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3.1. SUMMARY

This review of recent literature provides the City of Seattle (City) with pertinent information
developed in recent years that identifies the effects of urban development on the aquatic
habitat and those actions appropriate to protect and restore natural functions to this habitat.
The review deals with literature pertinent to the urban environment of Seattle, but also
incorporates relevant information obtained from investigations in rural and forested
environments. The report is organized by basic habitat type proceeding from the small fresh-
water streams to the estuarine and Puget Sound shoreline habitats.

The City has reviewed the BAS regarding the aquatic environment that includes lakes,
estuaries, rivers, streams, and the nearshore environment, and we have included an
evaluation of the functions of these aquatic environments including in-water habitat and
riparian buffers. Additionally, WAC 365-195-925 states that measures to conserve and protect
anadromous fisheries should protect habitat for all life stages of anadromous fish. This
review of BAS includes identifying information describing the habitat requirements of
anadromous fishes in these aquatic environments and the way the fish use the habitats in
order to devise appropriate conservation and protection measures. Our evaluation of
conservation and protection measures attempts to address each of the distinct life stages of
Pacific salmon that are likely to occur in the various waters within the City.

3.2. INTRODUCTION

The aquatic areas affected by Seattle’s ECA regulations include streams, lakes, estuaries and
shallow marine areas and the associated riparian areas. Riparian areas are the transition
zones between aquatic and terrestrial ecosystems. These areas commonly have substantial
gradients in biological and physical conditions, as well as in ecological processes. Riparian
areas have been demonstrated by numerous investigations to play a major role in the
maintenance and dynamics of aquatic habitat natural functions.

Essentially all of Seattle’s shorelines have been highly modified by urban development within
the city. Forests were removed and replaced with human development over nearly all the
city’s landscape in the late 19th and early 20th century. Narrow riparian areas with natural
vegetation and slope characteristics remain along some of the City’s streams. However,
nearly all the shorelines of the lakes, estuaries, and many streams have been highly modified
by residential, commercial or industrial development. Major historic changes have taken
place in the Lake Washington watershed. Early in the 1900s the Lake Washington Ship Canal
(Ship Canal) was constructed and the elevation of Lake Washington lowered by nine feet. At
the same time the Cedar River was channelized and re-routed from the Green River basin into
Lake Washington with discharge through the Ship Canal and Salmon Bay. The combined
alterations produced irrevocable changes to the landscape that are major influences in the
current functions of the shoreline conditions. Therefore, this BAS includes scientific
information that applies to such highly modified environments. However, information from
naturally forested and unaltered areas is incorporated in this review because this information
identifies the habitat functions and characteristics desired for the urban aquatic areas.

This document provides a review of reports and information currently available that represent
BAS pertinent to management and regulation of the City of Seattle’s aquatic habitats. We
have also evaluated the use and habitat requirements of anadromous fish in these aquatic
environments in order to devise appropriate conservation and protection measures.
Washington State’s administrative code (WAC 365-195-925) states that measures to conserve
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and protect anadromous fisheries should protect habitat for all life stages of anadromous fish.
This evaluation of conservation and protection measures attempts to address the BAS
identifying the habitat characteristics supporting each distinct life stage of Pacific salmon
including:

upstream migration,
spawning,

egg incubation,

fry emergence,

freshwater juvenile rearing,
juvenile migration,

estuarine juvenile rearing, and
marine rearing.

The marine nearshore, estuarine, lake, and stream habitats within the City, provide
important habitat for three federally listed fish species: Chinook salmon (Oncorhynchus
tshawytscha), steelhead (O. mykiss), and bull trout (Salvelinus confluentus) (see NOAA
Fisheries 2013a and USFWS 2013). The Puget Sound Chinook Evolutionarily Significant Unit
(ESU), which was listed as threatened under the Endangered Species Act (ESA) in March 1999.
Multiple populations of the Puget Sound Chinook ESU are supported by the aquatic habitats
within the City. Similarly, aquatic habitats in the City also support multiple runs of the Puget
Sound steelhead ESU which was listed as threatened under the ESA in May 2007. NOAA
Fisheries has proposed critical habitat for Puget Sound steelhead which includes only the
Duwamish River and the marine shorelines of the City (NOAA Fisheries 2013b), although
steelhead also utilize the Lake Washington and Cedar River system.. The proposed critical
habitat excludes all parts of Lake Washington, including all Lake Washington system
freshwater aquatic habitats in the City, due to the economic impact of such a listing. Other
anadromous salmonids, such as chum (O. keta), coho (O. kisutch), sockeye (O. nerka), and
cutthroat trout (O. clarki clarki) are also found in the water bodies within Seattle.

This report is organized by basic habitat type, proceeding from the small freshwater streams
to the estuarine and Puget Sound shoreline habitats. A brief glossary is appended at the end
of this report to provide definitions of some of the more technical terms commonly used in
literature dealing with the subjects covered by the BAS report.

3.3. AQUATIC HABITAT TYPES WITHIN CITY

The City of Seattle contains a complex array of aquatic habitats and shorelines within the city
boundaries. These include lotic, lentic, estuarine and marine nearshore habitats. Lotic
waters are flowing streams such as rivers and creeks (Goldman and Horne 1983). The city has
approximately 45 small streams as well as the lower portion of the Green/Duwamish

River. Lentic waters are standing water such as lakes and ponds. The western shorelines of
Lake Washington, Lake Union, the Ship Canal, and three smaller lakes (Green, Bitter, and
Haller Lakes) are within Seattle. Estuaries are transition areas of variable salinity where
freshwater streams and rivers mix with salt water. The Duwamish estuary and Salmon Bay
estuary are the substantial estuarine waters within the city. Smaller estuaries occur at the
mouths of the several streams, such as Pipers and Fauntleroy that discharge directly to Puget
Sound. Marine shorelines occur along the city’s Puget Sound shorelines (including Elliott Bay
and Shilshole Bay). Each of the water bodies and their adjacent shorelines are important for
healthy aquatic ecosystems including salmon. Gende et al. (2002) recently reviewed the
literature discussing the role of aquatic and terrestrial ecosystems in supporting anadromous
salmonids.
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The following are brief descriptions of the aquatic environments that occur within the City of
Seattle with maps showing their general extent.

Lotic Systems (running water/rivers and streams)

Seattle has approximately 45 streams or creeks. Some of the creeks have been sufficiently
modified by development of their small drainage basins that they are confined in pipes or
ditches and difficult to recognize as streams. Some streams such as Thornton and Taylor
Creeks have at least part of their drainage basin outside the city limits. Thornton, Taylor and
several other streams discharge to Lake Washington, contributing a small amount of flow to
the discharge through the Ship Canal and Hiram M. Chittenden Locks to Salmon Bay. Other
creeks such as Pipers and Fauntleroy discharge directly to Puget Sound, while Hamm, Puget,
and Longfellow Creeks discharge to the estuarine portion of the Duwamish River. Thornton,
Piper’s, Taylor, Longfellow and Fauntleroy creeks are the five current salmon-bearing stream
systems in Seattle.

