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INTRODUCTION

An outcome of the Washington State Department of Transportation’s Juvenile Fish Passage
Workshop on September 24, 1997, was agreement that a literature review was necessary to
determine the state of knowledge about juvenile salmonid movement and passage through culverts
at road crossings. We proposed to conduct a literature review on the ecology of juvenile salmonid
movement that would apply to culvert design and hydraulic modeling. The proposed review
would focus on the motivation and capacity of juvenile salmonids to move upstream at different
times of the year, as well as their ability to pass through culverts of different designs.
Additionally, the review would include literature on the hydraulics of culverts, including the effects
of various parameters such as slope and roughness on the conditions that affect fish passage.

The literature review was completed in April 1998. A workshop was convened on April
29, 1998, to report the results of the literature search to the research advisory committee. This
report summarizes the findings of the literature review. Specific topics covered by this summary
include the movements of juvenile and resident adult salmonids, culvert hydraulics, the ability of

fish to pass through culverts, and salmonid swimming performance.



THE MOVEMENTS OF JUVENILE AND RESIDENT ADULT SALMONIDS

The literature review focused on studies of the movements of anadromous and resident
juveniles, aswell asresident adult salmonids. Studies of both regional fish populations and other
populations from North America and Europe were included in the review. Upstream fish
movement was found in nearly all of the studies that were designed to detect upstream movement.
In many cases, more upstream movement was observed than downstream movement. Upstream
movement was observed in all species, age classes, and seasons. Fish movement patterns vary
among systems, making it difficult to categorize fish behavior by species or region. Despite this
variation, some general statements can be made about fish movement on the basis of species, life-

history stage, and region.

SPAWNING MIGRATIONS

Salmonids can be categorized by the timing of spawning, in fall or spring. In general,
rainbow trout and cutthroat trout are spring spawners, and brook trout, brown trout, Dolly Varden,
bull trout, Atlantic, and Pacific salmon are fall spawners. The timing of the spawning migrations
of resident adult salmonids varies among river systems. In general, fall spawners migrate from
July through December, and spring spawners from December through June, although exceptions
to these generalizations are common (e.g., Dodge and MacCrimmon 1971; Brown 1994). The
presence of both spring- and fall-spawning species within the same system may indicate the
occurrence of year-round spawning migrations. Furthermore, the absence of spawning adults
does not indicate that the stream is not utilized by another life-history stage (c.f., Skeesick 1970;
Scrivener et al. 1994).

MOVEMENT OF FRY FOLLOWING EMERGENCE

In general, newly emerged salmonid fry disperse from the vicinity of the redd. Distances
moved range from afew meters to several kilometers. In some cases, upstream fry movement is
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more prevalent than downstream movement (e.g., Hunt 1965; Pearsons et al. 1996). Fry have
been observed using non-natal tributaries and tributaries where spawning has not occurred (e.g.,
Scrivener et al. 1994). Because the dispersal of fry is primarily a spring event, many studies noted
apeak in movement during the spring to early summer (e.g., Hartman et al. 1982; Elliott 1986).

Summer Movement

Summer movements of salmonids are commonly reported for both coasta and interior
populations. Distances moved range from afew meters to tens of kilometers, with movements of
several hundred meters most commonly reported. This movement is a continuation of the dispersal
of fry, especially for late emerging species, as well as movements of older fish. In some studies
upstream movement was predominant (e.g., Riley et al. 1992). Many studies reported minimal
movement in late August (e.g., Hartman and Brown 1987), and some showed movement peaksin
July as flows decreased (e.g., Gowan and Fausch 1996). Fish may move to avoid the dewatering
of intermittent sections (e.g., Hubble 1992), to seek refuge from high water temperatures (e.g.,
Nielsen and Lisle 1994), and to avoid high turbidity (e.g., Scrivener et al. 1994).

