent of lateral migration (figure 6.4).

Estimate channel-migration rates from historical aerial photographs,
anecdotal information, and/or field observations, although the first

two techniques may be difficult to use in small channels obscured by
vegetation or located in remote areas. In meandering channels, consider
the following characteristics when evaluating the risk of channel migration
in the field:

® Condition, type, and successional stage (age) of vegetation on
channel banks and bars. (These can sometimes indicate the rates of
shifting and heights of flooding; for example, age of vegetation on
existing point bars can indicate rate of bar growth. The root strength
of bank plants with dense and/or deep rooting habits can limit
channel shifting.)

® Presence of a cutoff channel, abandoned channel, or swale along an
inner channel bend (on the point bar).

® Composition and stratigraphy of bank materials. (Are bank sediments
cohesive or noncohesive? Are certain layers more resistant or
susceptible to erosion?)

® Evidence of active bank scour on the outside of bends, such as pieces
of bank, exposed root masses, or fallen whole trees or shrubs lying
at the bank toe or in the stream. (Be careful not to confuse channel
migration with bank erosion resulting from sediment accumulation
above an undersized culvert that has forced flow against one or both
banks.)
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® Recent sediment deposition on point bars that has partially buried
vegetation.

® Large in-channel debris accumulations, with evidence of flow
diversion onto the adjacent flood plain or terrace surface.

® Extreme angles of stream approach to a culvert inlet. (These may
indicate (1) that the stream has migrated since the existing structure
was built, (2) that sediment deposition upstream from an undersized
culvert initiated local bank erosion, changing the stream’s angle of
approach, or (3) the crossing was poorly aligned with the stream
when installed.)

Some channel shifting in the immediate vicinity of a crossing may have
been caused by the original crossing alignment. For example, where a
straight culvert replaced a meander bend, the stream may have responded
by eroding banks and developing new meanders to restore the original
channel length. The severity of this response depends on the amount of
channel shortening and the composition of streambed and streambank
material.

Channel migration is likely to be slower on moderately entrenched and
entrenched channels because the shifting channel must erode higher
banks. However, it can happen. For example, debris jams that backwater
the main channel can force water to overtop the adjacent terrace and incise
into the surface. If the process continues, it can lead to channel avulsion.

Braided streams, alluvial fans, and reaches where stream slope flattens
tend to experience lateral channel shifting due to aggradation or sediment
deposition on bars (figure 4.3). Review the aerial photos of the watershed
above the reach, looking for active sediment sources, areas prone to mass
wasting, etc. Consider how past land uses in the watershed affected erosion
and sedimentation rates, and how expected land-use changes may affect
them in future. Keep in mind that sediment deposition may be chronic

(for example, land use may increase upstream bank erosion and long-term
sediment supply) or episodic (for example, occasional landslides).
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Figure 4.3—Depositional reach on Kiowa Creek, Colorado. The channel shifted
location across the valley bottom during a flood several years before this
photograph was taken, when aggradation put additional erosive pressure on
banks.

In general, it is far better to avoid locating a road on an alluvial fan. The
potential for sediment deposition and channel shift on fans makes for
severe maintenance headaches. If an alluvial fan location is unavoidable,
observe the upper, middle, and lower sections of the fan for recent
sediment deposition activity or active channel incision. Coarse sediment
from the watershed may be actively depositing during flood events near
the upper portion of the fan. The channel may split into poorly defined
distributaries as it flows down the fan, and their locations may change

as deposited sediment and/or debris jams block them. On some fans, the
stream may have incised through the fan deposits, so that deposition is
occurring further downstream. These observations help determine the least
active section of the fan—the best place to locate the road crossing in a
difficult geomorphic setting. However, this least active section of the fan
may still have the potential to become more active during the service life
of the structure.
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Observe the presence, stability, size, and accumulation potential of wood
in the project reach, especially upstream of the road crossing. If large
wood is abundant in or near the channel, wood may play an important role
in maintaining channel stability and controlling grade. It may also pose a
risk to the replacement structure.

The following questions help in evaluating woody debris risks and roles:

® Are there individual wood pieces or large woody debris structures in
the channel? Is the woody debris well anchored, or is there evidence
of recent transport? Are most of the wood pieces generally longer
than channel bankfull width? (Pieces longer than bankfull width
typically have limited mobility.)

