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INTRODUCTION AND SCOPE

Sediment is removed from streams throughout the United States and Oregon for many reasons
including: flood control, navigation channel maintenance, channel stability, irrigation diversion
maintenance, and for the production of aggregate (sand and gravel). This paper focuses on
instream removal of sediment for the purpose of acquiring aggregate for commercial use.

This document provides a brief summary of potential instream aggregate mining effects on
Oregon streams. For further information, the reader is referred to Gravel Disturbance Impacts on
Salmon Habitat and Stream Health (OWRRI 1995), Freshwater Gravel Mining and Dredging
Issues (Kondolf, Smelzer, and Kimball 2002), and The Effects of Sediment Removal from
Freshwater Salmonid Habitat (Cluer 2003). This paper is not intended as a policy document.

EXTENT OF AGGREGATE MINING IN OREGON STREAMS

Aggregate mining generally occurs within 30 to 50 miles of the intended market because the cost
of transport is the primary expense in this industry (Meador and Layher 1998). Hence, many
large-scale aggregate operations are found near cities and along major roadways. In Oregon, the
focus of much instream aggregate mining activity is along the I-5 corridor in the Willamette Valley
and in the Umpqua basin (OWRRI 1995). The market for this aggregate includes Portland,
Salem, Albany, Eugene, and Roseburg plus many other smaller municipalities, and counties.

Most aggregate (96%) is used for construction purposes including concrete, road fill, asphailt,
and drain rock. The remainder is used for filtration beds, abrasives, glass manufacturing, and
foundry operations (Meador and Layher 1998). Instream deposits of gravel are valuable because
they are easily accessible, well-sorted, and generally free from fine sediments such as silt and
clay.

In Oregon, aggregate extraction that occurs outside of the active channel is regulated by the
Oregon Department of Geology and Mineral Industries (DOGAMI) through their Mineral Land
Regulation and Reclamation Program housed in the Albany Field Office. Instream aggregate
extraction is regulated by the Oregon Division of State Lands (DSL). DOGAMI indicates that
annual removal of aggregate from floodplains and upland sites ranges from 44 to 52 million cubic
yards per year (based on the past 5-years). DSL reports that annual permitted aggregate
extraction rate (based only on the operations that pay royalties to the state) from streams is
approximately 5.5 million cubic yards per year. Based on these numbers, approximately 9.5 to 11
percent of commercial aggregate is derived from Oregon streams each year, although the
distribution of instream extraction is not equal through-out the state (OWRRI 1995). Sand and
gravel usage also varies temporally through-out the state, and is dependent upon major
construction activities such as highway and dam building projects. In the near future, aggregate
usage will again increase as the state undertakes a vast program to replace Oregon’s highway
bridges. While the use of sand and gravel varies both spatially and temporally, overall permitted
aggregate extraction has increased from 1967 to the present (OWRRI 1995), however, increases
in permitted extraction quantities does not directly correlate to actual increases in extraction.

General Methods for Mining Aggregate

Permit conditions issued by the US Army Corps of Engineers (COE) and DSL limit the extent and
quantity of gravel removal in Oregon streams. There are generally requirements for the post-
mining site conditions including point bar slopes and buffer zones. Some permits now require
pre- and post-extraction surveys with elevational limitations corresponding to a set vertical datum
rather than a floating datum. This is often referred to as the “red-line” method.
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There are two predominant ways that sand and gravel are mined from the landscape: instream
extraction and land mining. Floodplain pits are sometimes considered upland mining and at other
times are considered as part of instream extraction. This distinction depends on the adjacency to
the stream channel and the likelihood of a channel capture. Only instream extraction, generally
excluding floodplain pits, will be addressed in this paper.

Instream extraction can be completed by various methods including scraper, dragline, bulldozer,
front-end loader, shovel, and dredge (Meador and Layher 1998). In Oregon, the primary means
of obtaining instream aggregate include instream pit extraction and bar scalping, which are
described in more detail below.

Instream Pit Extraction

Major instream pit extraction activities have occurred in the Willamette, Columbia, and the lower
Umpqua Rivers (OWRRI 1995), although there are only a few remaining operations in Oregon.