A key concept in the protection and restoration of streams is the “river continuum concept”
described by Vannote et al. (1980). The river continuum concept describes aquatic systems
with physical variables present in a continuous gradient from headwaters to mouth. Recent
literature has well established the naturally dynamic characters of streams that are a product
of their entire landscape, including hydrologic, geomorphic, and vegetation characteristics, as
well as climate, geology, and topography (Kondolf 2000, Booth et al. 2002, Buffington et al.
2003, Collins et al. 2003, Montgomery and Bolton 2003, Wissmar et al. 2003). Prior to human
modification the rivers that typically incised Holocene valleys through Pleistocene glacial
sediments had an anastomosing pattern with multiple channels, floodplain sloughs, and
frequent channel-switching avulsions due largely to wood jams (Collins et al. 2003). Smaller
streams had many of the same characteristics. Biota and ecological processes also have
variable gradients within this continuum that correspond to the physical gradients.

Thus, streams are naturally dynamic, continually changing over time and area. It is important
to recognize this natural aspect of the lotic systems in formulating regulations to deal with
subsequent changes to these aquatic systems and restoration of this habitat. Most of the
recent literature follows this landscape approach (Garcia et al. 2003) for assessing and
suggesting restoration strategies for aquatic systems. Although the river continuum concept
deals primarily with the geomorphologic processes and dynamic physical conditions of river
channels, it is consistent with the current emphasis on the connection of aquatic, riparian,
and terrestrial ecosystems within a river basin that interact with and influence the channels
physical conditions.

Lentic Systems (lakes and ponds)

Lakes are the basin portions of the landscape that retain water throughout the year (Goldman
and Horne 1983). In the city this includes both lakes that are directly connected to Puget
Sound (Lake Washington-Lake Union-Ship Canal) providing migratory corridors for anadromous
fishes, and lakes that are functionally isolated from Puget Sound (Green Lake, Haller Lake,
Bitter Lake). As described by Schindler and Scheuerell (2002), lakes are functionally part of a
larger ecosystem with habitat coupling in the system playing an important role in complex
nutrient cycling, predator-prey interactions, and food-web structure and stability.

Lake Washington is the largest and most obvious of Seattle’s lentic systems. It is important to
the region because of the resident biota it supports and the functions it serves for
anadromous and other migratory species. Lake Washington provides rearing habitat and
migratory corridors for anadromous salmonids (Chinook, coho, chum, and sockeye salmon,
steelhead, bull trout, cutthroat trout) as well as numerous resident species. These species
are a major component of the aquatic biota important to the local region. Lake Washington
also provides resting and feeding habitat for a variety of birds. Bald eagles, osprey and
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peregrine falcons forage along the shorelines. Numerous species of waterfowl (e.g. ducks,
geese) rest and feed in both the open water and protected portions of Lake Washington
during their autumn and winter migrations through the area. Some of these waterfowl winter
in the Lake Washington habitat.

Within the city smaller isolated lakes such as Bitter, Haller, and Green Lakes provide lentic
habitat. Pipes and culverts downstream from these small lakes functionally isolate them from
Puget Sound. These small lakes connect through man-made drainage systems to Puget Sound.

Estuaries

Estuaries are the aquatic transition zones between streams and marine waters. They
commonly have variable salinity that ranges from fresh water to high salinity approaching
that of marine waters. These salinity gradients extend from fresh water at the upstream end
to high salinities at the estuary mouths. Vertical salinity gradients also commonly occur with
lower salinity at the surface and higher salinity at the bottom. Estuaries are tidally
influenced with extreme ranges of about 18 feet at the mouth to less than one foot at the
upstream end. The tidal force and variability in stream flow produce changes in salinity at
any location within the estuary over short periods of hours, requiring many species either to
adapt to a substantial salinity range or move vertically or horizontally with the variable
salinity.

Seattle has a rather typical, although highly modified, estuary within the Duwamish River.
This estuary extends from the river mouth at the north end of Harbor Island to about river
mile (RM) 11 which is approximately 6.5 miles upstream (south) of the City Limit (i.e., the
lower 4.6 miles of estuary are in the City). Within the city, the Duwamish River estuary is a
dredged navigation channel commonly referred to as the Duwamish Waterway. Although
substantial intertidal habitat restoration efforts have been conducted in recent years (Cordell
et al. 2001, Port of Seattle 2009), the shoreline and riparian habitats, remain highly modified
for commercial, residential, and flood control purposes. The estuary is restrained within a
dredged channel having hardened shorelines and numerous piers over much of the steepened
shorelines. Little riparian vegetation remains other than at the habitat restoration sites. The
natural tide flat and saltmarsh habitat that historically supported rearing and migration of
juvenile salmon produced in the Green/Duwamish River system have been reduced to small
remnants. Side channels and marsh sloughs that were a part of the natural estuary are no
longer present to provide quiet water rearing areas for juvenile Chinook and other salmon.
Recent work by Ruggerone et al. (2006) identified the estuarine transition zone as supporting
relatively high abundances of juvenile Chinook salmon and therefore the authors hypothesized
that this is a particularly important area to focus salmon restoration. Ruggerone et al. (2006)
approximated the estuarine transition zone as occurring between RM 4.6 and 6.5, i.e., just
upstream of the City limits, although this is intended as an approximation and some
additional habitat upstream and downstream of this stretch can be assumed to provide similar
benefits.

A second highly modified estuary also exists at Salmon Bay in the area between the Hiram M.
Chittenden Locks (the Locks) and Shilshole Bay. Historically, this area drained only a small
stream. However, the water courses were altered to connect the estuary to Lake Washington
via the Ship Canal and the estuary now estuary drains the entire Lake Washington watershed,
including the Cedar River and Lake Sammamish. The Locks form the upper extent of the
estuary as freshwater occurs upstream of the Locks and saltwater is present downstream.
Historically, a small stream discharged to the estuary that existed upstream from the present
day Locks. This existing estuary is highly saline with a reduced salinity surface layer provided
by the freshwater discharge from Lake Washington through the Locks. The Locks are located
within the tidal zone eliminating the shallow low salinity portion of a natural estuary, other
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than along the intertidal shorelines of Salmon Bay. In this way, the estuarine transition is
abrupt, rather than what would be expected in a more natural setting.