Autumn Redistribution

In the fall the population redistributes from summer habitats to winter habitats (Northcote
1992). Distances moved range from afew meters to over 50 kilometers (Bendock 1989). This
redistribution is independent of spawning migrations. For interior (east of the Cascade crest,
continental climate regime) populations, fish often seek warmer temperatures (e.g., Bjornn and
Mallet 1964) or substrate of a suitable size for concealment (Bjornn 1971; Hillman et al. 1987).
Movement may be upstream or downstream (Clapp et al. 1990; Meyers et al. 1992). For coastal
(west of the Cascade crest, maritime climate regime) populations, fish primarily seek refuge from
the high velocities common during winter freshets (e.g., Cederholm and Scarlett 1982).
Movement is mostly up lower-order tributaries and into off-channel habitats (e.g., Murphy et al.
1984), although these upstream movements may be preceded by a downstream movement (e.g.,

Peterson 1982). Most studies report the largest peak in upstream movement during fall to early



winter (e.g., Peterson and Reid 1984). In some coastal populations, upstream movement into off-

channel habitats in response to freshets continues throughout the winter (e.g., Lowry 1965).

MOTIVATION FOR MOVEMENT

It is difficult to determine what combinations of environmental stimuli and internal
motivations result in movement. In some cases, relationships between the behavior of an animal
and an environmental factor may seem straightforward, but often the relationships are less clear.
The following is a discussion of the environmental stimuli for movement proposed by the authors
of the studies reviewed for this report.

The most obvious motivation for the movement of stream fishes is spawning. The
variation in the timing of spawning migrations, even within the same watershed (Pearsons et al.
1996), suggests that the residents of each stream have adapted to the local conditions. These local
adaptations may result from some selective feature of that stream, such as obstacles that can be
negotiated only at certain discharges.

Fish may move in response to changing water temperatures. Movements to warmer water
in fall and winter and cooler water in spring and summer have been observed in several studies
(Clapp et al. 1990; Meyers et a. 1992). Concealment in interstitial spaces within the substrateisa
common behavior of juvenile salmonids as stream temperatures drop below some threshold
(Rimmer et al. 1983). If substrate of asize suitable for concealment is not available, migration
may occur (Bjornn 1971; Y oung 1998).

Another factor that influences fish movement is stream discharge. Current velocity,
turbidity, and habitat availability are all functions of stream discharge. The massive fal
redistribution observed in coastal populationsis primarily a migration to low velocity habitatsin
response to increasing discharges (e.g., Peterson 1982). Much of the upstream migration of fry in
the spring is also amovement to low velocity habitats (e.g., Cederholm and Scarlett 1982). As
discharge decreases in the summer, the availability of habitat also decreases. This reduction in

habitat is considered to be a primary motivator of summer movement, especially in streams with



intermittent sections (Hubble 1992). Finaly, movement to avoid the high turbidity that often
occurs during high discharge has been observed in several studies (e.g., Murray and Rosenau
1989).

The factors that influence fish mobility are interrelated in some cases. Habitat availability is
afunction of population density aswell as discharge. Flick and Webster (1975) found a decrease
in fish movement that corresponded with a decrease in population density. Decreases in population
density may increase the relative amount of food available to the remaining fish, and food
availability affects fish movement (Wilzbach 1985). Thisinterrelatedness produces uncertainty in
attempts to explain observed behavior patternsin afish population.

See appendices A and B for details on the movement patterns of individual species.

CONCLUSIONS

For the construction and design of road crossings that are passable to juvenile and resident
adult salmonids, it isimportant to first determine whether passage by those fish is necessary. The
conclusions of this literature review are that resident and anadromous juveniles, as well as resident
adult salmonids, are often highly mobile. Upstream movement was observed in nearly al studies
that were designed to detect it. There are variations in the movement patterns of fish populations
both between and within river systems. Consequently, a prudent assumption is that if salmonids
are present within the system of interest, they will likely move upstream, but the timing and extent
of that movement may vary on a stream-by-stream basis.

To determine the species and age-class composition of a stream, a single survey is
inadequate. Thisreview found that it is common for fish to use different parts of a stream or
watershed at different times of the year. The presence of juvenilesin tributaries that support no
spawners, as well as non-natal tibutaries, shows that spawning surveys may not indicate juvenile
usage. Additionally, the timing of spawning runs may vary within the same watershed. Multiple

surveys are necessary to determine the species and age-class composition in a stream, as well as



the timing of spawning migrations. All tributaries upstream of the proposed construction project
should be considered in the popul ation assessment.

This review concentrated only on studies of salmonid populations. Several of the reviewed
studies contained information on the movement of non-salmonid species (e.g., Linfield 1985).
Pearsons et al. (1996) found that in both biomass and numbers, non-salmonids represented the
majority of the fish moving during the study period in atributary of the Yakima River. The
implication is that these species may be at least as mobile as, if not more mobile than, the salmonid

population and should also be considered in the design of road stream-crossings.