Instream pit extraction generally uses a clamshell dredge or dragline. Sediment is removed from
the bed of the channel and transferred to barges. The sediment can be cleaned and sorted on
the barge or it can be delivered to a processing site for further sorting. The location of the
dredging site can be restricted to individual locations within a stream system, or may be
undefined to specific locations but rather constrained by river miles. Depth, extent, and timing of
dredging is conditioned in the individual COE and DSL permits.

Bar Scalping

Bar scalping has occurred in many streams throughout Oregon and is currently the most common
type of instream mining utilized. Bar scalping occurs extensively throughout western Oregon, but
is concentrated in the Willamette and Umpqua basins and in several coastal streams (Figure 1).

Bar scalping typically occurs during low water periods. The aggregate is removed from exposed
bar areas (typically alternate bars) with scrapers or other heavy equipment, and then the material
is generally carried to a collection point where it is transferred to a processing facility. Excavation
depths are limited to an elevation above the low water surface. Depending upon the water year,
this datum can fluctuate considerably. During wet years, the depth of excavation may be quite
minimal, while dry years may allow significant excavation due to the greater exposure of river
gravel. The amount of material removed is also dependent on the level of sediment transport that
occurs in any given year and limits imposed by the COE and DSL permits. A significant amount
of sediment is not necessarily transported every year, but is rather episodic and is related to high
flow and event history in the watershed (i.e. bank erosion, landslides, and debris flows).
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Commercial Gravel and Maintenance Dredging Sites Throughout the State of Oregon
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Figure 1. Commercial Gravel and Maintenance Dredging Sites in Oregon.
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EFFECTS OF INSTREAM AGGREGATE MINING IN STREAMS

With few exceptions, sediment removal activities for commercial sediment production occur in
coarse bed alluvial stream channels that are structured with alternating bars and sequential pool-
riffle complexes (Keller and Melhorn 1978; Trush et al. 2000). Comprised of deposited coarse
sediments, alternate bars occur in straight, sinuous, and meandering channels as well as within
straightened and levee-confined engineered channels. Coarse bed materials are typically
transported and deposited in appreciable quantities along streams during flood flows on only a
few days per year. Transport of coarse bed materials does not necessarily occur every year.

Channel pools form adjacent to the widest portion of alternate bars; riffles occur where the
thalweg (deepest part of the channel) crosses from one bank to the other. Pools can also occur
where rock outcrops, or where exceptionally large woody debris, collections of small woody
debris, or tributary inflow interact with the stream channel. The pools and riffles are the
fundamental components of aquatic habitat in riverine ecosystems.

The removal of alluvial material from a streambed has direct impacts on the stream's physical
boundaries, on the ability of the stream to transport and process sediment, and numerous
associated habitat qualities. Local physical effects that occur immediately following sediment
removal include: (1) changes in channel geometry, (2) decreased bed elevation, (3) changes in
bed or bar substrate composition, (4) reduced form roughness, (5) loss of instream roughness
elements, (6) decreased average stream depths, and (7) changes in velocity patterns. In
addition, increased turbidity, changes in sediment transport patterns and timing, and changes in
air and water temperature, especially if riparian vegetation is removed, may also occur
(Rundquist 1980; Pauley et al. 1989; Kondolf 1994a, 1994b; OWRRI 1995).

In addition to the local and immediate effects, there are delayed effects that may occur over wide
areas. Recovery from some effects can occur quickly once disturbance ceases. However, other
effects require longer periods for recovery, and some effects are not recoverable. For example,
alternate bars that have been skimmed to low elevations will recover height and dimensions
similar to pre-disturbance conditions during subsequent high flow events, but only if adequate
sediment load is available from upstream and the stream has not incised. Delayed recovery of
particle sorting processes that lead to armor layer development, establishment of riparian
vegetation, and the formation and maintenance of the riffle-pool complex cannot occur until bar
geometry recovers and substrate stability is regained (not only at the specific site but in the entire
stream reach affected). These recovery processes may require many years.