Other very small estuaries occur at the mouths of small streams that discharge directly to
Puget Sound. Streams such as Pipers Creek and Fauntleroy Creek have very small estuarine
areas constrained by human alterations to the surrounding landscape. Longfellow Creek
technically has an estuarine area that occurs within the large culvert that discharges to the
Duwamish estuary, rather than natural habitat. Puget Creek has a restored estuary that
discharges to the middle portion of the Duwamish estuary.

Nearshore Environment

Seattle has about 33 miles of Puget Sound shorelines along the western side of the city that is
a portion of the Puget Sound ecosystem. The nearshore environment of Seattle includes
intertidal and shallow subtidal areas and terrestrial habitats. These shorelines provide a
complex physical and biological habitat that is important to both anadromous and marine fish
species. The shallow water habitat of these marine shorelines is highly productive with
abundant marine algae, eelgrass, and diatoms providing primary production. A wide variety
of invertebrates (e.g., worms, clams, sea stars, crabs, etc.) live within and on these shoreline
substrates. Many species of marine and anadromous fish spend a portion of their life cycle in
the shallow waters of the nearshore environment.

The natural nearshore environment is dependent on shore processes that erode and transport
terrestrial soils to maintain substrate conditions commonly present in shallow water. Wave
and current energy continually transports and modifies the shoreline sediments in a manner
that produces apparently stable (short term), but clearly dynamic (long-term) conditions that
are a major factor in maintaining the natural environment. Basic habitat modifications such
as bulkheads, seawalls, shoreline armoring, etc. interfere with the natural erosion and
transport processes along most of the city’s nearshore environment. These man-made
structures isolate the source of shoreline materials and interrupt the transport of sediment
already present in the intertidal portion of the nearshore environment (Downing 1983). Given
the natural redistribution of sediments along the nearshore, the disconnection of sediment
sources caused by human alterations typically affects much longer stretches of shoreline than
just the area where the sediment supply is disconnected (Johannessen and MacLennan 2007).
In fact, the effects can extend across several miles of shoreline.

3.4. CHARACTERISTICS OF HABITAT TYPES

This section describes the general characteristics of the habitat types that occur within the
City of Seattle and recent literature describing the characteristics of these habitats.
Although the shorelines of these various habitat types in the city are often highly modified,
natural characteristics are discussed to identify those characteristics that historically
provided the biological functions appropriate to maintain naturally functioning ecosystems.
Aquatic habitats and shorelines are the result of dynamic landscape processes influenced by
supply, storage, and transport of water, sediment, and wood (Benda et al. 1998). The natural
disturbance process continually alters these habitats, but not in the same manner as urban
development. Management of the urban areas relies heavily on information obtained from
investigations conducted in forested landscapes, which provides information on the natural
landscape processes. However, aquatic areas and shorelines that are highly modified by
urban development require different management than harvested forest landscapes (Naiman
et el. 2000, Seattle 2003, Appendix A). Knutson and Naef (1997) provide a review of riparian
management recommendations from literature compiled to that date and discussed below.
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3.4.1. Streams (Lotic Systems)

Streams (creeks) form a substantial portion of the shoreline habitat present within the City of
Seattle (Seattle 2003, Appendix A). During the last 20 years, there has been a substantial
amount of research dealing with streams, the processes that form and change them and their
relationship to other aspects of the landscape within a watershed. This research has
continued to expand our understanding of the dynamics, functions and relationships involved
in natural landscapes as well as those landscapes highly altered by urban development such as
the City of Seattle. The following sections identify both the natural conditions desired for
streams and the highly altered conditions of Seattle’s approximate 45 streams.

While the basic characteristic of streams are incompletely understood (Pess et al. 2003), they
are clearly dynamic systems (Bilby et al. 2003, Collins et al. 2003) continually changing over
time and distance. Streams naturally change from their headwater origin to their estuarine
or freshwater terminus. Streams naturally change over time as physical and biological forces
modify their structure. The following describes the general conditions of natural streams.
Limiting factors, data gaps and priority actions for the specific conditions of Seattle’s streams
and the factors limiting production within the aquatic habitats within the City of Seattle are
provided by Seattle (2003) (Appendix A).

3.4.1.1 Physical Structure Of Streams

The dominant feature of streams (lotic environment) is the swift unidirectional flowing water.
The discharge rate (volume per time) and current (distance per time) interact with the
bottom, shorelines, and floodplain of the stream or river and determines the substrate
composition of the streambed (cobble, gravel, mud, detritus etc.) (Ziemer and Lisle 1998).
The current, depth, and discharge rate also tends to maintain the oxygenated water
throughout the stream. A series of physical structures, that have regular vertical and
horizontal periodicity, make up streams and rivers (Leopold 1994). These structures are
defined as meanders, pools, riffles and glides. Water seeking the path of least resistance or
requiring the least energy produces the horizontal meanders, which occur in the flatter
portions of the watercourses. Meanders tend to produce areas of deeper, swifter flows with
erosion at the outer edge of the meander and shallow, gradual slopes on the inner side of
curves (Leopold 1994). Riffles, pools and glides are a part of the physical structure of the
streams and rivers that are formed by a combination of boulders, large woody debris, water
depth, and the current of the water. Deeper pools of relatively slow moving water are
separated by riffles, which are areas of shallow turbulent water passing through or over
stones or gravel of a fairly uniform size. Intermediate areas of moderate current often found
in larger streams are termed runs or glides. It is important to recognize that stream structure
is dynamic (Bilby et al. 2003).

The physical processes that incorporate and transport sediment, wood, nutrients, etc. vary
with location along streams as a result of geology, landform, riparian vegetation, disturbance
regimes, etc.(Fox 2001, Gomi et al. 2001, Montgomery and Bolton 2003). These dynamic
physical structures of the streams provide an abundance of specialized and dynamic biological
niches. For example, certain benthic invertebrates will be associated with areas of fast
current on the upstream face of a rock whereas different invertebrate species will be found
behind the same rock in the eddy where little downstream flow occurs (Johnson et al. 2003).
The different habitat beneath the rock provides refuge for small animals from their
predators, while the upper surface provides a well-lighted site for attached algal growth
(Johnson et al. 2003, Roni 2003). Riffles tend to contain more of a stream’s benthic
invertebrates than pools.
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An often overlooked aspect of stream ecosystems is the hyporheic zone. The hyporheic zone
is the volume of saturated sediment under and along the sides of the stream where
groundwater and surface water intermix (Edwards 1998). Hyporheic zones occur in portions
of streams with depositional floodplains that provide porous sediment. Processing of
nutrients within the hyporheic zone can equal the amount that occurs in the open channel.

