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ABSTRACT

Field investigations on the effects of landslides, either naturally
occurring or resulting from construction and operation of logging roads,
on the composition of salmonid spawning gravel, stability of the stream-
bed, abundance of benthic fauna, and populations of juvenile salmonids
and nonsalmonids in Stequaleho Creek and the Clearwater River were
carried out during 1972-1975. The Yahoo Lake and Debris Torrent land-
slides, which resulted from logging voads, influenced the entire anadro-
mous zone of Stequaleho Creek and a 40 km portion of the mainstem of the
Clearwater River below the entrance of the Stequaleho. The influence
was pr1nczpaily on the mainstem spawning chinook salmon and steelhead
trout with minor influences on tributary spawning coho salmon,:steel-
head, and cutthroat trout.

In the second (1972) and thlrd (197?} summers follow1ng the land-
k:slxdes the percentages of fines (< 0.850 mm dlameter) in spawning gravel$

of SteQualeho Creek and Clearwater River were significantly greater (5%
level) in landslide affected areas than in the control areas. This
difference was not present in the fourth summer (1974). Flushing of
streambed sediments in the winter of 1972-1973 caused a recovery of
spawning gravels to near natural conditions.

In the second (1972), third (1973), and fourth (1974) summers after
the Yahoo Lake and Debris Torrent landslides the abundance of benthic
fauna in downstream areas of Stequaleho Creek was significantly (5%
level) lower than in the upstream control areas. Additional studies in
Stequaleho Creek and other Clearwater River tributaries of the relation-
Shlp between sedlment levels and ~abundance of bernthic fauna have shown
no’ slgnlflcant relatlanshlp - Therefore, we conclude that the lowilevels
of benthos in lower Stequaleho Creek are due to streambed instability
caused by both road-caused landslides and several natural landslides in
lower Stequaleho Creek.

There was no significant (5% level) difference in. abundance of
benthos in the Clearwater River above and below the mouth of Stegualeho
Creek for the summers of 1972, 1873, and 1974, ~

~ During the second (1972), third (1973), and fourth (1974) summers
after the Yahoo Lake and Debris Torrent landslides, the mean relative
biomass of coho salmon in the affected area of Stequaleho Creek was
significantly (5% level) lower than the mean of the 1973 and 1974 popula-
tions in several other Clearwater tributaries. There was no significant
difference in the trout or total teleost biomass for any of these years.
Other studies of Clearwater River tributaries indicate the possibility
of a general underseeded condition for coho salmon. This underseeded
condition has probably been caused by a combination of factors including
poor road construction practices in the past, overharvest in the com-
mercial and sport fisheries, and natural causes.



It azppears that the impact of the Stequaleho Creek landslides have
had a minor short-term effect on the salmonid populations and thelir
habitats; however, landslides of similar magnitude to the Yahoo Lake and
Debris Torrent slides are occurring in other tributaries of the Clear-
water basin at a rate that may be cumulatively significant.

The study of the Yzhoo Lake and Dsbris Torrent landslides and
other siltation sources of sediment (natural and man-caused) and their
effects on Fisheries resources of the Clearwater River system will con-
tinue for several years.
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INTRODUCTION

Sedimentation by logging-related practices of rivers and streams
draining the western coast of the Olympic Peninsula has caused concern
for the fisheries resources of the area. During the winter and early
spring of 1971, two landslides caused by failure of logging roads occurred
in an upper tributary (Stequaleho Creek) of the Clearwater River,
Jefferson County, Washington (Fig. 1). These landslides occurred on
state land administered by the Washington State Department of Natural
Resources {(DNR). Later, surveys by the Washington State Department of
Fisheries (WDF) on July 7, 20, and 27, 1971, reported that siltation
from these slides was affecting the abundance of fish food organisms and
covering salmonid spawning beds in Stequaleho Creek and the lower
Clearwater Rlver (Deschamps L971}

~Im December 1871, BNR contracted the Fishéries Research Insztitute
~(FRI} and the College of Forest Resources (CFR) of the University of
Washington to investigate the extent of damage to the fisheries resources
(Cedarholm and Lestelle 19743 Cederholm, Lestelle, Edie, Martin, and
Tagart 19753 Edie 1975; Wooldridge, Larson dnd Wald 1975; Wald 1975;
Martin 1976; Tagart 1976; Larson and Jacoby 19763 Cederholm, Scarlett,
and Salo 1977; and Lestelle [in preparation]). Over the past 3 1/2 years,
we have gathered information on the Stequaleho landslide as well as on
other sources of sediment (natural and man-caused) throughout the
Clearwater River basin. The studies have been directed toward monitoring
the Stequaleho landslides, while investigating the general effects of
inorganic and organic substrate siltation on the salmonid resources of
the Clearwater River and its tributaries. This report summarizes the
studies of 3 1/2 years which are related to the Stequaleho Creek land-
slides. Abstracts of three Master of Science degree theses completed on
this project are appended. !

LITERATURE REVIEW

Recognition of the Problems Associated with Sedimentation

Suspended sediment produced from heavily logged watersheds has been
found to exceed that from natural socurces by severalfold in many West
Coast watersheds. The logging road and associated drainage devices have
been singled out by many studies as the major contributors of sediment
(Wallis and Anderson 1965; FPredrickson 1970; Brown and Krygier 1971; and
Megahan and Kidd 1972). Recognition of this and the need for extensive
rehabilitation and design improvements to protect water quality are
emphasized in: Federal Water Pollution Control Administration 1970;
Burrcughs et al. 1873; U.S. Environmental Protection Agency 1875; and
the Washington Forest Practice Board 1976,

1The completed theses are on file at the University of Washington
Fisheries-Oceanography Library, Seattle, Washington, 98195.
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In this paper, the term sediment will be used in a general sense as
defined by the American Geophysical Union Subcommittee on Terminology
(1947), i.e., sediment is a general term for materials ranging in size
from very fine clay to very large boulders. Sand or silt (fines) will
be defined as that size of inorganic sediment considered to be detrimental
to fish and insect life and more specifically, we will be referring to
particles smaller than 0.85 mm diameter.

Effects of Fine Sediments on Fish Production

.There has been extensive research, in both laboratory and field
situations, on the effects of fine sediments produced from logging
practices on fish and fish habitat, Findings of the physical effects of
fines upon fishery resources are divided into the effects upon the
fish's . preemergent stages, and poste“ergen ,sta@es (Cordone and Kelley
19613 Hollis et al. 1964; “McNeil 19663 Koski. 19m2;«61bbons and Sale
l973, and Meehan 1974). The follow1ng review lnclud@s only some of the

more pertlnent studies.

Fish Preemergent Life

There has been extensive research on the effects of gpawning-bed
sedimentation on the preemergent life of salmonids. During this intra~
gravel life, high percentages of fines smaller than 0.85 mm can limit
survival by: (1) inhibiting intragravel permeability, and (2) physically
blocklng fry emergence.

chkett (1958) used a standplpe to measure permeablllty of spawning
beds in streams in British Columbia, Canada, where freshwater survival
of salmonids had been measured over a number of years. Wickett found a
direct relationship between the average permeability of the beds and
survival of salmon.

McNeil and .Ahnell (1964) found that in six southeast Alaska streams
the coefficient of permeability decreases as ‘the percentage of fines
{< 0.833 mm) "intreases in spawning gravels.

Vaux (1962) studied the interchange of stream and intragravel water
in a salmon spawning riffle. He found that dissolved oxygen is supplied
to intragravel water through (1) interchange of water from the stream
above and (2) groundwater flow. Within the gravel, the primary variables
that control interchange are gradients in the stream profile, permeability
of the gravel bed, and dimensions of the bed. Sheridan (1962) found
that the main source of oxygenated intragravel water is supplied through
an exchange with the water surface above. Alderdice, Wickett, and Brett
{1958) found that the rate of oxygen consumption for chum salmon was
highest but variable during the first one-third of the intragravel
development period and fairly constant therveafter. It seemed that the
most critical oxygen needs were at time of hatching.