RESEARCH NEEDS

Information is lacking on the movement of salmonids in high-gradient streams. For this
review, most of the studies were of streams with gradients of less than 3 percent. No studies of
fish movement in streams of greater than 10 percent were found, and many studies failed to report
stream gradient. In the studies reviewed, upstream movement occurred even in the steepest
streams (9.6 percent, Osborn 1981).

The mobility of resident salmonid populations in high-gradient (greater than 10 percent)
step-pool channels remainsin question. Providing for upstream fish passage in those channels
may be unnecessary. However, Rinne (1982) reported finding adult trout moving upstream over
log weirs 0.85 meters high. In astream with a 5.9 percent gradient, Dianaand Lane (1978) found
upstream movement to be more common than downstream movement, and a 1-meter high waterfall
did not block upstream movement. Determining the conditions, such as channel type and stream

gradient, under which fish movement ceases remains an important research need.



CULVERTS ASFISHWAYS

For afish on an upstream migration to successfully negotiate a culvert road crossing, it
must be able to enter the culvert barrel, traverse the length of the barrel, exit the barrel at the
upstream end, and proceed upstream to the first resting area. Fish entrance to the culvert may be
restricted by obstructions at the entrance, excessive outlet velocity, or perch height. Passage
through the culvert barrel may be restricted by excessive barrel velocity or inadequate water depth.
Successful exit of the culvert may be restricted by excessive inlet velocity. Excessive velocity isa
common factor in each instance.

Water velocity within a culvert is a function of the cross-sectional area, slope, and
roughness of the culvert, as well as stream discharge. Culvert roughness is the most readily
manipulated factor that influences velocity. A variety of methods for increasing culvert roughness
have been investigated, including baffles, corrugations, and the placement of bedload material.
Each of these methods has the common objective of producing aregion of lower velocity within
the culvert that fish would be able to utilize while the velocity in the remainder of the culvert

exceeded the fishes swimming ability.

CULVERT HYDRAULICS

Besides the primary focus of this literature review--the movement patterns of salmonids--
literature on culvert hydraulics was also searched. A review of the literature on culvert design
specifications for juvenile fish passage showed a general similarity of specifications for slope,
minimum depth, and maximum velocity for fish passage design flows. Given this agreement
within the literature, the attention of the review was directed toward finding studies that presented
information that was substantially different from the majority of the studies or offered new insights
into culvert hydraulics.

The observation that fish apparently utilize the boundary layer when passing through
culverts has resulted in efforts to model the velocity distribution within roughened pipes. Barber
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and Downs (1996) tested the abilities of two different equations to predict the widths of relative
velocity contours within any size circular pipe with annular corrugations (relative velocity = the
velocity at any position within the cross-section divided by the maximum velocity within the
culvert). One of the equations satisfactorily predicted the contour widths, and a computer program
called Juvenile Fish Passage Program (JUFIPP) was devel oped using this equation to predict the
size of the “migration area,” the area of the culvert that fish were observed in during passage.

White (1996) developed a regression equation for determining the extent of low velocity
zones suitable for juvenile fish passage in countersunk culverts. The equation generdly
underestimated the amount of low velocity area present. Consequently, the equation would be
useful for culvert design because it provides a conservative estimate of the amount of low velocity
areaavailable for fish utilization. Additionally, White (1996) found the countersunk culverts that
he investigated to be resistant to erosion and capable of conveying high discharges. Several high-
gradient (2 to 7.6 percent) culverts were investigated, and all retained their bedload during 5-year
to 10-year flood events. Unfortunately for the analysis of bedload stability, the steepest culverts
were not subjected to flows greater than 5-year floods.

Browning (1990) also investigated the performance of countersunk culverts. The study
determined that pipes and pipe arches with natural stream beds provided better fish passage
conditions than pipes with or without features designed to aid fish passage. Browning (1990) also
found that the barrel velocity to channel velocity ratio is negatively proportional to fish passage
ability. Browning (1990) recommended that as a design criteria, a headwater-to-rise ratio that does
not exceed 1.0 during a 50-year flood event should be used to determine the culvert dimensions.