® [s the wood mostly solid and likely to last, or is it decaying and
subject to being washed away?

® [f the watershed has a history of wood-dominated debris flows, is the
crossing within the projected debris-flow runout zone?

® Are steps in the channel maintained by woody debris?

® Are there low-gradient channel segments with unusually fine bed
material? (Check to see if these channel segments are controlled by
embedded pieces of wood. Especially in fine-grained channels, even
small pieces of wood can contribute to channel bed stability.)

® Do trees border the downstream channel assuring continued wood
inputs to the channel? Do downstream channel conditions and
stability depend on upstream woody debris inputs? (If so, wood
transport through the crossing structure may be critical to the long-
term stability of the whole reach.)

® Has woody debris been previously removed from this stream for fish
habitat improvement, flood hazard mitigation, etc.?

Table 4.1 shows simple criteria for assessing the risk that woody debris
may plug a crossing structure. Reaches may have any or all of the
characteristics described for a particular class.
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Table 4.1—Qualitative criteria for assessing the risk of plugging by woody debris at a road-stream crossing structure

Woody Debris Risk Description

LOW ® Debris mostly absent or well anchored on banks and in channel.
@® Debris dispersed uniformly along the reach (i.e., it has not moved).

@ Available wood is much larger than the stream’s ability to move it (i.e., large
trees in small streams).

@ Little or no wood available for local recruitment.
® Bed material not anchored by debris.
® Woody debris likely to remain at or near source area.

MODERATE ® Most wood pieces anchored in the channel bed or channel banks.
@ Potential for local recruitment of wood.
@ History of occasional maintenance to remove wood at the crossing.
® Small translational slides or undercut slopes adjacent to channel.

HIGH @ Unstable accumulations of woody debris present along banks, gravel bars, and
channel constrictions.

® Most wood pieces not anchored to bed or banks.
@ Considerable wood available for local recruitment.
@ History of frequent maintenance to remove wood at the crossing.

® Upstream watershed susceptible to debris flows.
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Channels prone
to icing

Figure 4.4—(a) A wood-controlled step exhibiting high stability. Note the large-
diameter logs embedded in the bank. (b) A wood-controlled step exhibiting
moderate stability, Mitkof Island, Alaska. (c) A wood-controlled step exhibiting low
stability, New Hampshire. Note the small-diameter pieces and lack of embedment
in the bank.

In cold regions, ice can play havoc with crossing structures, especially

on low-gradient streams. During spring breakup, moving ice can hit and
damage a structure. Ice jams can also dam the channel, potentially causing
floodwaters to overtop the road. These problems are most common on
perennial streams and near lake outlets. In wetlands, ground water
seeping from streambanks can build thick layers of ice that sometimes
reduce the size of culvert openings.
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Field evidence that ice jams and accumulations may pose a risk includes:

® Ice-impact scars on the upstream side of trees (on banks or
overhanging the stream). These can be several feet up the tree
because of ice dam break-out floods.

® Isolated piles of gravel or cobbles on the banks or flood plain
before spring runoff. Sediments overlie snow, ice, or last year’s old
vegetation.

® Blocks of ice present on banks after spring thaw, especially
near meander bends, on point bars, and above natural channel
constrictions.

® Discontinuous scour holes or channels that begin on the flood plain
away from the stream bank, then join the main channel downstream.

® Weeping cut banks or wetlands next to crossings.

To determine winter-ice thickness in the area, see USACE (1999).

Designing a stream-simulation crossing (a stable channel with streambed
characteristics similar to the natural channel) requires the flow regime

be well understood, whatever that regime may be. Some unusual flow
conditions make design more difficult because of their unpredictability
(for example, glacial meltwater, backwatered tributary). The fine-grained
bed materials common in palustrine and estuarine channels can limit the
feasibility of constructing an embedded culvert.

Many times intermittent bedrock is a design advantage, because it limits
the extent of vertical channel adjustment after placement of the new
crossing. However, it also can be a problem. For example, if undetected
until construction, bedrock can be a surprise obstruction to placing a
culvert at the correct elevation. Likewise, if a crossing happens to be
located just downstream of a natural bedrock barrier that is now buried
under the backwater sediment wedge, the new installation will exhume the
barrier.