Hays et al. (1951) found that the oxygen level limiting survival in
Atlantic salmon was greater for eggs (7.5 mg/l at 10°C) than for the
posthatch alevins (4.5 mg/l). Initiation of active respiration across
gill membranes was given as the mechanism accounting for the different
requirements.

Wickett. (1954) pointed out that the delivery rate of oxygen to an
egg or larva is a function of velocity and the oxygen content of the
water. Others (Coble 1961; Shumway 1960) have given experimental
evidence that variations in veloeity affected embryonic growth, develop-
ment, and survival in much the same manner as varlations in oxygen
content.

Considerable research has been carried out on the effects of varying
amounts of £ines less than 3.3 mm or 0.8 mm diameter in spawning gravels.
Cooper (1965) made an extensive laboratery study on the dynamics of
sediment transport and its effect on spawning gravel. He explained the
relationskips between the permeability of the gravel and particle size,
porosity and particle shape. Flow of silt-laden water over & gravel bed
results in deposition of silt within the gravel, even though velocities
exceed those allowing deposition on the surface. His results indicated
that the least damaging effects of suspended sediment on salmon embryos
and alevins would oceur with a very coarse gravel and the most severe
with fine gravel. He stressed the necessity for maintaining very low
suspended sediment -concentrations in water flowing over salmon spawning
beds.

McNeil and Ahnell (1964) sampled the spawning gravels of six south-
east Alaska pink salmon streams and determined the amount of fines
passing a 0.833-mm sieve. Generally, they found an inverse relationship
between the levels of fines and escapementsz of salmon.

Studies of the effects of sediments on intragravel survival, under
natural conditions, were carried ocut on coho salmon in the Alsea watershed
of Oregon. During the calibration phase of the study, it was found that
in the redds of coho salmon, the gravel composition was the variable
most clearly related to emergence survival. The mean survival from 21
redds was about 27% and ranged from 0% to 78%. The fines (< 0.833 mm )
ranged from about 22% to 28% smaller. The Oregon Game Comnission summa-
rized the Alsea watershed data for the years 13%64-1267 and high levels
of fines were Found to correlate strongly with low intragravel survival.
The percentage of fines in the gravel smaller than 0.833 mm diameter had
a slightly strenger correlation (r = -C.83) than did the percentage of
sediment less than 3.327 mm diameter (r = -0.73). Koski (1872) pointed
out that the amount of 0.833 mm and smaller fines in the Alsea redds had
a range of only 8 percent, but the mean survival ranged from 0.2% to
54%., HMe stated that ". . . a 1% increase in sediment less than 0.833 mn
resulted in a 4.5% decrease in survival to emergence."

1 and Lantz (1969) carried out extensive laboratory studies on
the emergent survival of coho salmon and steelhead trout. hey mixed
o match that which was found in the Alsea fleld studles and then

-
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added 1 to 3 mm fines in 10% increments. The survival curves showed a
very distinct reduction in survival with increasing amounts of fines,
and alsc a difference in the ability (determined by numbers of emergent
fry) of the two species to emerge through the silt-filled gravels. The
steelhead fry were found to have better survival at each gravel size
category; their smaller size was given as the explanation.

Bjornn (1968) used laboratory conditions to determine the survival
of chinook salmon and steelhead trout. He mixed gravel with increasing
percentages of granitic sand smaller than 6.35 mm (72% of which was
smaller than 2.54 mm) and, as the percentage of these fine sediments
increased, the salmonid survival decreased.  The.survival of steelhead
was found to be greater than salmon for a given percentage of sand and
it was thought that this was a result‘of]the smaller fry.

A high propcrtlon of the mortallty in the redds of coho salmon in
Oregon was: believed to have been caused by the inability of fry tTo
- penetrate through the.interstices of the gravel (Koski 1866). In
conjunction with reductions in dissolved oxygen and intragravel water
velocity, fines may form a barrier to fry migrating up through the
gravel and actually entomb them within the redd. White (1942) found
that where Atlantic salmon (Salmo salar) had spawned in gravel with an
extensive amount of sand, 80% of the embryos were dead and 20% had
produced fry which were unable to emerge through the compact layer.

Phillips (1965) observed that cocho salmon embryos in aquaria
suffered only low mortality rates prior to hatching in fine gravel, but
after hatching, the coho alevins appeared distressed and died a short
time later. = The restriction of movement was dramatically illustrated by
the trail of dead alevins as they struggled toward the surface. The
more vigorous died about 2 inches short of emerging.

Detailed experiments by Koski (13875) at Big Beef Creek on the
effects of gravel composition on the survival to emergence, and eventual
fry fitness of chum salmon, led him to state:

"An array of ecological adaptations was disclosed which allowed for
the continuity of the genetic differences between the early and late
stocks of chum salmon in Big Beef Creek. The adaptations in the adult
chums incliuded the time of spawning, size and age of the spawners,
fecundity, and egg size; adaptations in the emergent fry included timing
of emergence, stage of development, and size and robustness. Criteria
for describing fry fitness were based on the preceding adaptations of
the emergent fry. Dquations were developed which described the effects
of low concentrations of digsolved oxygen and increased levels of fine
sediment on survival to emergence and fitness of chum salmon fry. A
quantitative estimate of the effects of increased sediment indicated
that survival to emergence decreased 1.268% for each 1.0% increment in
sand. A decrease in fry fitness was directly related to low dissolved
oxygen and high percentages of sand in the spawning gravel. A selective
mortality against fry of a larger size was also suggested in gravel
< ‘tontaining high amounts of sand. A reduction in fry fitness may have



proncunced effects on survival following emergence. Much of the observed
variability in marine survival may be accounted for by a knowledge of
the rate of survival to emergence and fry fitness."”

Fish Postemergent Life

During the freshwater postemergent life (rearing phase) of salmonids,
information concerning the direct or indirect effects of substrate
siltation is not as complete as it is for the intragravel period.
However, thers is an extensive literature on the natural life history of
salmon and trout which closely links high fish production to a clean and
stable gravel substrate.

The rearlng phase. of salmonids can be divided into two critical
periods: (1) the summer low-flow period, and (2) the overwinter period.
A elean substrate is essential for fish food organisms, and for juvenile
salmonids to use asz shelter from predators and undesirable streamflows.

According te Frost and Brown (1967) and Thomas (1864), a productive
salmonid habitat must have good clean, cocl, hard water (pH 7 or greater),
a stony and largely stable substratum, a plentiful source of detritus
from riparian and aquatic vegetation, and most Importantly, a low
susceptibility to flooding.

On the determinants of stream production, Chapman and Bjornn (1969)
stated "Where there is catastrophic instability, the pesitive influences
of high ionic content, copicus leaf-fall, and suitable temperatures
cannot be lastingly effective. On the significance of floods, there I1s
general agreement. Initially, and briefly, they (floods) benefit
salmonids by making food more accessible, their main consequence is a
reduction of the invertebrates (Allen 1859; Thomas 1964%), and of alloch-
thonous material."

Effects of Fine Sediments Upon Benthic COpgani

An increase in fines can cause a reducticn in the abundance of
benthic insects. This is of significance since benthic insects are a
vital component in the food web of freshwater fishes (Hynes 1870).