A series of studies of the hydraulics of various baffle systems in culverts was completed by
Canadian researchers (Rgjaratnam et al. 1988, 1989, 1990, 1991; Rgaratnam and Katopodis
1990). They developed equations to describe the relationship between relative water depth and the
dimensionless discharge value, as well as equations to predict the barrier velocities at the baffles

for spoiler baffles, offset baffles, Albertafish weirs and baffles, weir baffles, and slotted weir



baffles. They reported similar hydraulic performance for al baffle designs with the exception of
the Albertafish baffles, which performed poorly.

Finally, Behlke (1987) reported that under certain fishway conditions, fish must contend
with buoyant forces and weight in addition to the forces typically encountered in afishway. These
forces become important in culverts with slopes equal to or exceeding 10 percent, or where
pressure gradients exist such as in culvert inlets and perched outlets. Including the buoyant force
and weight of the fish in the analysis of forces that the fish must overcome to successfully

negotiate the fishway will ensure more accurate predictions of passability.

FISH PASSAGE THROUGH CULVERTS

There are few studies of juvenile salmonid passage through culverts. The studies
discussed in this report made unique observations or involved unusua study designs. These
studies include a report on the use of the “stream simulation” design; a comparison of severa
roughness elements designed to provide low velocity areas for fish passage; areport on the effects
of turbulence on fish passage through a steep, baffled culvert; and a report on the use of
corrugations as “resting” areas.

McKinnon and Hnytka (1985) studied the effects of culverts constructed with the “stream
simulation” technique on the passage of local fish species. Stream simulation is meant to “maintain
natural stream properties within the culvert(s) (i.e., average cross-section, width, slope, substrate)
for flows up to fish migration discharge, concentrate low flows, and provide within the culvert(s) a
rock substrate, stable at the 1:50 year flood” (McKinnon and Hnytka 1985). Four long culverts
(140 to 190 ft) with slopes of from 0.0 to 1.0 percent were studied. No passage delays or failures
were reported for Arctic grayling, northern pike, or longnose suckers during the spring high water
migratory period. The stream simulation technique was concluded to be a“valid concept,” and
velocities within the culverts were similar to those in the natural stream.

Belford (1986) and Belford and Gould (1989) investigated the ability of resident trout to

pass through culverts designed with three different modifications for fish passage. One culvert



contained a“ladder” structure designed to hold bed material, another had plate weir baffles with
notches, and one culvert was countersunk. Resident trout were able to pass through culverts from
42 to 93 m long with slopes of from 0.2 to 4.4 percent. The authors developed a non-linear
regression curve to delineate the boundary between the water velocity and culvert length conditions
through which fish were or were not able to pass. This curve can be used to predict the average
velocity at which aresident trout can negotiate a culvert of a specified length.

Bryant (1981) tested the ability of juvenile coho salmon, cutthroat trout, and Dolly Varden
to pass through a 90-cm-diameter, 9-m-long culvert with offset baffles and a 10 percent gradient.
Fish from 50 to 150 mm long successfully passed through the culvert. Passage by coho salmon
was improved with the addition of a baffle at the outlet. Discharges of from 0.4 cfsto 0.6 cfsdid
not affect fish passage. At discharges of greater than 0.65 cfs no fish passed through.

Powers et al. (1997) tested the ability of coho salmon fry and fingerlings to pass through
culverts of different diameters and corrugations, including smooth pipe, at different slopes and
velocities. For the smooth pipe, the velocities that the fish were able to pass through were
equivalent to the velocities reported in studies on fish swimming ability. In corrugated pipes
turbulence apparently interfered with fish passage ability at maximum velocities of above 2 fps.

Douglas Kane and Charles Behlke are currently studying the ability of juvenile salmonids
to passthrough culvertsin Alaska. They confirm the passage of juvenile coho salmon 50 mm long
through a 116 feet long culvert with a maximum slope of 5.3 percent (D. L. Kane, PO Box
755860, Fairbanks, AK 99775-5860, personal communication). Velocities within the culvert
ranged from 3.2 fpsto 7.6 fps along the centerline. Fish were observed resting between the
corrugations near the water surface as they moved along the culvert wall. Velocity and turbulence
conditions near the culvert inlet made it impossible for the fish to maintain resting positions
between corrugations. The coho were observed using burst speed to pass the culvert inlet, at

which point they would dive toward the lower velocity region at the stream bottom.
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FISH SWIMMING ABILITY

The literature on fish swimming abilities generally agrees on the swimming speeds and
times to fatigue of various species of salmonids. Differences among the studies can mostly be
attributed to differences in study design and testing apparatus. The approach for the review of this
literature was to locate studies that contained information that was different from the others. Of
special interest were studies indicating fish swimming capabilities that exceeded those predicted by
theory.