The important thing is to notice the presence of shallow or intermittently
exposed bedrock during the walk through. The team can then plan to
determine its extent and design for it.
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Stable channels vary from nearly static and unchanging to highly dynamic
and adjustable. Distinguishing highly dynamic but stable channels

from unstable ones can be difficult (see appendix A, section A.4). Truly
unstable channels are undesirable locations for stream crossings. They

are particularly undesirable for stream-simulation crossings because of
the need to project the changes that are likely to occur over the crossing
lifetime, and design for them. There may be no stable reference reach for a
design template.

Assess overall channel stability outside the influence of the existing
crossing. A single indicator of instability is not necessarily conclusive
by itself. Look for other geomorphic evidence along the length of the
reach that confirms or challenges your conclusion of channel instability.
Indicators of stability or instability should be consistent throughout

the reach. In addition, use stable channels in nearby similar landscape
positions as benchmarks for comparison.

Recent sediment deposition may suggest a channel is unstable and
undergoing aggradation (Pfankuch 1978; Copeland et al. 2001) (figure
4.5). Field evidence can include the following:

® Large, mid-channel bar deposits that have little or no vegetation.
® Loose bed material with fresh surfaces.
® Unusually high percentage of fine material on the streambed.

@ Little difference between surface and subsurface streambed materials;
poorly armored streambed.

® Flood-plain vegetation buried by deposited sediment.

® Upland dry-site vegetation located low on the bank or dead on the
flood plain (indicates recent channel filling).

Evaluating bank stability is often key to determining whether a channel is
stable or unstable. Field evidence can include:

® Substantial and consistent bank caving, toppling, or slumping.

® Irregular channel width and scalloped banks.

® Unstable undercuts.

® Tension cracks at elevations above bankfull.

® Shallow-rooted, sparse, or weak bank vegetation.

@ Artificial bank armoring (riprap) may indicate past bank instability.
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High, unstable banks can also be associated with channel incision or
gullying (figure 4.6). If a headcut has reached the existing culvert, you
may find a distinct difference in bank height and stability between the
up- and downstream channels. (See appendix A.7.2 and section 5.3.4
for descriptions of typical channel type changes associated with incising
channels.)

Figure 4.5—Massive gully erosion upstream (figure 4.6) caused channel filling
and flood-plain sedimentation in this depositional reach, eastern Colorado.

Figure 4.6—Channel widening after recent incision, eastern Colorado.
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One useful procedure for rapidly assessing channel stability in the vicinity
of road-stream crossings is by Johnson et al. (1999). Their procedure,
which builds on several earlier methods (Pfankuch 1978; Simon and
Downs 1995; Thorne et al. 1996; Rosgen 1996), is based on 13 qualitative
and quantitative indicators, each of which is rated with a point system
(table 4.2). These ratings are weighted and added, producing an overall
stability rating for the channel at the crossing. Some of the site variables
(11 through 13) help in evaluating channel response to the existing
structure. Johnson et al. (1999) provide guidance on interpreting the
results to identify the type of instability (lateral, vertical, large transport/
deposition of debris or sediment) and stabilization needs at the site. Any
reach-based assessment procedure like this should be interpreted in the
context of larger-scale stability issues, such as regional incision. The team
can then focus its efforts during the detailed site assessment on the major
risks at the site.

4.4.1 Construction Issues

During the initial review, identify features that might limit construction
access. Show them on the site sketch, and flag them to ensure that the site
assessment survey will include them. Such features include:

@ Utility corridors, buried utility lines.

® Wetlands.

® Soft soils.

® Critical habitats.

@ Steep slopes.

® Rights-of-way.

® Property boundaries.

® Existing landings, opportunities for storage and staging areas.

® Roadway lines-of-sight.