Tebo {1955) observed a reduction in standing crop of benthic
organisms in a small Nortn Carclina stream following siltation due teo
logging. A total of 109 one-sg-ft bottom samples was collected above
and below the sediment source and the reduction was statistically
significant in the affected section. Bachman {1958) observed a statisti-
cally significant reducticn in volume of benthic organisms in an Idaho
stream folleowing sedimentation from log;ing road construction. A similar
peduction occurred in the Truckee River, Czlifornia, following a gravel
washing operation (Cordorﬁ 4nd Pennoyer 1960); samples taken below the
sediment source Qon ificantly fewer insects than samples

el
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upstream of the ference was observed az far as 10.5 miles



downstream from the sediment source. Erosion depositing approximately
10,000 m¥ of sand in a British stream over a perlod of 2 years reduced
the downstream populations of aquatic food organisms when compared to

samples above the sediment scurce. In fact, Chironomidae, which often
inorease in abundance in organic sedimentation, were either absent or

occurred sporadically below this sediment source (Nuttall 1972).

Several mechanisms have been proposed to account for a reduction in
insect abundance following increased sedimentation. Clogging of inter-
stices with fines may affect insect abundance by a reduction in flow of
oxygen-enriched water (Ziebell 1960). Usinger (1971) suggests there may
bas an abrasion effect or interference with the respiratory structures of
insects causzed by silt. Streams which rely on primary production as
their principal energy source may be affected by a decrease in the
photosynthesis process during increased suspended sediment loads,
affecting the insect community by decreasing insect food abundance
(Eynes 1960). ' S : :

Dependence of Salmonids on a Clean Substrate for Cover

Phillips (1270) pointed out the need to maintain clean crevices and
interstices in gravel substrates to provide escape cover to salmonid
fry.

Chapman and Bjornn (196%) report that in the Salmon and Clearwater
rivers of Idaho, young steelhead trout and chinook salmon tend to be
under large stones in the winter months when water temperatures drop
below 4 €. They also carried out extensive laboratory experiments on
the substrate preferences of juvenile steelhead and chinook salmon,
They said, "Steelhead are almost invariably associated with rubble
particles and are in somewhat shallower water than chinocks. We have
noted in laboratory work that chinook fry are easily frightened, darting
away on very slight provocation. Steelhead, by comparison, are almost
placid. It could be that steelhead have a 'security blanket' resulting
from adaptive association with cover provided by rubble, while chinooks
must rely on darting flight to escape from predators such as birds."

Observations by Ruggles (1966) and Hartman (1365) on coho salmon
indicate that this species is less dependent on the substrate than young
steelhead trout. Ruggles was able to decrease the holding capacity in
an artificial stream for coho after adding substrate cover in the form
of patic blocks while Hartman found that coho did not go beneath stones
during the winter in stream aquaria.

Extensive field observations of the overwintering ecology of
juvenile coho and steelhead were made by Bustard (1873) while snorkeling
in Carpaticn Creek, a small stream on the west coast of Vancouver Island.
His s+tudies indicated a movement of coho and older steelhead into deep
pools, while age-O-steelhead remained in the shallows and marginal areas
of the stream as the temperature went from 9 C to 2 C Steelhead fryv

5

were most often Found under rubble, while cohe and older steelhead were
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most often found within upturned roots and under logs. Bustard also
carried out some interesting experiments with the substrate preference
of coho salmon and cutthrost trout. He found a definite preference for
clean rubble substrate as opposed to silted rubble substrate. At the
end of his study, Bustard recommended that sediment loads in streams
should be kept to a minimum to protect overwintering habitat, especlally
in streams that do not flush frequeéently.

Behavioral observations by Allee (1974) on the seasonal distribution
of coho and steelhead fry in Big Beef Creek rated a movement of young-
of-thé-year coho fry into the shallow stream margins in March prior to
steelhead emergence. By May, both coho and steelhead fry occupiad the
shallow stream margins, exhibiting intense territorial behavior. After
the termination of the spring smolt migration, the coho fry began to
take up vesidence in the pool habitat, while the majority of age-0
steelhead were present in the shallow areas of the stream, in the riffles,
-and along the. sleping sides and bottoms of pools. In almost all the
habitat situations, the latter species showed a close association with
the substrate. Allee says "These fish (age-0 steelhead) exhibited
territorial behavior, presumably based upon site orientation related to
+the substrate.”" He goes on to say that the steelhead yearlings were
found mainly in the deep pools where cover was available and in areas of
fast velocity where the average depth of a riffle deepened to form a
pool.

By late fall, increased discharge and lower temperatures brought on
a change in the salmonid distributions. At this time, the age 0 and
older steelhead were both found in the pools with the coho. During the
winter vesidence, it became very difficult to sample, but Allee did find
come evidence of coho and both age groups of trout in pools in association
with roots of stumps.

Retention Time for Fine Sediments in Spawning Gravels

The extent of damage to agquatic resources due to sedimentation is
greatly influenced by the magnitude and timing of the sedimentation and
the ability of the stream to flush these sediments during storm pericds.

Studies in Alaska by McNell and Ahnell {1964) determined that the
deposition of fine sediments In the spawning substrates was temporary,
depending on the amount of pink salmon spawning activity and the occur-
vence of floods. McNeil and Abnell (1982) found "that an abundance of
spawners in September of 1952 and 1960 caused removal of the fine
particles from the intertidal area. A scarcity of spawners without
adequate population pressure to move the spawners upstream resulted in a
failure to remove the fines from the beds in the upper areas. The
increase in volume of fine particles in the cne upstream area between
August and October of 1859 was attributed to sedimentation from logging,
and the subsequent decrease in February was attributed to flooding."



Shapley and Bishop (1955) studied gravel movement In relation to
logjams in a small pink salmon stream on Prince of Wales lsland, Alaska.
They discussed the relative settling rates of organic and inorganic
suzspended sediments. Apparently, the inorganic sediments would settle
out First, due to differences in specific gravity during low-flow periods,
but they were flushed and swept downstream by the first high-flows of
the fall season. High streamflows can largely determine the sige composi-
tion of streambed material, and that streams with low high-flow:low-flow
ratios require less sediment load to make lasting changes in gravel
composition.

Helmers (1966) studied changes in salmon spawning gravel compesition
in relation to log-debris jams before and after floods in an Alaskan
stream. He found that the amount of fine material (less than 0.833 mm
diameter) in the top 6 inches of streambed was less after flooding than
Lefore in four of the five areas and unchanged in the others.

Burns (1972) studied spawning bed sedimentation in relation to
logging in several small California streams. He states that, "Sustained
logging and associated road construction over a period of many years do
not afford either the stream or the fish population a chance to recover."

Moring and Lantz (1974) reported that in 12 Oregon coastal streams
under varying degrees of logging influence, spawning gravel composition
was more variable and lass evenly distributed in streams after logging
operations. They also found that intragravel dissolved oxygen ninimums
declined on seven streams after logging, increased on three, and remained
unchanged on two.

Results of 14 vears of study on the Alsea watershed of coastal Oregon
were reported by Moring 1975a, b; Moring and Lantz 1875. There was a
205.3% increase in suspended sediments in Needle Branch {clearcut) fol-
lowing road construction, and a 53.5% increase in Deer Creek (patchcut).
Sediment discharge increased by only 0.1% in Flynn Creek (unaffected by
logging or road constructiorn) during this same period. Levels of fine
material (< 0.833 mm and < 3.327 wm in diameter) in spawning gravels in-
creased in Needle Branch and Deer Creek following logging, but the lack of
sufficient prelogging data makes the statistical comparison weak. Perme-
ability of the spawning gravel decreased in Needle Branch after logging,
while the permeabilities in the other two streams remained essentially the
same.

Summar;

Several conclusions can be drawn from the literature regarding the
effects of stream substrate cemposition on salmonid habitat and survi

4 in a salmonid's life from egg deposi-

1. 4 nigh intragravel survival is dependent on a permeable
streambed that allows a good interchange of well-oxygenated
water from the stream above,
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High levels of fines (materials smaller than 0.85 mm in
diameter) in or on spawning gravels can reduce the permeability
of the intragravel water.