Carpenter (1987) tested the swimming abilities of several salmonid species as swim-up fry.
Her data, when compared with predicted velocities extrapolated from adult swimming ability data,
showed that swim-up fry of all species tested were capable of swimming at greater velocities than
those predicted by extrapolation. Belford (1986) and Belford and Gould (1989) developed
regression curves of adult resident trout swimming ability from their data on trout culvert passage.
They found that the trout in their study were able to successfully pass through culverts at higher
average velocities than the velocities predicted in laboratory studies or extrapolated from
anadromous salmonid data

The results of Carpenter (1987), Belford (1986), Belford and Gould (1989), and
gualitative data such as those from Kane and Behlke (D. L. Kane, PO Box 755860, Fairbanks,
AK 99775-5860, personal communication) all indicate that under certain conditions, fish are
capable of swimming through higher velocities than those indicated by current culvert design
guidelines. The ahility of fish to exploit zones of lower velocity within a culvert isthe most likely
explanation for the differences between predicted and actual swimming performance. Morein situ
studies that examine the culvert passage ability of salmonids should be performed to determine
their potential capabilities

Katopodis (1992) consolidated most swimming ability data and produced a database from
over 500 references on fish swimming ability. From this database, Katopodis has produced fish

endurance and swimming distance vs. water velocity curves for nine species of salmonids.
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CONCLUSIONS AND RECOMMENDATIONS

The role of turbulence in affecting the ability of fish to pass through culvertsis poorly
understood and deserves further investigation. In road crossings that use natural bed materialsto
mimic local stream conditions, turbulence should not represent a hindrance to fish passage. In
corrugated pipes and pipes with artificial structures to increase roughness, turbulence may interfere
with fish passage. The ability of fish in the field to exceed both theoretica limitations and
laboratory performances indicates the importance of incorporating a field component into
investigations of culvert hydraulics.

Countersunk culverts have proved to be better for fish passage than culverts with or
without other modifications for fish passage. Countersunk culverts have also been capable of
conveying high discharges without erosion of the bed material. However, none of the countersunk
culverts in this review were subject to flows of greater than 10-year flood events. Further
investigation into the ability of steep countersunk culvertsto retain their bedload during flood

events of greater magnitude would be useful.
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APPENDIX A.
A SUMMARY OF INFORMATION ON THE MOVEMENTS
OF STREAM-DWELLING SALMONIDS

This appendix is designed to provide the reader with greater detail on the movement
patterns of resident and juvenile anadromous salmonids than was provided in the report. Nearly
100 papers about salmonid movements from a variety of sources were reviewed for this report.
The following is a summary of the details from those papers that may be important to the
individuals responsible for the design and assessment of stream road-crossing structures. It is not
intended to be a comprehensive review. This summary is based upon an interpretation of the
documents reviewed for thisreport. It would be prudent for those interested in greater detail on the
movement patterns of resident and juvenile anadromous salmonids, or on the details of a specific
study, to read the original studies after examining this report.

This summary has been arranged by fish species. Because of the large number of sources
reviewed for this report and the obscurity of some of them (i.e., unpublished agency reports),
using the standard “name-and-year” citation system would have been cumbersome. Instead,
summary statements that are supported by the majority of the sources reviewed do not include
literature citations. However, summary statements that present exceptional information do include
citations. Following the summary is a bibliography that is also arranged by fish species. Some of
the studies reviewed for this report include information about multiple species. Therefore, thereis

some repetition in the bibliography.

BROOK TROUT

Spawning is generally from October through December, but all age classes have been
observed moving upstream year-round. Age O+ fish moved up to 5 km upstream during the

summer (Hunt 1965). Several studies reported that upstream movement peaked in the spring as
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flow declined and in the fall during the spawning migration. Non-spawning fish moved upstream

in the fall with the spawners.