Channel hydraulics, sediment transport, and stream morphology are directly affected by sediment
removal activities. When human actions reshape the stream boundary by removing materials,
flow hydraulics are altered. These modifications lead to shifts in flow patterns and subsequent
changes in sediment transport rates and timing, and local sediment sorting patterns. These
physical changes can adversely affect instream biota (Kanehl and Lyons 1992; Hartfield 1993;
Benhke 1990; Newport and Moyer 1974; Waters 1995; Brown et al. 1998) and the associated
riparian habitat (Rivier and Seguier 1985; Sandecki 1989). For example, sediment removal can
reduce fish populations in the disturbed area, replace one species by another, replace one age
group by another, allow successful invasion by exotic species (Baltz and Moyle 1993), and/or
cause shifts in species age distributions (Moulton 1980; Benhke 1990).

Activities that disturb stream channels can disrupt the ecological continuum in many ways. Local
channel modifications can propagate changes both upstream and downstream, as well as up into
tributaries (Pringle 1997). It can also trigger lateral migration of the channel or channel widening
within the floodplain. Alterations of the riparian zone can change instream habitats as extensively
as some activities within the channel (OWRRI 1995). The potential effects of sediment removal
activities on stream form and function, riparian habitat, and aquatic habitat are reviewed in the
following sections.
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Effects on Channel Morphology and Hydraulics

The morphology of a stream is controlled by a dynamic balance between the water quantities
flowing in the channel, the quantity and size distribution of sediment delivered from upstream
sources, the composition of the bed and bank sediments, and type and quantity of vegetation on
the banks. When any of these components are altered, channel adjustments occur until a new
dynamic equilibrium is achieved. Habitat alteration is inevitable when morphological adjustments
take place.

Stream corridors are ecosystems containing the stream channel and floodplain. Water, sediment,
nutrients, organisms, and energy transfer dynamically between the stream channel and
floodplain. Floods in unaltered streams overtop the banks (bankfull flow condition) every 1 to 2
years. Overbank floods transport water, sediment, and nutrients onto floodplain surfaces, which
support ecologically rich riparian zones and calm water habitats for aquatic species.

The effects of sediment removal on channel hydraulics and thus morphology show repeated
patterns that are generally predictable; however, the extent of these effects depends upon the
type and scale of sediment removal operation, the channel’s resistance to erosion, and
watershed differences in hydrology and sediment transport. Effects may be delayed due to the
frequency of flood events required to transport the available sediment and thus modify channel
and floodplain characteristics. So, effects that are attributed to large flood events may actually be
the result of previous years activities that have “set the stage” for major morphologic changes.
Therefore, all rivers do not respond exactly alike to the same disturbance and the same river may
not respond consistently to the same disturbance over time. The following sections describe
predictable and widely observed changes initiated by sediment removal.

Increased Width / Depth Ratio.

The ratio of flow width to average flow depth is a commonly used measure of channel cross-
sectional dimensions because the ratio is related to sediment transport processes and has
biological relevance. The removal of channel sediments changes the width/depth ratio (W/D) of
channel cross-sections by decreasing the height of bar deposits, which results in a wider channel
for any given discharge that overtops the altered surface. The greatest effect of increased W/D is
observed at alternate bars and islands, with relatively little change observed at the riffles.

These effects are pronounced in hydraulic modeling analyses (e.g., HEC-2; HEC-RAS); however,
sophisticated analyses are not typically used to support environmental assessments for sediment
removal operations. Instead, one-dimensional continuity equations are often applied:

(WD).V, = (WD),Va,
AVi=AV,
Q =Q;

where W is width; D is depth; V is velocity; and A is area;
where A =WD

It is possible to predict the effects of sediment removal upon changes in average width and depth,
and the relationship between area and velocity for a steady flow where the discharge (Q) is, by
definition, the same at all cross-sections.
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Bank Erosion.