3.4.1.2 Biological Structure of Streams

The biological structure of streams is dependent on the physical structure of the stream as
well as the spatial patterns of drift (living benthic invertebrates and algae which have
released or lost their attachment to the substrate) and detritus (dead organic fragments
coated with bacteria and fungi) (Goldman and Horne 1983, Hershey and Lamberti 1998, Milner
et al. 2000, Johnson et al. 2003). The primary nutrient source for streams is allochthonous
organic matter produced by photosynthesis within the riparian areas (Suberkropp 1998).

Fungi and bacteria in flowing water break down particulate and dissolved organic matter from
decomposition of leaves and wood. Invertebrates process nutrients from bacteria, fungi and
leaf litter into the aquatic food web. Particulate organic material and insects drift
downstream to be consumed by other invertebrates and fish (Siler et al. 2001, Goldman and
Horne 1983). Benthic algae and macrophytes within the streams provide additional primary
production (Murphy 1998).

The relationship of detritus and invertebrate drift in streams is discussed by Siler et al. (2001)
who observed that excluding leaf litter from a treatment stream resulted in a significantly
lower invertebrate abundance, but did not alter the biomass present. These biological
components provide further structure to the stream ecosystem because of their distribution in
relation to current speed, substrate, and food supply (Goldman and Horne 1983, Hershey and
Lamberti 1998). Larger organisms that are part of a stream’s biological structure include fish
and wildlife. The types of fish using Seattle’s major watercourses vary by watercourse and
receiving water body (e.g., Puget Sound, Lake Washington, or the Duwamish River). Common
fish species include salmon, cutthroat trout, stickleback, sculpin, lamprey, and non-native
species such as sunfish (Seattle 2007). Tabor (2006) found that juvenile Chinook salmon
originating in the Cedar River are often present at Lake Washington tributary mouths.
Similarly, Beamer et al. (2013) report extensive juvenile salmon use of tributary mouths and
lower reaches of streams entering Puget Sound. Small numbers of salmon, notably coho and
chum, spawn in the streams of the City. A vast majority of the salmon in the City originate in
rivers beyond the city limits but in the same broader watersheds (e.g., Cedar River upstream
of Lake Washington and Green River upstream of the Duwamish estuary). Stream wildlife
includes waterfowl, amphibians, and small mammals.

3.4.1.3 Riparian Corridor Functions

Riparian corridor, riparian ecosystem, riparian buffer, riparian zone, riparian area, stream
corridor, and stream buffer are the various terms used by the authors of the scientific
literature reviewed for this document. Essentially, these terms have the same meaning and
refer to the upland area adjacent to a water body, although some authors also include the
water body in their definition.

According to Naiman et al. 1998, riparian refers to the biotic communities and the
environment on the shores of the streams, rivers, ponds, lakes and some wetlands. The
stream corridor, riparian corridor or riparian ecosystem is defined as the area of transition
between the aquatic zone and the upland zone (Budd 1987, Johnson and Ryba 1992,
Desbonnet 1994, Furfey et al. 1999, Naiman et al. 2000, National Academy of Science 2002,
May 2003). These stream corridors contain elements of both aquatic and terrestrial
ecosystems.
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Riparian corridors are the most biologically diverse components of Pacific Northwest
ecosystems (Pollock 1998). The degree to which the riparian ecosystem is fully vegetated with
no breaks in the vegetation affects the natural character and water quality of streams
(Haberstock et al. 2000).

Pollock (1998) and Budd et al. (1987) found wildlife to be most abundant along stream
corridors because of the proximity of the riparian zone to water. Approximately 29% of the
wildlife species occurring in Northwest riparian forests are species that depend upon riparian
and aquatic resources (Relsey and West 1998). Factors affecting biodiversity include
disturbances such as flooding, debris flows, channel migration, beaver modifications and
vegetation removal (Pollock 1998). For these reasons, it is important to consider the impacts
of changes in riparian corridor conditions, on fisheries and wildlife habitat.

Bottom et al. (1983) concluded that riparian vegetation affects the physical composition of
stream habitat as well as the biological communities of which salmonids are a part.
Anthropogenic alterations to riparian corridors have negatively impacted the streams in the
Pacific Northwest and Seattle (Budd et al. 1987, Knutson and Naef 1997, Naiman et al. 2000).
Small streams have been affected most by pollution such as excessive nutrients because the
dilution factor is lowest (Budd et al. 1987). The major fish habitat elements influenced by
riparian corridor conditions and correlated with riparian corridor widths are:

water temperature,

food supply and allochthonous input,

stream structure/LWD,

hydrology/stormwater management
sedimentation control, storage and transport; and
nutrient input.

Additionally the riparian corridors provide wildlife habitat for terrestrial species.
Water Temperature

A number of factors affect water temperature in a stream. Water temperature is largely
influenced by the initial temperature of the stream’s source (surface flow, spring, and
reservoir), the rate of stream discharge or flow, the elevation of the stream, and the
vegetation in the riparian corridor (Budd et al. 1987, Ebersole et al. 2001, May 2003, WDOE
2007). Other stream channel characteristics that affect water temperature are groundwater
discharge, undercut embankments, organic debris, surface area, depth, and stream velocity.
Water temperature is of concern both because of its potential lethal effects for cold water
fishes such as salmonids, but also because of its potential effect on general growth and fish
health. Water temperatures both too warm and too cool can reduce survival and growth.
Alcorn et al. (2002) recently reported juvenile sockeye reared at temperatures of 12°C had a
greater immune response to disease organisms than juveniles raised at 8°C. Complex
temperature conditions in streams resulting from cool subsurface discharge can increase trout
production and Chinook abundance (Ebersole et al. 2001). They concluded that the
effectiveness of cold-water patches as thermal refuges is determined by physiognomy,
distribution, and connectivity that were associated with channel bed form and riparian
features. In Cascade coastal streams, geomorphic controls on hyporheic (subsurface)
exchange can be different for various streams and will influence stream temperature
(Kasahara 2000, Kasahara and Wondzell 2003, WDOE 2007). In an analysis of western
Washington streams, WDOE (2007) reported that riparian vegetation has the greatest control
on stream temperature at lower flow rates which in Seattle corresponds to late summer when
solar radiation potential is maximized.
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Riparian corridors act as reservoirs restraining the flow of precipitation by temporarily storing
runoff in vegetation, soil spaces and wetlands. This characteristic minimizes fluctuations in
stream flow and maintains lower water temperatures during summer periods as cool stored
water is discharged to the stream. However, In the Pacific Northwest, the fundamental
hydrologic effect of urban development is the loss of water storage in the soil column. This
may occur because the soil is compacted or stripped during the course of development, or
because impervious surfaces convert what was once subsurface runoff to Horton overland
flow (Booth et al. 2002). Recent literature has demonstrated that riparian vegetation of
sufficient width can produce a microclimate (Chen 1991, Johnson and Ryba 1992, Chen et al.
1995, Blann et al. 2003) that helps maintain a more constant temperature minimizing the
extreme high and low temperatures. The vegetation canopy adjacent to streams shields the
water from direct sunlight, which moderates extreme temperature fluctuations during
summer. This canopy can be grasses and shrubs for smaller streams, as well as trees and
shrubs for larger streams.