4.5 ASSESS SITE SUITABILITY

The team can now make a first assessment of site suitability for the
crossing. Again, if possible, avoid locations where rapid channel change
can be anticipated (figures 4.7 and 4.8). Crossings in dynamic reaches
have a higher potential for failure than a stable site. If the consequences

of failure would also be high, seriously consider relocating to a more
stable site. The cost of moving the road may be more than offset by the
lower risk of damage to the road or to high-value habitats and by the lower
maintenance requirements.
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Table 4.2—Stability indicators, descriptions, and ratings (Johnson et al. 1999, used with permission of the American

Society of Civil Engineers)
TABLE 1. Stabllity Indicators, Descriptions, and Ratings
Ratings
Stability indicator Excellent (1-3) Good (4-6) Fair (7-9) Poor (10-12)
(1) (3) {4) 5

1. Bank soil texture and ¢o- | Clay and silty clay; cohesive Clay loam to sandy clay loam Sandy clay to sandy loam Loamy sand to sand; noncohe-

herence material sive material
2. Average bank slope angle | Bank slopes <3H:1V (18° or Bank slopes up to 2H:1V (27° | Bank slopes to 1L.7TH:1V (31° or | Bank slopes over 60% common

(Pfankuch 1978) 33%) on both sides. or 50%) on one or occasion- 60%) common on ong of both |  on one or both banks.

ally both banks. banks.

3. Vegetative bank protection | Wide band of woody vegetation | Medium band of woody vegeta- | Small band of woody vegetation | Woody vegetation band may

(Pfankuch 1978; Thome et |  with at least 90% density and tion with 70-90% plant den- with 50-70% plant density vary depending on age and

10.
11

12.

13.

al. 1996)

. Bank cutting (Pfankuch

1978)

. Mass wasting or bank fail-

ure (Pfankuch 1978)

. Bar development (Lagasse

et al. 1995)

. Debtis jam potential

(Pfankuch 1978)

. Obstructions, flow deflec-

tors, and sediment
(Pfankuch 1973)

. Channel bed material con-

solidation and armoring
(Pfankuch 1978)

Shear stress ratio [Egs.
(3)~(4)]

High flow angle of ap-
proach to bridge or culvert
(Simon and Downs 1995)°
Bridge or culvert distance
from meander impact
point (Simon and Downs
1995)"

Percentage of channel
constriction (Simon and
Downs 1995)

cover, Primarily hard wood,
leafy, deciduous trees with
mature, healthy, and diverse
vegetation located on the
ented vertically,

Little or none evident. Infrequent
raw banks less than 15 cm
high generally.

Mo or little evidence of potential
or very small amounts of
mass wasting. Uniform chan-
nel width over the entire
reach.

Bars are mature, narrow relative
to streaim width at low flow,
well vegetated, and composed
of coarse gravel to cobbles.

Debris or potential for debris in
channel is negligible.

Rare or not present.

assorted sizes tightly packed,
overlapping, and possibly im-
bricated. Most material >4
iy

Tolr. < 1.0

F=a=s5

D.>35m

0-5%

sity and cover. A majority of
hard wood, leafy, deciduous
trees with maturing, diverse
vegetation located on the
bank. Woody vegetation ori-
ented 80—90° from horizonial
with minimal root exposure.

Some intermittently along chan-
nel bends and at prominent
be up to 30 em.

Evidence of infrequent and/or
minor mass wasting. Mostly
healed over with vegetation.
Relatively constant channel
width and minimal scalloping
of banks.

Bars may have vegetation and/or
be composed of coarse gravel
1o cobbles, but minimal recent
growth of bar evident by lack
of vegetation on portions of
the bar.

Small amounts of debris present.
Small jams could be formed.

Present, causing cross cuments
&nd minor bank and bottom

ETOs10m,

Moderately packed with some
overlapping, Viery small
amounts of material <4 mm

10 =rfr.< 1.5

o= 0P

20<D,=35m

6-25%

and cover. A majority of soft
wood, piney, coniferous trees
with young or old vegetation
lacking in diversity located on
or near the top of bank.

Woody vegetation orienied at
T0-80" from horizontal often

30-60 cm high. Root mat
overhangs.

Evidence of frequent andlor sig-
nificant occurrences of mass
wasting that can be aggra-
vated by higher flows, which
may cause undercutting and
mass wasting of unstable
banks. Channel width quite ir-
regular and scalloping of
banks is evident.

Bar widths tend to be wide and
composed of newly deposited
coarse sand to small cobbles
and/or may be sparsely vege-
tated.