BROWN TROUT

Brown trout spawn in the fall. Following spawning, adults move to warmer water to
overwinter. Adults move to cooler water in the spring and summer. The magnitude of these
seasonal movements has been determined, using radio telemetry, to be thousands of meters (e.g.,
10-20 km, Meyerset al. 1992).

Movement patterns of age 1+ and older fish appear to be related to habitat productivity.
Population mobility increases with decreasing productivity. Fish in high elevation, low
productivity streams were generally mobile, moving thousands of meters (mostly upstream)
between captures (Gowan and Fausch 1996). Fish in low elevation, highly productive streams
were sedentary (Bachman 1984). Age 0+ fish may move upstream during the spring and summer.

Adults become piscivorous when they reach about 300 mm in length. Piscivorous adults
forage widely at night during the summer and rest in deep pools during the day. Studies that do
not include methods for determining nocturnal foraging may underestimate the incidence of

movement within the study population.

BULL TROUT AND DOLLY VARDEN

The taxonomic separation of bull trout and Dolly Varden into distinct species is not
unanimously accepted by fisheries scientists. For the purpose of this review, bull trout and Dolly
Varden are not distinguished, rather they are both referred to as native charr.

Native charr have four different life history patterns. resident, fluvial, adfluvial, and
anadromous. Ratliff (1996) found fish switching between adfluvial and fluvial strategies. Most
populations spawn in September and October, but some spawn as early as August or as late as
December. Thetiming of spawning migrations varies among populations. Migration may begin as

early as April or as late as December. Immature and non-spawning mature fish may move
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upstream with spawning fish. Interior populations may migrate downstream following spawning
to overwinter in large rivers with warmer temperatures.

Juveniles move both up and downstream. Coastal juveniles move upstream to low-order
tributariesto overwinter. Interior juveniles move upstream to colder water in the summer and will
utilize tributaries that did not support spawners. Ratliff (1996) used radio telemetry to track one

sub-adult fish down one tributary and up another, atotal of 19 km.

COHO SALMON

Coho salmon fry begin emerging in March (though this varies regionally). Upstream
movement may occur shortly after emergence. Upstream movement can occur throughout the
summer--often more fish move upstream than downstream (Thomas H. Kahler, unpublished data).
One study showed an upstream response to decreasing flow (Shirvell 1994). Much of the
spring/summer upstream movement is into off-channel rearing areas such as wall-base channels
and ponds. Generally, upstream movement peaksin April and May, but June peaks are reported in
some studies. August had the least amount movement in many studies.

Redistribution upstream to winter rearing areas often begins in September, usually
triggered by the first maor freshet. Most studies showed a peak in movement in October-
November. Upstream movement was often into smaller tributaries from larger rivers or into off-
channel habitats. The distances moved ranged from hundreds of meters to tens of kilometers.

Many studies found fish moving upstream into off-channel areas throughout the winter.

CHINOOK SALMON

Age 0+ fish moved up to 6 km upstream into non-natal tributaries of the Fraser River when
the turbidity was high in the main stem during summer runoff (Murray and Rosenau 1989). Both
upstream and downstream movements have been observed in interior populations of age 0+ spring
chinook. Over 90 percent of the age O+ fish in an interior stream moved upstream during the

summer (Pearsons et a. 1996).

20



Juvenile chinook may hide in the substrate during winter, preferring cobble substrate under
overhanging banks. The lack of substrate of appropriate size may influence emigration.
Experiments show that fish may move upstream as temperatures fall if large substrate is not
available (Bjornn 1971). Bendock (1989) found that age 0+ fish moved upstream over 50 km to

overwinter in alake in response to declining discharges and temperatures.

CUTTHROAT TROUT

Coastal Populations

Some coastal streams have both resident and anadromous forms of cutthroat trout.
Anadromous fish spawn earlier than residents. Anadromous fish may start upstream migration in
July and spawn from September to May. The timing of spawning may differ within and among
river systems and is often earlier in large rivers. Anadromous fish commonly spawn in small
headwater streams.

Fry may emerge from late March through early July and may move upstream to off-channel
areas soon after emergence. Age 0+ fish moved throughout the summer between stream channels
and off-channel areas, often more upstream than downstream. Age 1+ fish behavein asimilar
manner.

Fall and winter upstream movement into low-order tributaries and off-channel habitatsis
found in all age classes. Upstream movement may be triggered by freshets. Anadromous fish
may overwinter in anonnatal stream, return to salt water in the spring, and then migrate to their
natal stream to spawn.