Higher than natural levels of fine sediments {0.833 mm diameter)
in spawnlnv gravels have been shown to have a strong inverse
correlation with survival-to-emergence for almost all species
of salmcnids. k

The degree of reductlon in preemergent survival for a given
gravel composition varies greatly and may depend on the
species of salmonid as well as the hydrologlc conditions of

the watershed 1nvolved

A*Significaﬁt smount wathe preemergent mortallty is caused bY

the 1nab111ty of the button-up fry to swim up and out of the

 gravel due to the clogging of interstices by fine sediments.

The gravel composition of'a'spawning—bed‘may have selective
effects on fry populations which may affect survival in the
freshwater and saltwater environments.

Postemergent life is the period in a salmonid's life from fry

emergence through smoltification.

1.

A productive salmonid stream is characterized by clean, cold

water, with a stony substrate, extensive streamside vegetation,

a pH above 7, and moderate streamflows during winter.

An important part of a salmonid's diet comes from within the
stream substrate as benthic fauna.

Extensive siltation on, or within, the substratum can substan-
tially veduce the benthic: fauna numbers.

Highly fluctuating winter streamflows act to clean streams of
unwanted fine sediments, but they also can reduce the number
of benthic organisms living on the stream bottom.

Considering the mobility of benthic fauna, reductions in the
populations due to siltation can be short-term, depending on
the stream's ability to flush the silt.

It is important to keep the gravel interstices from clogging
with fines because the substrate is a very important source of
predator escape cover for salmonid fry in summer, and hiding
cover from streamflows in winter.

This dependence on the substrate for hiding cover seems to be
most important in young-of-the-year trout.
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On the retention time of fine sediments in substrates, there
is probably a great degree of variation from region to regicn,
depending on the soil type, magnitude and timing of the
initial disturbance, the gradient of the streambed, and the
general rainfall and runoff patterns of the particular streams.

It appears that given enough time, recovery can occur in most
streams.

CLEARWATER RIVER RESEARCH OBJECTIVES

Specific Objectives

The purpose of this project has been to determine the influence of
substrate siltation on the fisheries resources, at the levels encountered
ir the landslide-affected areas of Stequaleho Creek and the Clearwater

River.

The study iz in two segments:

Phase I (January 1372 to June 1973). In this period we:

A)

B}

)

D)

E)

monitored the spawning gravel composition (fine sediment
levels) in landslide-affected and unaffected areas of Stequaleho
Creek and the Clearwater River;

monitored the streambed stability in lower Stequalehe Creek;

measured the suspended sediment concentrations in Stequaleho

Creek and compared them to other tributaries of the Clearwater
River; '

monitored the abundance of benthic fauna found in landslide-
affected and unaffected substrates of Stequaleho Creek and the
{learwater River;

measured the abundance of salmonids and nonsalmonids in
landslide-affected areas of Stequaleho Creek, and compared
them with other tributaries of the Clearwater River.

Phase IT (July 1973 to June 1875). In this period we:

A)

B3)

c)

D)

continued the program of FPhase I

carried out a census of the juvenile salimonids in the Clearwater
River Basin, in relation to logging (Edie 1875);

investigated the influence of organic and inorganic siltation
on the abundance and producticn of benthic fauna (Martin 1978),

investigated the velationship between gravel compositicn and
the survival of ccho salmon from egp deposition to the smergerce
of fry under natural (Tagart 1976) and artificial
conditionz (Lederholm and Tagart, unpublished),

tTream

)]
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THE CLEARWATER RIVER BASIN

The Clearwater River is the largest of four major tributaries of
the Queets River, with a watershed area of approximately 350 km?
(145 sq miles). The Clearwater enters the Queets River about 10 km
above its mouth (Fig. 2). The Clearwater mainstream is approximately
64 km long and is fed by 10 major tributaries and many minor ones.
There are about 100 km of tributary and 60 km of mainstream available to
anadromous salmonids throughout the Clearwater River system.

The Clearwater River, in contrast to the Queets River, is unglaciated
and flows southwest from the foothills of the Olympic Mountains. Rainfall
often exceeds 381 c¢m (150 inches) per year and the proximity to the
Paclfl“ 0cean provzées for: Papld changes in weather throughout the year.

Durlng water year: Gctobef'197u to September 1975 the mean annual
stream dlscharge at the mouth was approximately 1,000 cfs, and the
minimum was 35.0 ¢fs in August 1975 (Larson and Jacoby 1976).

The Clearwater River and its tributaries support a wide variety of
fish species. Among these are coho salmon (Oncorhynchus kisutch),
chinook salmon (0. tshawytscha), steelhead trout (Salmo gairdneri), and
searun and resident varieties of coastal cutthroat trout (8. clarki).
There are also minor runs of gockeye salmon (0. nerka) and chum salmon
(0. keta). Some of the other species of fish found in this drainage are
the torrent sculpin (Cottus rhotheus), prickly sculpin (C. asper), ,
coast range sculpin (C. aleuticus), western speckled dace (Rhinichthys
osculus), longnose dace (R. cataractae) Rocky Mountain whitefish
(Prosopium williamsoni), two species of lamprey and an introduced
variety of Mount Whitney rainbow trout.

LOGGING OF THE CLEARWATER RIVER BASIN

- The Clearwater River Basin is under intensive old-growth timber
management by state, federal, and private land owners. Approximately
80% of the drainage is managed by the DNR and in 1974, approximately 20%
of the DHNR statewide annual cut came from this area.

The principal timber harvesting practice throughout the Clearwater
block is a sustained yield concept of clearcutting in a patchcut pattern.
Clearcut areas are usually burned and replanted with conifers within
2 years after cutting. The size of each clearcut unit averages around
32 ha and seldom exceeds 81 ha. The retention of buffer strips and
streamside management zones has bsen the gensral practice to date for
most major tributaries and the main Clearwater River, but many small
tributaries (Type 4 and 5 waters) are clearcut. The commercially har-
vested timber species are Western hemlock (Tsuga heterophylla), white
fir (Abies amabilis), Sitka spruce (Picea sitchensis), Western red cedar
(Thuja plicata), and Douglas fir (Pseudotsuga menziesii).
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Before 1960, the principal logging was by private companies who own
about 15% of the drainage. After 1960, the DNR began extending its road
system into the steep upper river areas, and by mid-1875 there were
approximately 450 km (300 mi) of logging roads in the Clearwater River
watershed.

The logging roads in the middle and upper Clearwater Basin are in
steep terrain where sideslopes often exceed 100%. Natural landslides
are quite numerous in this area, and man-caused landslides along logging
roads and in clearcut units are occurring at an alarming rate (Fiksdal
197u4a, 1974b). These natural and man-caused landslides contribute a
considerable amount of siltation to the Clearwater River and its
trlbutarles. :

LANDSLIDE AFFBCTEU APEA R

In May”l97l two massive landslldeg were caused by logglng road
failure in the steep upper Stequaleho Creek basin. The slides are
referred to as the Debris Torrent and Yahoo Lake landslides (Fig. 3).
Combined, these landslides put approximately 16,000 m3 (20,000 yéa} of
sediment and debris into Stequaleho Creek during the initial event.
Since this study started, the Yahoo Lake slide has reactivated (1973)
once, and there have been two additional significant road slides in
upper Stequaleho Creek. There are four large natural slides in Stequaleho
Creek which also add a considerable amount of sediment to the stream.
One, located just downstream of the Debris Torrent slide, occurred at
the Same tlme as “the Debrls Torvent slide.