Bank erosion and bank retreat are commonly observed at long-term sediment extraction areas.
The streambanks derive their strength and resistance to erosion largely from vegetation (Yang
1996) and to lesser degrees from their composition, height, and slope. Simon and Hupp (1992)
show that there is a positive correlation between bed lowering and channel widening, or bank
retreat. The strength of banks and resistance to erosion can be reduced by enlarging channel
cross-sections through sediment extraction and by damages to bank integrity and riparian
vegetation at access points. Bank strength is further reduced if shallow groundwater drains into
the stream through the banks in the case of an incised stream.

Once banks become weakened and retreat begins, a common solution has been to repeatedly
remove sediment from adjacent bar deposits. Although there is a flow steering effect associated
with bars, removing the bar does not remove the cause of bank retreat — the weakened bank. It is
a common fallacy that bars cause bank erosion, while the well-accepted geomorphic model
recognizes bars as migrating deposits following the natural retreat of meanders. An exception to
the above argument is observed in highly disturbed stream channels (incised, straightened,
leveed, or widened) where the banks are not protected by riparian vegetation. In this case,
riparian vegetation may become temporarily established on bars, making the bars stronger than
the banks. However, even in this case, removing bars only temporarily reduces bank retreat and
the weakened bank condition persists.

Changes in Sediment Transport.

The ability of stream flow to transport sediment is often represented by the shear stress. Shear
stress calculations are commonly used to estimate the ability of a moving fluid to entrain and
transport sediment from the streambed. The sediment particles on the streambed become
mobile when the resistance to shear is exceeded, which is referred to as the critical shear stress
or incipient motion condition. Where shear stress increases, sediment is transported in greater
volume, greater particle size, or both. Where shear stress decreases, the mobile particle size
and/or total transport volume decreases.

Shear stress equations are the physical basis of sediment transport models. It is essential that
assessments include both the effects on hydraulics and on the ability of the stream to transport
sediment in the vicinity of channel modifications. For example, the incipient motion condition and
the relative stable grain sizes in particular habitats can be calculated utilizing shear stress
formulas and results from simple hydraulic models. Analysis of changes in shear stress on the
bed can provide insight as to the fate of macroinvertebrate habitat and spawning areas.

Using the shear stress equations and the flow continuity equations, one can expect that shear
stress will increase most in the upper part of sediment removal areas where the slope increase is
most pronounced. Laboratory experiments (Begin et al. 1981) verified this effect. It can also be
shown that when sediment removal reduces the size of alternate bars, increased shear stress
values occur at riffles and shear stress values decrease at pools. Consequently, the changes in
channel geometry and flow energy resulting from sediment removal can cause sediment
accumulation in pools and erosion from riffles, opposite of what normally occurs. The greatest
reduction in shear stress can occur at the downstream hydraulic control of a sediment removal
project. This can cause increased deposition and accumulation of fines in areas and at
elevations where fines would not otherwise occur.

Reduced Sinuosity of the Moderate to High Flow Channel.
A naturally functioning channel, with mature alternate bars, has two efficiencies: a lower

conveyance efficiency when flows are contained within and steered around alternate bars, and a
higher efficiency when flood flows overtop the bars. Sediment removal projects that decrease bar
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elevation (e.g., bar skimming) cause bar overtopping to occur at lower discharges. One result is
greater flow velocities within the channel during lower discharges that occur in early winter.
Invoking the shear stress relations, reducing sinuosity by bar removal can result in erosion of the
channel. Local erosion increases the delivery of sediment to downstream areas (Olson 2000),
damaging habitats of the fine sediment sensitive species.

Altered Sediment Sorting Processes.

In addition to the progressive downstream reduction in size (fining) of alluvial streambed particles,
local sorting occurs related to the local distribution of stream forces and shear stress variations.
Channel topography causes the stream’s flow-field to spread out over riffles (divergence) and
concentrate over pools (convergence). Complex morphologic and well-sorted sediment features
are maintained by the convergence and divergence of the flow-field (e.g., Keller 1971; Keller and
Melhorn 1978; Lisle 1979; Andrews 1979), which creates and maintains sediment patches and
hence habitat units.