The impacts of forest management practices on stream temperature have been documented
by many recent studies (Brown and Krygier 1970, Spence et al. 1996, Kauffman et al. 2001,
Blann et al. 2003, May 2003). Harvested watersheds with buffer strips exhibit no increase in
temperature attributable to tree harvest demonstrating that riparian buffers effectively
regulate temperature in small streams (Brazier and Brown 1973). However, clear-cut
watersheds have shown monthly mean maximum increases of 2-8°C in some cases. According
to Montgomery (1976) the peak daily maximum rise in these clear-cut streams may reach
25.5°C during low flows experienced in late summer, but buffer strips have been effective in
controlling temperature changes resulting from removal of timber. However, Mellina et al.
(2002) observed only modest changes (0.05-1.1°C) in summer daily maximum and minimum
temperatures, diurnal fluctuations, and stream cooling in clear-cut logging areas on
Vancouver Island. Their survey of multiple streams originating from small lakes or swamps
indicated water from these sources tended to cool as the water moved downstream, while
water from headwater streams warmed with and without logging. Urban areas such as the
City of Seattle tend to have conditions similar to harvested forest areas indicating that
riparian buffers will influence stream temperature.

The effect of riparian buffers on stream temperatures is dependent on the size of the stream
because the area, volume, and flow of water is greater in larger streams (Budd et al. 1987).
For example, large trees would have little effect on the temperature of rivers the size of
Duwamish because even large trees cannot provide shade in the middle portion of the river.
However, most of Seattle’s streams are small with narrow channel widths (1-2 m) where even
tall grasses can provide substantial shading. Smaller streams can recover sooner because
early successional vegetation can provide as much shade as wooded buffers for channels of
bankfull widths < 2.5 m (Blann et al. 2002 as cited in WDOE 2007) Water temperature control
requires shading of about 60% to 80% of a stream’s surface. Shading of 60-80% of the stream
area can be achieved with 11-24.3 m (35-80ft) of buffer width (Brasier and Brown 1973) and
23-38 m (75-125 ft) (Steinblums et al. 1984, Budd et al. 1987). Brazier and Brown (1973)
concluded the maximum shading capability of the average strip was reached within a riparian
buffer width of 25 m (80 feet) and 90% of the maximum occurred with a 17 m (55 feet) wide
buffer. Brazier and Brown (1973) concluded the effectiveness of the buffer strips in
controlling temperature changes is independent of timber volume.

Blann et al. (2003) used the U.S. Fish and Wildlife Service’s Stream Network Temperature
Model to evaluate the role of riparian buffer type in mediating summer stream temperatures.
The simulations indicated that grasses and forbs (successional buffers) provide as much shade
as wooded buffers in small streams less than 2.5 m wide. With constant discharge and low
width-depth ratio, grasses and forbs mediated mean temperatures as well as wooded buffers.
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Grazed and successional buffers had a significantly lower percentage of shade than wooded
buffers.

The shading requirement for the maintenance of fisheries habitat is dependent on stream size
whereby the vegetation in the riparian corridors influences stream temperature greater in
small streams than in large streams and rivers. Daily temperature variations in undisturbed
streams were approximately 2.2°C (4°F) or more while temperature variation increased to
5.6°C (10°F) or more when all shade along the stream was removed (Montgomery 1976). This
effect is mitigated by stream size with larger streams having less temperature variation than
small streams due to their larger volume relative to the surface area exposed to sunlight.
Orientation of the stream and buffer also is a factor with vegetation on southern banks
providing more shade than vegetation on northern banks (Bren 1995).

Water temperature also has a direct effect on oxygen level, with cooler water holding higher
levels of dissolved oxygen than warm water (Lamb 1985). One of the most influential water
guality parameters on stream biota, including salmonid fish, is dissolved oxygen (Lamb 1985).
Although salmon are able to survive dissolved oxygen levels of less than 3 parts per million
(ppm), levels below 5 or 6 ppm may result in behavioral changes and increased stress in
adults or rearing juveniles (Pauley et al. 1986). Water turbulence and biochemical demand
also affect amounts of available oxygen. Biochemical demand can stem from the
decomposition of organic materials including pollution (animal waste, sewage etc.), and algal
respiration (Lamb 1985).

Beschta et al. (1987) suggests that direct fish mortality is probably not a major concern when
shading over a stream has been removed, but that temperature changes can influence rates
of fish egg development, rearing success, and species competition resulting in biological
changes. However, several investigations have reported a detrimental effect on coho embryo
and juvenile survival following removal of riparian forest cover (Martin et al. 1986, Cederholm
and Reid 1987, Hartman et al. 1987). No recent literature was found that addresses these
issues.

Allochthonous Input/Nutrient Cycling/Terrestrial Insect Input/Food Supply

It has been well estimated that 99% of the energy and hydrocarbon in aquatic food webs
originates in the adjacent riparian and terrestrial components of the ecosystem (Bormann et
al. 1968, Bormann et al. 1969, Likens et al.1970). Allochthonous organic matter from riparian
areas is the primary nutrient source for streams (Suberkropp 1998). Dissolved and particulate
organic matter from decomposition of leaf litter and wood is broken down in streams by fungi
(hypomycetes) and bacteria. Invertebrates consume the bacteria, fungi and leaf litter to
incorporate the nutrient sources into the aquatic food web. Particulate organic material and
insects drift downstream to be consumed by other invertebrates and fish (Goldman and Horne
1983, Bisson and Bilby 1998).

Light within forested streams is commonly limited to as little as 5% of full sunlight, limiting
photosynthesis. Benthic algae and macrophytes within these streams provide additional
primary production (Murphy 1998). The results of this is that small streams commonly provide
only a small portion of primary production, while large rivers produce about 80% of instream
primary production for a major watershed (Murphy 1998).

Peterson et al. (2001) determined that the most rapid uptake and transformation of inorganic
nitrogen occurs in the smallest streams and that ammonium entering these streams was
removed from the water within 30 meters to hundreds of meters. During seasons of high
biological activity less than half of the dissolved inorganic nitrogen input from watersheds to
headwater streams is exported to downstream areas.