Noticeable accumulation of all
sizes. Moderate downstream
debris jam potential possible.

Moderately frequent and ccca-
sionally unstable obstructions,
cause noticeable erosion of
the channel. Considerable sed-
iment accumulation behind
obstructions.

Loose assortment with no appar-
ent overlap. Small to medium
amounts of material <4 mm

IL5=1M.<25

10Ff = a = 30°

W0<D,=20m

26-50%

health with less than 50%
plant density and cover. Pri-
marily soft wood, piney, co-
nifierous trees with very
young, old and dying, and/or
monostand vegetation located
off of the bank. Woody vege-
tation oriented at less than 70°
from horizontal with extensive
root eXposure.

Almost continuous cuts, some
over 60 em high. Undercut-
ting, sod-root overhangs, and
side failures frequent.

Frequent and extensive mass
wasting. The potential for
bank failure, as evidenced by
tension cracks, massive under-
cuttings, and bank slumping,
is considerable. Channel width
i3 highly irmegular and banks
are scalloped.

Bar widths are generally greater
than 1/2 the stream width at
low fiow. Bars are composed
of extensive deposits of fine
particles up to coarse gravel
with little to no vegetation,

Moderate to heavy accumula-
tons of various size debris
present. Debris jam potential
significant.

Frequent and often unstable
causing a continual shift of
sediment and flow. Traps are
easily filled causing channel
to migrate and/or widen.

Very loose assortment with no
packing. Large amounts of
material <4 mm

Tolt = 1.5

a = 30°

0<D.=10m

>50%

Note: Ranges of values in ratings columns provide possible rating values for each factor.
“a = approach flow angle to bridge or culvert.
*D,, = distance from bridge or culvert upstream to meander impact point.
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Brewster Creek Road Culvert Replacement,
Lolo National Forest, Montana
Example provided by Traci Sylte

Where Brewster Creek exits its narrow valley onto a wider, flatter
flood plain, it deposits sediment and forms an alluvial fan (figure 4.7).
The Brewster Creek road crosses near the head of the fan where
sediment begins to deposit as the grade flattens.

Obtimal crossing
location

L7

* Transitional zone from _#

- g(o'dd C channel type to Plan View
?}\s\\“ D channel type.
/ >
— <

Longitudinal Profile View

Figure 4.7—Brewster Creek crossing plan-view sketch. Original drawing by
Traci Sylte.

The previous culvert, approximately half as wide as the bankfull
channel, was full of sediment. As a result, the stream frequently
overflowed the road. The forest replaced the culvert with a new
bottomless box culvert in the same location. The new structure, which
spans the bankfull width, was designed for fish passage. It was also
designed to pass the 100-year flow, with some free board under the
deck.
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Stream Simulation
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Figure 4.8—Brewster Creek road replacement box culvert, filled to 85
percent of its rise after 1 year.

The year after construction, the new culvert also filled with sediment
to about 85 percent of its rise. The stream still overflows the road
frequently. A simple recognition that the crossing was located in a
depositional zone, coupled with an easy road-location change to only
150 feet upstream (figure 4.7), could have avoided this problem.

Although stream simulation is possible at many risky sites, special design
considerations are necessary. To mitigate such risks, make every effort to
thoroughly understand current stream conditions and potential changes
during the life of the project. Designing a structure that accommodates
those changes and minimizes the potential for and/or the consequences of
failure at such a site will take more effort and care. Both the design process
and the structure itself may be more expensive than at simpler sites.



Chapter 4—Initial Watershed and Reach Review

4.6 DEFINING PROJECT OBJECTIVES AN
CONCEPT

Together with considerations of traffic access needs, maintenance
requirements, safety, and funding, the geomorphic hazards and ecological
values identified during the initial review provide the basis for defining
preliminary project objectives. These objectives are preliminary because
they may change as the team learns more about the site constraints

and opportunities during the site assessment (chapter 5). Throughout
the predesign phases of the project, the entire team—as well as the
manager—should be involved as objectives are set or revised in light of
new information. In cases where objectives conflict, priorities may be
reshuffled. To make sure the objectives and priorities are clear and that
all participants understand them in the same way, write objectives, and
document any changes as they occur.

Objectives should respond directly to the risks and resource values
associated with the project