Sediment removal for commercial production typically reduces alternate bar heights. Flow that
overtops bars with reduced height have relatively less variation in the flow pattern, and thus
reduced convergence and divergence. This results in a more simplified channel (e.g. fewer pools
and riffles) and less concentrated and less effective particle-sorting processes. Therefore, it can
be predicted that reductions in bar height will induce decreases in the area of spawning beds,
reductions in pool area and depth, and a general loss of microhabitats within the stream reach.

Alteration of the Sediment Transport Continuum

Over time, stream channels obtain equilibrium between the sediment load and dominant
sediment transporting flows. A gradual migration of the stream channel by eroding the outside of
bends and depositing equal volumes on the inside of bends creates the dynamic equilibrium
condition where the bed and banks are not net sources of sediment. Therefore, the equilibrium
stream channel is efficient at maintaining its geomorphic form and pattern, although the system
remains dynamic as it responds to cyclic floods and sediment delivery events. Dunne and others
(1981) stated “bars are temporary storage sites through which sand and gravel pass, most bars
are in approximate equilibrium so that the influx and downstream transport of material are equal
when averaged over a number of years. If all the sand and gravel reaching such a bar is
removed, the supply to bars downstream will diminish. Since sand and gravel will continue to be
transported from these downstream bars by the river, their size will decrease.” In Oregon, this
phenomenon was observed on the mainstem McKenzie River. Reduction in sediment supply and
decreased peak flows due to dam construction, in combination with gravel mining operations,
resulted in a 57% reduction in exposed gravel bars from 1949 to 1986 between Trailbridge Dam
and Leaburg Dam (OWRRI 1995). A coarsening of the substrate was also noted (OWRRI 1995).

Sediment removal disturbs the dynamic equilibrium of a stream channel because it intercepts
material load moving within a dynamic system and triggers an initial morphological response to
regain the balance between supply and transport. Sediment removal may also drive more
widespread instability because the discontinuity in the sediment transport-supply balance tends to
migrate upstream as the bed is eroded to make up for the supply deficiency. If stream bed
lowering leads to bank heights that become unstable, rapid bank retreat may arise. This further
destabilizes the width while supplying the channel with sediments that make good the transport-
supply imbalance. Further degradation is prevented until the available sediments are flushed out
(Knighton 1984). Thus sediment removal from a relatively confined area can trigger erosion
migrating upstream causing erosion of the bed (incision) and banks which increases sediment
delivery to the site of original sediment removal.

The ultimate effect of channel bed lowering is degradation along the entire length of channel by
approximately the same amount, leading to a new channel profile. Within the new channel the
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geometry changes, initially becoming narrower, deeper, and less complex. If further disturbance
is arrested, the disturbed channel will ultimately progress to a wider channel where inset
floodplains develop, partially restoring ecosystem functions (Thorne 1999). This process is fully
described by channel evolution models (Schumm et al. 1984). Few monitoring programs
associated with commercial sediment removal projects are capable of detecting the fundamental
bed degradation over time scales, or spatial areas, relevant to the potentially effected aquatic
ecosystem.

Another effect of sediment removal and the increased sediment load it triggers from upstream, is
that within the removal area the increased incoming sediment load encounters relatively less
transport capacity and deposition occurs. Deposition in this zone is less organized than the
repeating alternate bars of the equilibrium channel and deposition can occur across the entire
channel width. The result is that pools aggrade and the already weakened streambanks become
further attacked by locally increased current velocities where flow is deflected around growing
bars. Stream channels in sediment removal areas typically become progressively wider as the
channel is less stable. Fish habitat is reduced in unstable channels (e.g. Kanehl and Lyons 1992;
Hartfield 1993; Benhke 1990; Newport and Moyer 1974; Waters 1995; Brown et al. 1998) and the
associated riparian habitat deteriorates (Rivier and Seguier 1985; Sandecki 1989).

Disturbing or harvesting the armor layer of streambeds and bar deposits provides the stream a
readily erodible sediment supply because relatively finer grained sediment is now available for
transport at a lower discharge. The new supply of sediment derived from the streambed will be
moved downstream, where it can adversely affect aquatic habitats. The effects may extend
considerable distances downstream if the area of disturbance is large (several consecutive bars).