Department of Planning and Development Page 3-11



Fish and Wildlife Habitat Conservation Areas:
Aquatic Areas

Habitat Structure/LWD Recruitment

Large woody debris (LWD) is an important structural component of Seattle and Washington’s
coastal streams that provides salmonid habitat (Bisson et al. 1987). The critical functions of
LWD in forested lowland streams include dissipation of flow energy, protection of stream
banks, stream channel and pool formation, storage of sediment and it provides instream cover
and habitat diversity (Gurnell et al. 2002, Booth et al. 1997, Gregory et al. 1991, Masser et al.
1988, Bisson et al. 1987). The influence of LWD may change over time both functionally and
spatially, but its overall importance to salmonid habitat is significant and persistent (Collins
et al. 2002, Guyette et al. 2002, May 1998).

The source and role of LWD in stream habitats has been the subject of numerous
investigations in recent years (Bisson et al. 1987, Murphy and Koski 1989, Van Sickle and
Gregory 1990, McDade et al. 1990, McKinley 1997, Beechie et al. 2001, Fox 2001, Wallace et
al. 2001, Collins et al. 2002, Jackson and Sturm 2002, and many others). Instream LWD affects
channel structure (Collins et al. 2002, Gurnell et al. 2002, Jackson and Sturm 2002, WDFW
2012); it produces pools and habitat diversity, provides cover, adds roughness (to slow water),
and traps sediment (Bisson et al. 1987). Fundamental changes in the morphology, dynamics,
and habitat abundance and characteristics of lowland rivers have occurred related to changes
in wood abundance (Collins et al. 2002) such as have occurred with urban development.
However, while the quantity and quality of LWD are negatively affected by urbanization even
many of the natural undeveloped streams lacked LWD. Several studies (Gregory et al. 1991,
May 1998, Masser et al. 1988) have found that intact and mature riparian areas are necessary
to maintain instream LWD. The lack of functional quantities of LWD in Puget Sound lowland
streams is significantly influenced by the major reduction in riparian habitat along urbanized
streams.

Both large and small woody debris interact with water and sediment to produce localized
sediment scouring and deposition. This action results in more complex and often more stable
habitat than would occur in the absence of woody debris (Jackson and Sturm 2002, Ulrike and
Peter 2002, Montgomery and Buffington 1998, Beechie and Sibley 1997, Ralph et al. 1994,
Sedell and Beschta 1991 White 1991, Heede 1985). Generally LWD provides the key pieces in
log jams that are major dynamic forces in stream structure formation and alteration (Collins
et al. 2002). In streams, wood pools and riffles generated by debris provide habitat for
migration, spawning, rearing, and refuge from periodic disturbances (such as major storms or
landslides).

Wood jams are now rare in many coastal streams because of the lack of very large wood that
functions as key pieces, together with low rates of wood recruitment (Collins et al. 2002).
The contribution of woody debris to stream structure is believed to be derived from within 31
m (100 feet) of the banks of a stream (Bottom et al. 1983). Removal of large wood from
streams and riparian areas greatly reduces the supply of new wood to streams (Gonor et al.
1988, Collins et al. 2003). Additionally, hydraulic considerations motivated widespread
removal of not only riparian vegetation but also in-stream obstructions. On large rivers any
logs or snags reduced navigability; on small streams mobile debris can be seen to lodge under
bridges and clog culverts, encouraging local sediment deposition and flooding. Thus, wood
jams are rare in Seattle’s streams because of the lack of very large wood in riparian areas
providing wood recruitment and key jam-forming pieces.

The duration of wood within streams has been an issue in evaluation of stream processes
forming aquatic habitat. Both short life species such as red alder (Alnus rubra) and long-life
species such as Douglas fir (Pseudotsuga menziesii) provide key LWD pieces producing channel
forming actions (Beechie et al. 2000). Immersion in water leads to deterioration of the wood.
Bilby et al. (1999) found that the diameter loss of wood ranged from 10.6 mm in five years for
western hemlock to 21.8 mm for big leaf maple. Standards for properly functioning amounts
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of LWD in western Washington streams are 80 pieces per mile or greater (NMFS 1996).
However, Jackson and Sturm (2001) found that the role of woody debris in habitat formation
that has been documented for larger streams does not apply to headwater streams. They
concluded that the major step-forming agent in the small streams is small wood (10-40 cm
diameter), inorganic material, and organic debris (<10 cm diameter), while LWD (>40 cm
diameter) produced less than 10% of the steps. Wood quantity, volume, and mean piece size
increased with channel size due to the increased proclivity for fluvial transport and spatial
accretion, along with greater lateral area for wood to accumulate (Fox 2001). Thus,
relatively small wood pieces play a substantial role in most of Seattle’s streams because of
their relatively small channel width as headwater streams (first and second order streams,
see glossary for definition).

Wood size as related to the size of the stream rather than absolute sizes is important in
determining the role of LWD (Gurnell et al. 2002). Wood pieces that are large in comparison
to small streams tend to remain near the point of delivery and provide important structures
that control, rather than respond to hydrological and sediment transfer characteristics of
smaller streams. In “medium” streams the combination of wood length and form becomes
critical to the stability of wood within the channel. Key pieces of larger wood produce
accumulations of smaller pieces. Flow regime and buoyancy of the wood govern wood
transport, with even large pieces requiring partial burial to give them stability. In “large”
rivers wood dynamics vary with channel geometry (slope, channel pattern), which controls
delivery, mobility, and breakage of wood, as well as with riparian zone characteristics.
Wood retention depends on the channel pattern and distribution of flow velocities. Wood
tends to be stored at the channel margins in larger rivers and greater contact between the
active channel and the riparian areas in these larger rivers produces greater quantity of
stored wood.

There are a variety of models available to evaluate the dynamics of large wood in streams
(Gregory et al. 2003). Meleason et al. (2003) provides a model for the dynamics of stream
wood including tree entry, breakage, movement and decomposition. STREAMWOOD is an
individual-based stochastic model operating at a reach scale on an annual time step.

Each of the salmonid species occurring in the Pacific Northwest is commonly found in debris-
rich environments characteristic of unmanaged coniferous forest streams, at least in coastal
streams. They have developed adaptations that allow them to maximize production in
hydraulically complex channels where debris is abundant (Bisson et al. 1987). Roni and Quinn
(2001) found that the densities of juvenile coho salmon were 1.8 and 3.2 times greater in
LWD treated reaches in summer and winter respectively than in reference reaches of
Washington streams. Response of coho populations was correlated with the number of pieces
of LWD forming pools during the summer and the total pool area during the winter. Cutthroat
trout and steelhead trout densities for age 1+ fish did not differ between treatment and
reference reaches during the summer and were negatively correlated with increased pool
area. Roni and Quinn (2001) also observed the density of trout fry was negatively correlated
with pool area during the winter. Harvey et al. (1999) observed that retention of cutthroat
trout appeared to be greater in pools with LWD; however its presence in pools did not
influence immigration or growth of cutthroat trout.