The influence of the Yahoo Lake and Debris Torrent includes 3 km of
anadromous zone in lower Stequaleho Creek, and 40 km of the lower
mainstem Clearwater River. The influence probably extended into the
Quéets River and its estuary, but these areas are beyond the scope of
“the study

RESEARCH PROCEDURE

The landslides occurred in the spring of 1971, and the study began
in January 1972, so no data ave available for the first summer and fall.
However, if the effects were of long-term significance they should have
been detectable when compared to unaffected areas in Stequaleho Creek
and other tributaries. It was assumed that the environment in the
unaffected areas represent the conditions existing in the landslide-
affected aveas prior to the event, so the sampling locations were chosen
upstream (controls) and downstream (experimentals) of the slides.
Surveys and experiments have been conducted in other tributaries of the
Clearwater River.
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METHODS

Spawning Gravel Composition

Over a 3.5-year period, we have analyzed over 600 spawniﬁg gravel
samples from Stequaleho Creek, the mainstem Clearwater River and its

tributaries (Figs. 2 and 3). Within Stequaleho Creek proper, four sites

were established above the landslide source (8§T-2~4, ST-2-B, S5T-2-C,
ST-3-A) and four sites below (8T-3-B, ST-u4, ST-5, ST-6). tation S$T-3-B
was located between the two landslides and above the anadromous fish
blockage.. Stations were also established in the main Clearwater River
above (Cl-1, Cl-2, C1-3, S0-1) and below (c1- 4, Cl-5, C1-6) the mouth of -
Stequaleho Creek. Due to ongolng Iogging and road bulldlng projects by
the DNR after 19?3, some of the lands d naffected co&trol statzens

'Spawning'gra§eL samplés weve ‘taken from riffles where salmon, or
trout, or both, were known to spawn, using a technique developed in-
Alaska by McNeil and- Ahnell (1964). The sampler, which was modified
with a plunger to capture the smaller than 0.106 mm diameter sediments
(Fig. 4}, removes a circuldr core 15.24 cm (8 inches) in diameter and
20.32 cm (8 inches) deep. The samples were washed through a series of
from five to seven Tyler sieves, which had the following sguare-mesh
openings: 77 mm (3.0 inch), 26.9 mm (1.06 inch), 3.36 mm (0.132 inch),

©0.850 mm (0.033 inch), 0.425 mm (0.017 inch), ©0.212 mm (0.008 inch), and

O 106 mm (0.00k inch). The material passing through the smallest sieve
size (0. 106 mm [0.004 dnchl) was allowed to settle for 1 -hr in a graduated

cyllnder before the volume was read. The volume of material retained by
each sieve was then measured in a volume displacement flask. The percent-
age of the total sample passing through each Tyler sieve size could then

be determined.

‘ Statlsrlcal tests wepe performed on the ‘control and exparlmental :
sample means for Stequaleho Creek and the- Clearwater River using a t- Lest
with a Behrens-Fishér distribution. Since sample sizes were unequal,
Cochran's approximation of the significance of t was used (Snedecor and
Cochran 1967).

Streambed Cross Section Changes

Crogs-sectional surveys (Cederholm 1972) provided information on
the relative change of the streambed. Sixty stations were established
in three locations (20 cross sections each) in the anadromous zone of
Stequaleho. Measurements were taken in June 1972 and repeated in August
1973 (see Cederholm and Lestelle 1874).

During the winter of 1974-1975, we took cross-sectional measurements
in Hurst, Shale, and Christmas Creeks, in addition to Stequaleho. The
measurements were taken at 150-ft intervals in the lower mile of each of
the four tributaries in September 1974, January 1975, and June 1975.
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Fig. 4. The McNell gravel sampler used to investigate
gravel quality in the Clearwater River and its
tributaries, 1973-75,
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A station profile was made by hand level, rod and tape. The dig~
tances were measured from bench marks located on the banks of The stream
and when the profiles for different pericds were superimposed, the
changes could be calculated. The areas of the change were divided into
three categories: 1) erosion of embankments; 2) streambed scour; and
3) streambed fill. Streambed fill was given a positive value and stream-
bed scour and streambank ercsion were given negative values and the
algebraic sum of the values was used to arrive at the net change.

During the 1972-1873 surveys, the resulis were expressed in volumes,

while in 197u4-1975 the results are expressed in cross-sectional area

changes. This technigque measures cnly gross bedload changes and does
not allow for changes in the very small (suspended) particle sizes.

Benthic Insect Abundance

During the summers of 1972, 1978, and 1974, =& total of 325 samples
of benthic organisme was collected from Stequaleho Creek, the Clearwater
River, and its tributaries. Bottom samples were collected with a Neill
cylinder (Neill 1938), which samples an area of 1,000 em? (1.1 ft?) of
streambed to a depth of 10 em (4 inches) (Fig. 5). Organisms trapped by
the cylinder are washed into a trailing net by water passing through two
openings. The net has 25 meshes per inch, or apertures of slightly less
than 1 mm (the manufacturer's standard pore size for the Surber sampler
is 1.02 mm). To determine the efficiency of the trailing net, we took
12 samples with a smaller net (pore size = 0,247 mm) tied behind it (see
Cederholm and Lestelle 1274). -

All samples collected with the nets were either preserved in 70%
alechol for lahoratory analysis (1872 and 1973) or picked in the field
(1974).

(lassification was carried out to family during 1872 and 1873, and
only total numbers of individuals were counted in 1974, ¥eys of insect
larvae to species are lacking for this region of the country.

All stations were located on riffles with predominately velocities
of 0.3 to 0.45 m/sec (1.0 to 1.5 ft/sec); occasionally they reached
0.6 m/sec (2.0 Ft/sec). GSites were chosen randomly--substrate permitting.
During the summer of 1972, samples were taken in Stequaleho Creek
and the main Clearwater River before and after a major storm in early
July.

During July 1873, samples were collected in Stegualsgho Cresk and
the main Clearwater River; in addition baseline data were gathered in
the remaining Clearwater River tributaries.

Between July 31 and August 5, 1874, anoth
taken in Stegqualeho Creek and no additional sample
other areas.

m
3
0]
w O

t of samples was
re needed from the



14

WATER = |
SURFACE

i B:
CURRENT —»

A j _
RIVER fggafizd 5 oy ' :
BED s O Cm ¥ Y

Flange

Screen over front opening

Track for sliding door

Siiding door with attached cord(in track)

Rear sliding door (hung outside cylinder for flushing)
Rear opening with flange

Carrying handle

Handle for rotating cylinder

Troiling net

(adapted from Neill, 1938)

Fig., 5. YNeill cylinder.



20

The data were analyzed by the use of a cne-way analysis of varlance
with a Scheffe's comparison (McCaughran, personal communication), but
normality is a basic assumption of this analysis and since it is known
+hat the benthic fauna are not distributed in & normal fashion (Allen
1953), a square root transformation of the data was made. For the
analvsis, the control (S8T-2-A, 5T-2-C, ST-3-A) was considered one treat-
ment, and the experimentals (ST-3-B, 8T-4, ST-6) were considered a
tpeastment. For the Clearwater River, the control (C-2, C-3) was consid-

ered as one treatment, and the experimental {(C-4, C-5) as another.

Fish Abundance

Juveniles

During the summer low-flow pericds of 1972, 1973, and 1974, the
standing stock of juvenile salmonids and nonsalmonids was determined for
the 31 locations in the anadromous zone of Stequaleho Creek and other
tpibutaries of the Clearwater River. Due to the limitations of the
backpack electrofisher, the mainstream of the Clearwater River was not
sampled. The objective was to compare the fish populations of landslide-
affected Stequaleho Creek with the unaffected Clearwater River tributar-
ies. The biomass divided by the water surface area in a study section
was chosen as the parameter for comparison.

A typical sampling location was from 70 to 14C m long and located
in an area that could be sampled with a Smith-Root Mark V backpack
electrofisher (i.e., where the stream depth did not exceed 1 m).

During sampling, the upstream and downstream limits of each section were
blocked with small mesh stop nets. A Petersen mark-recapture census was
made (Chapman modification, 1851) for each major size group of the
principal species.

The fish were anesthetized with MS-222 and were marked with a small
clip of the dorsal lobe of the caudal fin. Lengths, welghts, and scales
were taken on most of the fish.