Downstream from sediment removal sites the dynamic system has less coarse-grained load and
the stream compensates by meandering to reduce its gradient, and thus reduce transport
capacity. In this situation, the stream can make up the load deficit by eroding the bed and banks
(Dunne et al. 1981). This process is widely recognized in the body of scientific literature on the
effects of dams. Kondolf (1997) describes this condition as “hungry water”, occurring
downstream from dams as well as sediment removal sites.

Two factors ameliorate bed and bank erosion caused by sediment removal: (1) resistance of the
bed and banks to increased shear stress, and (2) the scale of sediment removal relative to the
stream’s sediment budget. A sediment budget is analogous to a bank account. If funds
withdrawn (sediment removed + natural export) exceed funds deposited (sediment input), a
negative budget results in a diminishing balance. Erosion of sediment from the bed and banks
(savings) makes up for the import/export deficit. While this is conceptually simple, annual
sediment replenishment to a particular sediment removal site is, in fact, highly variable. The
variability is not well understood, and the effects of sediment removal are easily masked by
variability in the sediment budget and general lack of sufficiently detailed monitoring data.

The ratio of sediment extraction to sediment influx not only dictates the scale and severity of
adverse effects on the channel geometry and habitat, but also controls the time-scale of recovery
following or between disturbances. Streams that are repeatedly harvested at rates in excess of
sediment influx undergo channel degradation, possibly causing incision of an entire stream
system including its tributaries. Striking cases of excessive sediment removal are summarized by
Harvey and Schumm (1987), Sandecki (1989), Collins and Dunne (1990); Kondolf and Swanson
(1993), and Florsheim and others (1998).
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Effects on Habitat Components

The removal of sediment in stream channels can adversely affect aquatic habitats used by
various species and their respective life stages. The riparian zone is also affected by instream
mining operations both directly (removal of vegetation) and indirectly (reduced sediment inputs
and reduced stream stability).

Effects on Riffle Habitats.

The movement of water does not cease at the interface between the river and its substrate.
Water moves through pore spaces in the streambed, particularly where the bed has topographic
relief. Predictable zones of inflow and outflow (downwelling and upwelling) are found on the
streambed. The more complex the channel pattern and surface topography, the more strongly
developed are downwelling and upwelling hyporheic zones (Brunke and Gonser 1997). Zones of
downwelling flow are located at the heads of riffles, where the bed topography is sloped slightly
upstream and where there is an increasing hydraulic gradient (Thibodeaux and Boyle 1987).

Sediment removal practices can adversely affect proper functioning of riffle habitats by
exacerbating fine sedimentation of the substrates, changing hyporheic flow patterns, causing
barriers to adult fish migration (due to over-widened channels with shallow flow), reducing benthic
invertebrate production, and directly affecting eggs, embryos, and/or young fish inhabiting the
interstitial spaces within the substrate.

a. Changes in bar substrate and spawning habitat. Mature gravel bars have a height slightly
less than the floodplain (if the channel is in equilibrium, or related to the dominant flow elevation),
a coarse armor layer at its head, and vegetation elsewhere that is not frequently disturbed by
floods. The condition of maturity is obtained where bars are not frequently disturbed. The partial
removal (or surface disturbance) of bars can adversely affect aquatic habitats, including spawning
areas.

Riffle habitats can be scoured and swept downstream as the result of increased shear stress.
This process can also preclude the deposition of new gravel from upstream sources. When
channel bars are removed, the channel is effectively widened at low and moderate flows while
channel slope is increased (due to straighter flow path), and migrating gravel particles are then
more likely to continue moving across the riffle and accumulate in pools where the shear stress
has been locally reduced, thus reducing pool depth and its valuable habitat. Spawning habitats
are especially vulnerable to these changes. The loss of egg inoculated gravel from riffles was
documented by Pauley and others (1989), who concluded the eggs were scoured because bar
skimming reduced bar heights, increasing shear stress on the streambed.