Large woody debris plays a role in providing prey for rearing juvenile salmonids. Johnson et
al. (2003) concluded that LWD provides habitat and flow refugia for stream invertebrates, and
biofilm production that provides food for grazing invertebrates. These invertebrates rapidly
colonize logs added to streams resulting in changes in community composition and processes.
Wipfli (1997) found that rearing salmonids preyed equally on terrestrially derived and
aquatically derived insects in both old growth and alder-dominated young forested areas.
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Jeanes and Hilgert (2001) found that young Chinook salmon in the Green River used areas of
the thalweg associated with scour pools downstream from boulders and large wood mats.
Mean water column velocities were less than 2 feet/second in these areas. Yearling coho
salmon and cutthroat trout tend to occur in off channel habitats that contain complex woody
debris structure. Attached root systems and accumulated mats of small wood were used by
young salmonids, apparently providing visual isolation from fish and bird predators. Rainbow
trout were found more often in mainstem than off channel habitats. Ulrike and Peter (2002)
found that whole trees placed in a stream increased brown trout and rainbow trout
abundance and biomass. The trees also affected physical habitat features, and provided
additional trout habitat.

Large woody debris may also play a role in habitat formation for non-salmonid fishes and
amphibians. Roni and Quinn (2001) examined the effect of LWD placement in streams on
juvenile lampreys (Entosphenus tridentatus, Lampetra spp.), reticulate sculpins (Cottus
perplexus), torrent sculpins (C. rhotheus), and giant salamanders (Dicamptodon spp.) in 29
small streams. Densities and mean lengths of giant salamanders, reticulate sculpins, torrent
sculpins, and lampreys did not differ significantly between treatment and reference reaches.
Lamprey densities and length of age-1 and older reticulate sculpins positively correlated with
LWD in the wetted stream channel. Lamprey length also positively correlated with the
percentage of pool area. These results indicate that artificial placement of LWD in northwest
streams may benefit lampreys and age-1 and older reticulate sculpins (species that prefer
pools), but have little effect on other non-salmonid species.

Stormwater Management (Quantity and Quality)

Riparian areas play a role in maintaining stream water quality by removing pollutants (i.e.,
nutrients, contaminants, toxic substances, and pesticides) and sediment from stormwater.
Biofiltration or the removal of nutrients and sediment from stormwater during its flow
through riparian buffers is an effective means of treating overland flow of stormwater in
urban areas (Horner and Mar 1982, Vought et al. 1984, Dillaha et al. 1989, Osborne and
Kovacic 1993, Horner 1996, Kauffman et al. 2001, McDowell and Sharpley 2003). Both
forested and grass riparian vegetation can remove 40-90% of nitrate-nitrogen and total
phosphorus concentrations from water (Osborne and Kovacic 1993). Excessive phosphorus is
typically a problem in urban watersheds because it leads to nuisance plant growth in urban
streams. Plant decay in turn, consumes oxygen and reduces the quality of available aquatic
habitat (Arnold and Gibbons 1996). Nutrient removal efficiency is dependent on vegetation
type, buffer width, and water flow rate.

Sediment control can be achieved by stable stream banks that minimize instream erosion and
riparian buffers to control overland erosion and remove sediment from stormwater (Simon
and Collison 2002, Naiman et al. 2000). Erman et al. (1977) found 30-m buffer widths
protected aquatic insect communities from increased sedimentation. Some forest surface
soils have been found to have a percolation rate exceeding 250 inches per hour (Broderson
1973). This high filtration rate along with other factors such as rough terrain, exposed rocks,
logs, brush and micro-variations in surface relief tends to impede and detain overland flows,
preventing storm water from directly entering streams (Brown 1972 in Broderson 1973 and
Pierce 1965). Broderson (1973) found that sediment reached channel bottoms through a 2.5
m (8 feet) undisturbed buffer strip, but not through a strip more than 10 m (33 feet) wide.
This study was done on forest lands, thus it cannot be assumed that denser, more compacted
urban soils will absorb water at the same rate. Urban environments, such as Seattle have
highly compacted urban soils and considerable impervious surface area near streams that
greatly increases the rate of stormwater runoff as well as degrades its quality (May 1998a and
1998b). Riparian areas can have buffers that effectively provide long-term removal of
sediment (Lowrance et al. 1988). Prevention of high levels of nutrients and sediment from
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entering salmon bearing streams in short periods of time maintains oxygen levels and
sediment characteristics thereby maintaining salmon spawning and rearing habitat and
aquatic health.

Maintaining clean gravel is necessary for salmon reproduction. The fine sediment particles
commonly carried by stormwater have the potential to clog spawning gravel resulting in
smothering of developing embryos. Tagart (1976) showed that survival of alevin to
emergence from redds was positively correlated with gravel sizes > 3.35 mm and < 26.9 mm.
In such gravel beds, water is able to percolate through the redd. Healey (1991) suggests that
87% of Chinook fry emerged successfully from large gravel with adequate sub-gravel flows.
Upland disturbances, which cause erosional sedimentation flows into small streams, can
potentially clog gravel beds leading to a decrease in spawning success. Sandercock (1991)
notes that if gravel is heavily compacted or loaded with fine sediment and sand, fry will not
be able to emerge from the redds. Shaw and Maga (1943), Wickett (1954), Shelton and
Pollock 1966 (as cited in Sandercock 1991) have shown that percolation is affected by
siltation and that siltation in spawning beds can cause high mortality in eggs and alevins.

Pollutants enter a stream from point and non-point sources. Point sources are discernable,
confined and discrete conveyance, such as a pipe or channel. Non-point source pollution in
urban landscapes typically originates from discrete urban and residential land use activities
(Feist et al. 2011). Common urban pollutants include: phosphorus and nitrogen from
fertilizers, pesticides, bacteria and several other groups including PCBs and heavy metals
including copper and zinc, which are harmful to aquatic species including salmonids. Sources
of phosphorus and nitrogen in urban runoff include fertilizers, animal wastes, leaking septic
tanks, sanitary sewer cross-connections, detergents, organic matter such as lawn clippings
and leaves, eroded soil, road de-icing salts, and automobile emissions (Seattle 2007). Motor
vehicles deposit an assortment of chemicals onto roads such as heavy metals including
copper, zinc, and chromium from brake pads and tires; and PAHs from emissions, leaking
fluids and tire wear (Feist et al. 2011).