Wwhen the fich were sampled, each study section was subdivided into
pool, riffle, and run habitat, and physical measurements were determined
for the water surface area of each. The relative biomass of each
species and age group of fish alculated hased on the standing
biomass (of each species) divided by the total water suriace araa of
each study location. For further information on the specl
h rout 1 &

composition of the popu icns, see Edi

.t
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tributaries by foot surveys. Timing was governed by streamflow levels
and general weather conditions. The peak of spawning was determined by
the greatest number of redds observed on any one date.

Surveys of the mainstem were usually separated by 1 to 2 weeks, and
the number of redds cobserved on each survey was treated as a distinct
count. The entire mainstem could be surveyed on each flight. The
number of redds formed by an escapement of spawners was therefore the
summation of all redds observed during the season. From four to seven
surveys were made for each species during a spawning season.

Surveys were carried cut in index sectlons of 12 tributaries. The
+total length of the index sections accounted for approximately one~third
of the areas open to anadromous migration. Iach stream index section
was suprveyed at least once, and in sgome cases as many as seven times,
per season. The number of redds per mile was determined for each index
‘avea and extrapolated to the remainder of the stream. Due to the diffi-
culty in seeing all the redds constructed by steelhead, coho, and chinook
in tributaries, all counted redds were multiplied by a factor of 2.

A redd was called one female's complement of deposited eggs, and a
redd could be made up of more than one nest. In the case of coho and
chinock salmon, a female's eggs were seldom spawned in more than one
nest, but the steelhead were found to spawn anywhere from cne to three
separate nests per redd. Therefore, when a redd surveyor was counting
salmon redds, he merely counted the total number of full-sized nests;
but when counting steelhead redds, he had to make a judgment as to how
many nests made a single redd, usually based on the relative proximity
of the nests. -Small test digs and -lamprey redds were noted, but not
included in the total number of steelhead redds.

When making redd surveys, it was often very difficult to know when
one was recounting redds or counting newly spawned ones. Ubviously, the
~redd survey information is very subjective and open to comsiderable

error, but we feel that the data are usable in relative terms within the
- Clearwater River system. '

RESULTS

Clearwater River System Anadromecus Area Influenced by the
Stequaleho Creek Landslides

The Yahoo Lake and Debrisz Torrent landslides are located upstream
‘of the anadromous block in Stequaleho Creek. Therefore, these landslides
bad the potential te influence the anadromous zone of Stequaleho, and
the Clearwater River mainstem below Stegualeho. It was determined
between 1973 and 1975 that on the average approximately 32% (range =
21%-48%) of the Clearwater River winter-run steelhead and 41% (range 34%-
63%) of the fall-run chincok salmon and 3% (range 2%-4%) of the coho
spawn within this area (Table 1). The winter steelhead and chinook are
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Table 1. Estimated distribution of winter-run steelhead and fall salmon
redds in the landslide-affected and -unaffected areas of the
Clearwater Riverl

Number of redds in the landslide- Number of redds in the landslides

affected area in Stegualeho Creek unaffected area in Clearwater Riwver

and the Clearwater River and the remaining tributariesg

Winter Fall Fall Winter = Faill Fall ;
Year steelhead chinock coho Total steelhead chinook cohe Total
1973 208 97 26 332 773 189 584 1,546

1974 52 119 15 183 56 64 348 u68

1975 268 115 & 387 o815 221 210 7ue
Total 529 331 42 902 1,144 474 1,142 2,760

X 176 110 1y 301 381 158 381 920

3'These estimates cannot be used to represent total escapements of the three
species of salmonids; but are probably correct in terms of relative distribution
of numbers of redds in landslide-affected and -unaffected areas.
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principally lower-river mainstem spawners, while coho are primarily
tpibutary spawners, which accounts for the minor influence on coho
stock.

Spawning Gravel Composition Changes--Control vs.
Stequaleho Creek (1972, 1973, and 1974)

The mean percentages of fine material (< 0.85 mm) in spawning
gravels of Stequaleho Cresk were found to be significantly (5% level)
higher in the landslide-affected zone than in the control in 1872 and
-1973; but not in 1874 (Table 2). This would represent the second,
third, and fourth summers =ince the landslides occurred. In 1972, the
mean percentage of fines in the landslide~affected zone was 10.91%
 compared to 7.78% in the control, an increase of 3.13%. In 1973, the
mean percentage of fines in the landslide-affected zone was 9,91% comparad
to 7.48% in the contrcl, an increase of 2.42%., In 1974, the mean percent-
age of finmes in the landslide-affected zone was 9.00% compared to 9.50%,
‘a decrease of 0.50%. It is important to note, however, that new road-
caused landslides occurring in the control areas may have influenced the
gravels before they were sampled in 1873 and 1974 {Table 2} (Fig. &),

. Station St-3-B, located between the two landslides, had mean percent-
ages of fines of 6.72% in 1872; 21.20% in 1973; and 17.62% in 1974. The
reactivation of the Yahoo Lake landslide in 1973 (before sampling) is
believed to be the reazon for the high levels at this station in 1973

‘and 1974%. These heavy siltation levels in 1973 and 1974 were found
deposited behind the large logiam caused by material coming out of the
Debris Torrent landslide.

Spawning Gravel Composition Changes--Control vs.
Clearwater River (1872, 1973, and 1974)

The mean percentages of fine material (< 0.85 mm) in spawning
Eravels of the mainstem Clearwater River were found to be significantly
(5% level) higher in the landslide-affected areas (below Stequaleho
mouth) in 1972 and in 1873, but not in 1974 (Table 2). 1In 1972, the
percentage of fines in the landslide-affected area was 9.21% compared o
7.78% in the control, an increase of 1.43%. In 1873, the percentage of
fines in the landslide-affected area was 9,20% compared to 7.49% in the
control, an increase of 1.75%. 1In 1974, the percentage of fines in the
landslide-affected area was §.68% compared to 9.50% in the control, a
deéreased difference of 0.82% {Table 2} (Fig. 6)}. Again, these 3 years
of measurement represent the second, third and fourth summers gince the
‘otiginal landslides occurred. Alsc, the controls may have been influenced
by new road-caused landslides in 1973 and 197h.

During 1972 and 1973, changes in th
measured using three 150-m sections of
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Table 2. Mean and 95% confidence interval for percentage of fine material in
landslide-unaffected (control) and landslide-affected Stequaleho
Creek and the landslide-affected Clearwater River spawning gravels,
1972, 1973, and 1974

Percentage fine material passing a 0.850-mm Tyler sieve

1972 1973 1974
Location N R ( 95% con) N X ( 95% con) N X ( 95% con)
Control : ‘
ST-2-A 8 7.223 (£1.828) 9  6.073 (% 1.822) 8 7.388 (% 2,0u49)
ST-2-B 8 7.111 (£1.823) 8 10.220 (% 2.253) 7 10.399 (% 3,339)
8T-2-C 7 8,795 (%2.953) 5  8.523 (* 3.066) 8 11.163 (% 6.661)
ST-3-A . 6 7.309 (+1.228) 8 8,250 (% 2.317) = - . £
SO-1-A 15 8.238 (20,920) " 6 6.:568 (+ 3,224) 2 6,400 (#33.017).
Cl-1~A 8  7.612 (#2.205) 2. 8,165 (#25.315) 6 10,085 (% 2.357)
X = 7.780 (#*0.605) 7.494 (% 0.997) 9.500 (+ 1.757)
Experimental
(Stequaleho)

ST-3-B 8 6.715 (#3.021) 9 21,197 (£14,980) 8 17.621 (% 9.2u86)

ST-4 9 10.972 (#2.712) 5 10.297 (+ 3,883) 8 7.992 (% u4,228)
8T-5 11 11.357 (#2.471) 11 8.210 (% 2,122) 8 10.081 (% 1,897)
ST=6 12 10.u462 (#£1.469) 11 11.433 (% 2.095) 5 8.886 (+ 4,377Y
X = 10.913 (#1.112) 9.910 (+ 1.324%) °  9.001 (+ 1.718)
Experimental
{(Clearwater) . '
Cl-4 10 9.587 (£0.782) 11 7.244 (£ 1.602) 10 10.35% (& 1.759)
C1-5 17 8.431 (£1.675) 17  7.333 (# 1.451) 12  8.004% (+ 1,080)
C1-6 8 10.455 (£2.460) 16 12.849 (x 3.863) 11  6.322 (+ 2,8u7)
X = 9.210 (+£0.958) 9,24l (+ 1.652) 8.687 (+ 1.140)

o,

“These samples were destroyed by vandals.
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ST-8). Station ST-4 had a net change in the stresmbed of -18 m? and
Stathﬂ 57-5 had & net changs in the streambed of -330 m? This latter
degree of change is quite high in the scour category, whlle station ST-6
had a net change in the streambed of +3865 m3. There is a considerable
fill with some deposition as deep as 2 m.