Sediment removal can increase the load of fine sediments that can clog, or embed, the interstitial
pores of coarse substrates. Mature alternate bar surfaces are covered with an armor layer of
coarse particles. Because channel bars are coarser at their surface than at depth, bar skimming
exposes smaller sediment particles (Figure 2) that are more readily transported downstream, and
are transported earlier in the season since higher flows are not required to disrupt the protective
armor layer. This newly exposed sediment will not become hydraulically stable for at least one
year until the sediments have been exposed to flows of sufficient magnitude to resort the
material. If spawning occurs in these unstable sediments, shifting gravels could cause mortality
of incubating embryos (OWRRI 1995).
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Figure 2. Photo of grain-size differences between skimmed (left) and unskimmed (right) bar
surface.

b. Sediment intrusion. Sedimentation of streambeds is caused by the settling of suspended
particles in low velocity areas and by the process of sediment intrusion. McDowell-Boyer and
others (1986) identified two mechanisms by which porous substrates can become clogged with
fines: (1) particle straining, and (2) the formation of surface cakes. Jobson and Carey (1989)
defined particle straining as the process where fine particles move into the porous media until
they encounter pore spaces too small for passage. Beschta and Jackson (1979) found that the
potential for particle penetration is a function of the effective pore diameter of the streambed
surface media and the size distribution of the particles moving in occasional contact with the bed.
They also found that most intrusion occurred quickly, during the first 15-20 minutes of
experimental fine sediment input events. These experiments were probably detecting the simple
geometric relationship between bed particle pore-space and the diameter of the mobile particles.
Essentially, entrained particles can enter streambed material if the particles are smaller than the
pore spaces and there is occasional bed contact.

Surface caking is the filling of pore spaces of gravel/cobble beds from the bottom up. Surface
caking experiments were conducted by Einstein and Chien (1953), and by Simons and others
(1963). The authors examined the transport of well-graded material and observed fine sediment
accumulations on the bed surface following injection of large concentrations. The accumulated
material was then selectively removed as the supply was decreased. When selective removal
ceases, the fine sediment trapped in the near bed layer will probably be retained even if upwelling
flow is present (Jobson and Carey 1989). Gravel deposits choked with fines have decreased
hydraulic conductivity that contributes to diminished oxygen concentrations in subsurface flow
and resulting impacts to incubating embryos and macroinvertebrates (Kondolf and Williams
1999).
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Instream aggregate mining removes the armor layer, thus exposing finer sediment to the flow.
This sediment is now available for transport during much lower flows than when it was protected
by a coarser armor layer. The finer-grained disturbed surfaces, which are at a reduced elevation,
create a new source of fine sediment within the active channel that can be mobilized by the first
freshets during late fall or early winter. The first freshets may lack the magnitude or duration to
transport the locally derived fine sediment sufficiently downstream. Fine sediments generated
during sediment removal operations contribute to the anthropogenic-induced concentration of
sand and fines that is known to be a factor contributing to the decline or loss of salmon and
steelhead populations (Cordone and Kelley 1961).

c. Boundary layer habitat. A relatively low velocity sublayer develops when fluids flow across
any surface. The thickness of the sublayer is related to the height of the roughness on the
surface. Most natural streams have rough beds created by coarse substrates, frequent larger
particles, woody debris (notably large wood, however aggregates of smaller woody debris also
influences the boundary), and vegetation along the banks.

Two scales of boundary layer thickness are important to aquatic species. The layer created by
woody debris, bank complexity, and large cobble-boulder sized particles provides habitat for large
and small fish where they can move about efficiently, while smaller scale boundary layer
roughness created by gravel-sized particles is rich invertebrate habitat. Sediment removal,
particularly bar top removal, reduces exposed particle size and LWD in streambeds. Reduced
boundary layer height reduces macroinvertebrate production because of the loss of the boundary
layer microhabitat.