Impervious surfaces collect and concentrate pollutants, delivering them to streams via runoff
during heavy storm events (Feist et al. 2011, May et al. 1997a). May (1998) found that
conductivity was strongly related to the level of basin development under base flow
conditions. These findings indicate that the water quality of urban streams is generally not
significantly degraded in areas with low amounts of impervious surface, but may be
substantially degraded in streams draining highly urbanized watersheds with high levels of
impervious surface area. Feist et al. (2011) have advanced the study on pre-spawn mortality
and report that more mortality has been observed in streams with more roads, more
impervious surfaces, and more commercial property. Both the concentrated pollutants and
short, intense peaks in storm flows degrade salmon habitat in areas with high levels of
impervious surface area.

Wildlife Habitat

Riparian areas are important to wildlife, fish, invertebrates and amphibians. Riparian
corridors are diverse parts of the ecosystems that support more amphibian, bird, and mammal
species than adjacent terrestrial areas (Kauffman et al. 2001). Carothers et al. (1974) found
that alteration of wetland and riparian zone habitat has significant effects on fish and wildlife
populations. A majority of North American wildlife is dependent upon riparian habitats for
their survival (Hubbard 1977). Riparian habitat provides access to water, food, and shelter
(Knutson and Naef 1997), particularly in urban areas where resources supporting wildlife are
commonly very limited. Riparian habitat also provides migratory corridors used by many
wildlife populations (Palone and Todd 1998). Knutson and Naef (1997) concluded that 85% of
Washington’s terrestrial wildlife use the riparian habitat during at least some portion of their
life. Tabor (1976) found as many as 1,500 birds per 100 acres of riparian forests along the

Department of Planning and Development Page 3-15



Fish and Wildlife Habitat Conservation Areas:
Aquatic Areas

Columbia River, which was greater than that found in adjacent non riparian habitat areas.
Carothers (1976)) found that the number of breeding birds in riparian corridors that had been
thinned to 25 trees per hectare (ha) was 54 % of the number found in a nearby undisturbed
riparian corridor that had 116 trees per ha.

Stream Riparian Corridor Widths

Effective riparian areas are only those portions of the vegetated landscape that are within a
short distance of a stream. The riparian area must be of sufficient width and density to
effectively support the ecological functions described above. Given the nature of the various
functions, there is variability in the width of vegetated riparian corridors necessary to provide
the functions (see May 2003). The appropriate width of riparian areas to be ecologically
effective has not been clearly defined, however, a number of investigations have addressed
this issue. Generally recommended riparian area widths are in the range of 50-200 feet to
maintain most stream functions with wider riparian areas needed for wildlife corridors (see
Knutson and Naef (1997), May (2003)). Table 1 lists information on riparian functions and
required widths to protect these functions as identified in existing literature.

Table 1. Riparian Corridor Widths and Functions

. Width -
Function (feet) Reference Finding
Found that many reaches of the Bear-Evans
Creek had a 50’ riparian corridor. Authors
Over All 50 Budd et al. 1987 suggest evaluating streams on a case by
case basis using a technique based on field
surveys and ecological analysis.
Jacobs and Gilliam .
53 1985 Most sediment removal
26 - 600 May 2000 80% sediment removal
100-125 Knutson and Naef 1997 | Erosion control
100 Castelle and Johnson Approaches 100% particulate organic matter
2000 production
100 Lynch et al. 1985 75-80% removal
100 Wong and McCuen 1982 | 90% removal
Sediment
Removal 26-300 Karr and Schlosser 750 removal
1977
100 - 125 Knutson and Naef 1997 | Sediment filtration
200 Wong and McCuen 1982 | 95% removal
200 Horner and Mar 1982 80% removal in grassy swale
200 Broderson 1973 Controls overland flows of sediment on
forest lands under almost all conditions
290 Gilliam and Skaggs 50% deposition
1986
295 - 400 Wilson 1967 Clay
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. Width -
Function (feet) Reference Finding
50% nitrogen removal based on correlation
10 US EPA 2005 analysis of results from 66 studies
13 Doyle et al. 1979 Grass Buffers
13 - 600 Knutson and Naef 1997 | Pollutant removal
13 - 860 May 2000 80% nutrient removal
. 90% removal of ammonia, nitrate and
15 Madison et al. 1992 phosphorous
33 Peterson et al. 1992 Minimum for nutrient reduction
49 Neary 1993 Minimum width for effective removal of
pesticides
49-328 USACE 1991 Effective removal of pesticides
50 Castelle et al. 1992 80% pollutant removal
75% nitrogen removal based on correlation
Pollutant 92 US EPA 2005 analysis of results from 66 studies
Removal i
100 Iggge" and Perfetti Nutrient pollution in forested riparian areas
100 Lynch et al. 1985 75-80% pollutant removal
100 Grismaer 1981 Reduced fecal coli form bacteria by 60%
100 - 140 | Jones et al. 1988 Nutrient reduction
120 Young et al. 1980 Minimum for nutrient reduction
200 Iggge” and Perfetti Removes pesticides and animal waste
300 Vanderholm and Dickey 80% removal on a 0.5% slope
1978
90% nitrogen removal based on correlation
367 US EPA 2005 analysis of results from 66 studies
860 ¥g$gerholm and Dickey 80% removal on a 4% slope
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. Width -
Function (feet) Reference Finding
Castelle and Johnson . .
16 - 33 2000 40-60% LWD input
33 McDade et al. 1990 <50% of naturally occurring LWD
33-328 May 2000 1 site potential tree height (SPTH) based on
long-term natural levels
50 McDade et al. 1990 60-90% of all LWD
Large Woody 55 Thomas et al. 1993 Minimum for 80% LWD input
Debris
Recruitment | 65 -100 gggge"e and Johnson | g 100% LWD input
Murphy and Koski .
65 1989 95% of LWD
100 McDade et al. 1990 85% of natural occurring LWD
100 May et al. 1997 Recommended minimum
100 Bottom et al. 1983 Minimum to supply LWD
150 Harmon et al. 1986 Supply most LWD
Robison and Beschta
150 1990 Supply most LWD
Van Sickle and - .
165 Gregory 1990 Minimum for LWD input
330 May et al. 1997 Sensitive streams
. Width -
Function (feet) Reference Finding
35-80 Brazier and Brown 1977 | 60-80% shade
36-141 May 2000 Based on adequate shade
40 Corbett and Lynch 1985 | Control stream temperature fluctuations
50 low .
canopy 200 | Broderson 1973 Buffer W_ldths §hou|d be set on a case by
. case basis - using a canopy densiometer
high canopy
55 Steinblums et al. 1984 Maximum angular canopy density
Stream Maintain stream temperature if in
Ter_nperature 55 Moring 1975 forested conditions
Maintena