During the winter of 1974-1875, compariscns in streambed cross
sections were made among the lower 1.7 km of Stequaleho Creek and
Hurst, Shale, and Christmas Crecks (Table 3). The surveys were made in
the fall, winter, and spring. The cross-sectional survey stations were
established 167 m apart, and the results were expressed as cross-sectional
area changes.

The most drastic changes in the streambed and embankments occurred
during the first half of winter (September 1974 to February 1975) when
Stequaleho Creek had an average streambed scour rate of -1.53 m 2/section;
Hurst Creek, -2.07; Shale Creek, ~1.32; and Christmas Creek, -0.85,
Stequaleho Cpeek had an average streambank erosicon rate of -0.25 m?/
gsection; Hurst Creek, -0.08; Shale Creek, -0.05; and Christmas Creek,
-0.24%. Stequaleho Creek had an average streambed fill rate of +0.33 m2/
section; Hurst Craeck, +0.52; Shale Creek, +0.48; and Christmas Creek,
+0.29,

During the second half of winter (February to Juns 1975}, Stequaleho
Creek had an average streambed scour rate of -0.63 mz/section; Hurst
Creek, ~0.23; Shale Creek, -0.31; and Christmas Creek, -0.53. Stegualeho
Creek had an average streambank erosion rate of ~0.03 m#/section; Hurst
Creek, -0.05; Shale Creek, =0.06; and Christmas Creek, -0.11. Stequaleho
Creek had an average stredmbed fill rate of +1.56 m?/section; Hurst
Cresk, +1.04; Shale Creek, +0.66; and Christmas Creek, +0.46.

for the entire winter, Hurst Creek showed the greafest average rate
of streambed scour, -2.31 m?/section, with Stequaleho Creek a close
second, -2.16, Christmas Creek showed the greatest average rate of
streambank ercsicn, -0.35 m?/section, with Stequaleho Creck a close
second, ~0.28, Stegualeho Creek showed the greatest rate of streambed
Fi11, +1.89 m?/section, with Hurst Creeck a close second, +1.56.

Suspended Sediment Concentrations

Theze data are reported in Wooldridge, B. D., A. G. Larson, and
A. R. Wald. 1975. Hydrologic Data Summary Clearwater River Basin Water
VYear 1973-1274. O.W.R.T. Project Number A-053-WASH.

Benthic Fauna Abundance

Stequaleho Creek (1872, 1973, and 1974)

n all 3 vyears, including four samplings (two
~ of benthic fauna per 1000 em? (F12)

n 1672), the mean
! £ te in
ted zone was found to be significantly (5%

atra in the landslide-
level) lower than the
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Table 3. Mean changes in the streambed cross-sectional area
in the lower reaches of Stegualeho, Hurst, Shale,
and Christmas Creeks, 1974-1975

Streambed Streambank Streambed
sScour (“‘) erosion {") £i11 (+)
Tributary Date {m? /section) (m* /section) (m®/section)

Stequaleho Creek 9/74-2/75 1.53 0.25 0.33
' 2/75-6/75 0.63 "0.08 1.56
9/ TH-6/75 2,16  0.28 1,89
Hurst Creek 9/7T4-2/75 2,07 0.08 0,52
2/75-6/75 0.24 0.05 ' 1,08
9/74-5/75 2.31 0.13 1,588
Shale Creek 9/74-2/75 1.32 0.05 0.48
2/75-6/75 0.31 0.06 0.6E
9/74~-6/75 1.63 0.11 1.14
Christmas Creek 9/74-2/75 0.85 0.24 0.29
2/75-6/75 0.53 0.11 0.u6

9/TU~6/75 ~1.38 0.35 0.75
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landslide-unaffected control (Tables 4a and b). During the first sampling
period of 1972 (June), the mean number of individuals was 159 in the
control compared to 54 in the landslide-affected zone, a 68% reduction.
During the second sampling period of 1972 (July and August), the mean
number of individuals was 125 in the control compared to 52 in the
landslide~affected zone, a 58% veduction. In 1973 (July), the mean
number of individuals was 104 in the control compared to 53 in the
landslide-affected zone, a 49% reduction. In 1974 (July and August),
the mean number of iIndividuals wag 168 in the control compared to 100 in
the landslide-affected zone, a 41% reduction (Fig. 7). Some evidence of
recovery of benthic fauna is evident in the 1974 data, four summers
following the initial lafidslides. -Reductions in benthic fauna abundance
for 1972 and 1973 were found to be evenly distributed through all major
taxonomic groups.

Clearwater River (1972, 1973, and 1974)

In all 3 years, including four sampling periods (two in 1872),
there was no significant (5% level) difference between the abundance of
benthic fauna in landslide-affected and -unaffected areas of the
Clearwater River (Table 5). During the first sampling period of 1972
(June), the mean number of individuals was 94 in the control compared to
76 in the landslide-affected zone, a 19% reduction. During the second
sampling period of 1972 (July and August), the mean number of individuals
was 75 in the control compared to 84 in the landslide-affected zone, an
increase of 12%. During the 1973 sampling period (July), the mean
number of individuals was 100 in the control compared to 127 in the
landslide-affected zone, an increase of 27%. During the 1974 sampling
period (August), the mean number of individuals was 179 in the control
(only one location sampled) compared to 105 in the landslide~affected
zZone.

Juvenile Figh Populations

Coho Salmon (1972, 1973, and 197u4)

During the summer low~flow period in 1972, the mean standing stock
(biomass) of coho salmon in the anadromous area of Stequaleho Creek was
0.302 g/m? (range = 0.146 to 0.481) (Table 6).

During the summer low-flow period of 1973, the mean standing stock
of coho salmon was 0.054 g/m? (range = 0.0LL to 0.064) in Stequaleho
Creek (Table 6) and 0.716 g/m? (range = 0.000 to 1.280) in seven other
Clearwater River tributaries (Table 7).