d. Adult fish migration and passage. In natural streams, shallow riffles can be migration
barriers to upstream migrating fish species. The shape of the low flow channel and flow depths
governs the extent of the barrier during migration seasons. Thompson (1972) provided minimum
depths and maximum velocities that enable upstream migration of adult salmon species -- criteria
that have been widely cited (Bovee 1982; Bjornn and Reiser 1991). According to those
recommendations, Chinook salmon, the largest salmonid species, requires minimum riffle depths
of 24 cm; for successful passage, this depth should be provided "on at least 25% of the total
[cross-sectional] transect width and a continuous portion equaling at least 10% of its total width."
Sediment removal operations that increase W/D ratios (particularly bar scalping) increase the
probability that shallow riffles will form migration barriers for some fish species. Pauley and
others (1989) and Woodward-Clyde (1980) verified what the basic river mechanics equations
predict -- that flow depths decrease over riffles, creating barriers to upstream-migrating adult fish,
adjacent to and upstream from skimmed bars.

In addition to reducing stream depths over riffles (as a result of increasing W/D ratio), sediment
removal operations can increase current velocities and reduce flow-field complexity. Reduced
flow-field complexity and increased migratory velocities, particularly reduced edge-water eddies
and low velocity zones, result from reduced channel sinuosity (however, thalweg sinuosity may
persist), increased W/D ratio at bars, and reduced topographic complexity of geomorphic
features. This can affect adult fish during their upstream migrations across riffles, and juvenile
fish will face challenges finding and using velocity refuges during high flows in relatively
simplified, hydraulically smooth channels. Adult fish migration can also be adversely affected
when sediment removal activities diminish the size and frequency of mainstem pools; habitat
used for resting.

e. Effects on aquatic macroinvertebrates. Aquatic macroinvertebrates provide the principal food
source for many aquatic species (Spence et al. 1996). Immature mayflies (Ephemeroptera),
stoneflies (Plecoptera), and caddisflies (Trichoptera), referred to collectively as EPT, are
considered the most productive, preferred, and available foods for stream fishes (Waters 1995).
Indeed, the abundance of these three groups of aquatic macroinvertebrates is commonly used as
a food availability index (Lenat 1988). The diversity and abundance of EPT can be affected by
sediment removal operations because they are dependent upon substrate conditions (Benhke et
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al. 1987). The EPT group typically inhabit the interstitial spaces of coarse substrates (gravel to
cobble sized particles), although some species of mayfly and certain other aquatic insects (e.g.,
midges) prefer highly organic fine sediments. Sands and silt are the least productive substrates
for aquatic macroinvertebrates (Hynes 1970) and are more easily mobilized, making them
unsuitable because they are less stable (Fields 1982). Therefore, sediment intrusion that
reduces the interstitial spaces of cobbles and gravel directly decreases the habitable area for
EPT (Bjornn et al. 1974; 1977).

Impacts to aquatic macroinvertebrates may be protracted. The average life cycle of EPT species
is one year, although several species have two-year life cycles. Fine sediments intruded deeply
into the bed require mobilization of the bed itself to remove fines (Beschta and Jackson 1979;
Diplas and Parker 1985). Bed mobilizing flows generally do not occur annually, so there is
potential for the aquatic invertebrate food base to be diminished for some time and for some
distance downstream from sediment removal areas. Brown and others (1998), who sampled
substrates upstream, downstream, and within an instream gravel mining project area, found that
upstream from the disturbance 1) biomass densities of all invertebrates were higher, 2) total fish
densities in pools were higher, and 3) silt-sensitive fish species were more abundant than within
the project area or in downstream reaches.

Effects on Pool Habitats.

Extensive removal of alternate bars and other streambed sediments can adversely affect
fundamental physical processes related to pool maintenance. The scour of pools during the high
flows of winter and their subsequent reversal to sedimentation during summer are widely
accepted physical processes. During high flows, coarse particles eroded from upstream riffles
are transported through pools to downstream riffles. The process responsible for pool and riffle
maintenance has been termed “velocity reversal” (Keller 1971) or “shear stress reversal’
(Andrews 1979; Lisle 1979). Under this mechanism, as discharge increases, the energy to
transport coarse sediment increases in pools at a faster rate than 