An experiment on adult residents found that emigration was strongly related to food
abundance but only weakly related to cover (Wilzbach 1985). When food availability was low the
population was more mobile. The experiment was performed at summer temperatures, and the

movement induced was 70 percent downstream and 30 percent upstream.
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Interior Populations

In large river systems adults may move downstream in the fall to larger, warmer rivers,
then upstream in the spring to spawn in the tributaries. Non-spawners move upstream with the
spawners. However, in one high elevation headwater stream the adults showed no fal/winter
redistribution (Y oung 1998). The stream had abundant cobble and boulders, and summer water
temperatures were below the threshold temperatures for seasonal habitat shifts described in other
studies (Y oung 1998).

Young's (1996) summer radio-telemetry study of small, high elevation streams, reported
that fish movements of hundreds of meters were common and that some fish moved over 1000 m,
more often upstream than downstream.. Diana and Lane (1978) observed that fish 56 to 207 mm
long in ahigh elevation, high gradient stream moved thousands of meters upstream, some over a1

meter cascade.

RAINBOW TROUT

The timing of spawning migrations of adults varies, even within river systems. Spawners
are reported to move upstream from October to May. Following spawning, fish may establish a
new home range or return to their original location (Hockersmith et a. 1995).

Summer movement is common for all age classes. For immature fish, more upstream
movement is reported than downstream. The peak of upstream movement for age 0+ fish in one
study wasthe first of August (Pearsons et al. 1996). Age 1+ and older fish temporarily occupied a
tributary of the Fraser River while the turbidity was high in the main stem during the spring and
summer (Scrivener et a. 1994).

Studies of rainbow trout movement in high elevation streams report conflicting results.
Pearsons et al. (1996) found less movement with increasing elevation, but Gowan and Fausch
(1996) observed more movement at higher elevations. Gradient may be a factor in salmonid

movement but was not reported in either study.
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STEELHEAD TROUT

Steelhead fry emerge from April through June. Following emergence steelhead may move
upstream into small tributaries or off-channel habitats. Upstream movement may occur throughout
the summer and may be more prevalent than downstream movement. Nielsen et al. (1994) found a
diel migration between foraging sites and thermal refugesin stratified pools during the summer.

Fall and winter freshets trigger movement upstream from larger riversto smaller tributaries
or off-channel habitats. In one study juvenile steelhead moved from alarge river upstream into
ponds during freshets until the flow subsided, then they returned to the main stem (Cederholm and
Scarlett 1982). Murphy et al. (1984) found that juvenile steelhead in one southeast Alaska system
moved downstream through an estuary then up another stream to alake.

Two studies reported upstream movement of smolts. Hubble (1992) found age 1+ fish and
older fish that appeared to be smolts moving upstream above an intermittent stream reach. In
another study smolts released in atributary migrated down to the main stem then upstream over 12

km (Pearsons et al. 1996).
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APPENDIX B.
A BIBLIOGRAPHY OF FISH MOVEMENT LITERATURE

This bibliography was prepared as a guide to the fish movement literature that was
reviewed both for the report, Juvenile and Resident Adult Salmonid Movement and Passage
through Culverts, and for Appendix A. Itisnot a complete bibliography of all the available
literature on fish movement. The literature reviewed was selected for its pertinence to the designers
of stream road-crossings in Washington State, specifically studies that investigated the upstream
movement of stream-dwelling salmonids.

The references are arranged alphabetically by fish species. Because some of the studies

investigated the behavior of more than one species, there is some repetition of references.
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APPENDIX C.
A BIBLIOGRAPHY OF LITERATURE ON CULVERTSASFISHWAYS

This bibliography is alist of the literature on culverts as fishways and on fish passage
capabilities that was reviewed for the report Juvenile and Resident Adult Salmonid Movement and
Passage through Culverts. The list includes al documents reviewed for the report with the
exception of documents specifically about fish movement. It does not include the many
unpublished memoranda from state agencies or the personal communications that were reviewed.
It is not acomplete bibliography of al the available literature on culverts as fishways.

Many of the documents contain information about a variety of topics related to culverts as
fishways, e.g., hydraulics, fish swimming ability, installation guidelines, and others, making it a
challenge to arbitrarily assign a document to a general topic heading. To avoid confusion, asingle
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