During the summer low-flow period of 1974, the mean standing stock
of coho salmon was 0.062 g/m? (range = 0.046 to 0.078) in Stequaleho
Creek (Table 6) and 0.893 g/m? (range = 0.169 to 2.748) in the other
seven tributaries (Table 7).
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Fig.7. Mean number of Benthic Organisms per square foot in landslide
affected and unaffected areas of Stequaleho Creek
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Table 5. Clearwater River--abundance of benthic fauna above and
below the mouth of Stequaleho Creek, 1972-1974

Landslide-unaffected

C1-1 C1-2 C1-3
o =l o o+ s =
o~ b~ ~ £~ =~ e~
&~ I - o~ | -~ ol t~ — - ot
o o o a2} (93] lep
e 4 e + — P — . ~ IR o
S N Y T S I
7 s83 % 5 dF 4 3 5 4dF 5 %
S a8 & < T R = S s 82 3 z2
No. of samples 4 9 8 & 9 & L
Coleoptera 116 276 138 54 156 151
Diptera 55 114 38 b8 g4 17
Ephemeroptera 342 508 4RO 198 128 234
Oligochaeta 2 13 1 2 0 15
Plecoptera 32 53 45 18 61 30
Tricoptera 14 89 27 29 185 11
Others +
unidentified 9 27 5 3 15 5
Total 570 1080 732 350 £00 462 717
% No. /ft? 143 120 81 5B 67 58 179
Landslide-affected
Cl-4 Cl-5 Cl-6
o™ = I = o =
o~ - ~ = e~ r~
i~ P p o~ — £ e e~ ~ o™ —
] < a3 o o =]
Ll + o~ 4 — 42 Ll + el + = +
U 7l VoW (6] tow o
- s o @ B B, 4 e e o
= B o Bo il ~ b o & e BE &
= == o = 5 o o = 5 o532 o
. o M <t = P ! <« = o = <1
No. of samples 8 3 S 5 9 9 19 8 10
Colecptera il 217 g7 33 75 138 57
Biptera 35 25  uug 129 329 592 209
Ephemeroptera 195 382 4958 250 38L 575 319
Oligocnaeta 16 £ 10 0 g 12 {
Plecopters 35 37 65 19 41 173 1i4
Tricopters 208 30 51 176 855 118 32
Cthers +
Unidentified 18 2 58 3 8 55 17
Total 652 HA9 1257 709 &17 885 1682 742 ThE
% No,/ft? 82 74140 118 S 35 166 a3 75
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Age O Trout (1972, 1973, and 1874)

During the summer low-flow period of 1972, the mean standing stock
of age 0 trout in the anadromous area of Stequaleho Creek was 0.490 g/m®
(range = 0.402 to 0.578) (Table 6).

During the summer low-flow period of 1873, the mean standing stock
of age O trout in the anadromous area of Stequaleho Creek was 1.033 g/m?
(range = 0.420 to 1.646) (Table &), and 0.585 g/m? (range = 0.000 to
2.713) in seven other Clearwater River tributaries (Table 7).

During the summer low-flow period of 1974, the mean standing stock
of age O trout in the anadromous area of Stequaleho Creek was 0.736 g/m?
(range = 0.450 to 0.982) (Table 6); and 0.438 g/m? (range = 0.000 to
1.785) in seven other Clearwater River tributaries (Table 7).

Age 1+ Trout (1972, 1973, and 1374)

During the summer low-flow period in 1972, the mean standing stock
of age 1+ trout in the anadromous arez of Stequaleho Creek was 0.726 g/m2
(range = 0.598 to 0.855) (Table 8).

During the summer low-flow period in 1973, the mean standing stock
of age 1+ trout in the anadromous area of 3tequaleho Creek was 0.736 g/m2
(range = 0.266 to 1.206) (Table &), and 1.099 g/m? (range = 0.040 to
3.704) in seven other Clearwater tributaries (Table 7).

During the following year at summer low-flow, the mean standing
stock in Stequaleho Creek was 1.134% g/m? (pange = 1.101 to 1.287)
(Table 6), and 0.991 g/m? (range = 0.040 to 1.699) in the other seven
Clearwater tributaries (Table 7).

Total Teleosts (1972, 1873, and 1974)

This category includes all fish (cocho, age 0 and age 1+ trout,
sculpins, and dace) residing in the study sections, exprassed in relative
standing stock terms (biomass) at summer low-flow.

During summer low-flow in 1972, the mean blomass of all teleosts in
the Stequaleho Creek anadromous area was 8.05 g/m? (vange = 6.47 to
10.58) (Table 6).

During the same periocd In 1973, the mean biomass of teleosts for
Stequaleho Creek was 9.00 g/m? (range = 5.22 to 12.78) (Table &) compared
to 8.95 g/m2 (range = 4.10 to 11.47) in seven other Clearwater River
tributaries (Table 7).

During low-flow in 1874, the mean standing stock (biomass) for
tequaleho Creek was 7.80 g/m? (range = B.54% to £.7%) (Table &), compared
to 8.40 g/m? (range = 3.75 to 15.84) for the remaining seven tributaries
(Table 7).
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SUMMARY AND DISCUSSION OF EESULTS
Landslides

Since the original landslides of early spring 1871 occurred, the
Yahoo Lake slide has reactivated once, and there have been two additional
logging road-caused slides in upper Steghaleho Creek. There have also
been three large natural landslides reactivated in lower Stequaleho
Creek, in addition to one natural slide that occurred in upper Stegqualeho
at the same time as the original Yahoo Lake and Debris Torrent slides.

Influence of the Yahoo Lake and Debris Torrent Landslides

The Yahoo Lake and Debris Torrent landslides probably had an influ-
ence on-the coehe, chincok, and stéelhead populations of Stequaleho
Creek, as well as the resident and searun cutthroat population below
the landslide influence. These landslides also may have influenced
the major mainstream chinock and steelhead populations spawning below
Stequaleho Creek mouth. The influence of these landslides on Clearwater
River total coheo salmon habitat was probably minor due to their use of
tributaries for spawning and rearing. These judgments are based on
known effects under laboratory and test stream experiments extrapolated
by measurements made in the fleld. No quantitative estimates were made
as to losses.

Changes in Gravel Composition

For the second (1972) and third (1973) summers since the Yahoo Lake
and Debris Torrent landslides, the mean percentages of fine material in
the affected spawning gravels of Stequalegho Creek have been significantly
higher in the percentage material < 0,850 mm diameter than the unaffected
control areas. However, there was no significant difference in 1874,

The mean levels of fines in the spawning gravels in the Clearwater
River below the mouth of the Stequaleho were also found to be signifi-
cantly greater than the controls during the second {1972) and thied
summers (1973) after the slides but not during the fourth.

Spawning gravel compositions in Stequaleho Creek and the Clearwater
River have shown significant signs of recovery since this study began in
January 1972. Fhotographs by Deschamps (2971} show that heavy siltation
must have existed the first summer following the landslides but heavy
runoff and gravelbed movement during the winter of 1972-1973 (Cederholm
and Lestelle 1974) brought about a major flushing. Additional recovery
occurred in the second winter. Other tributaries of the Clearwater
River have shown higher siltation levels in the spawning gravels than
were measured in Stegualeho Creek (Fig. 8). The West Fork of Miller
Creek, Hast Fork of Miller Creek, and Christmas Creek have high levels
of siltation probably due to extensive logging and poor reoad construction.
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Changes in the Cross Sections of Streambeds

Duiring the winter of 1972-1373, there was noticeable instability in
the streambed of lower Stequaleho Creek. Much of the sediment deposited
(2 m deep) in lower Stequaleho Creek may have been washed dewn from the
Yahoo Lake and Debris Torrent landslides.

During the winter of 1974-1975, Hurst Creek had the greatest stream-
bed scour rate (2.31 m?/section); Stequaleho Creek had the second greatest
(2.16 m2/section); Shale Creek had 1.63 m%/section; and Christmas Creek
had 1.38 m2/section. Christmas Creek had the greatest streambank erosion
rate (0.35 m?/section); Stequaleho Creek had the second greatest siream-
hank erosion rate (0.28 m2/section); Hurst Creek had 0.13 m?/section;
and Shale Creek had 0.11 mzfsection. Stequaleho Creek had the greatest
streambed Fill rate (1.89 m?/section); Hurst Creek had the second greatest
streambed £ill rate (1.56 mz/Section); Shale Creek had 1,14 mZ/section,
and Christmas Creek had 0.75% m?/section. All four of these streams have
been influenced by logging to some degree.

Changes in Benthic Fauna

For the second (1972}, third (1973), and fourth (1$74) summers
since the Yahoo Lake and Debris Torrent landslides the abundance of
benthic fauna in the affected areas of Stequaleho Creek have been
significantly lower than the unaffected control areas. Alsc, the effect
geemsg to be uniform on all major taxonomic groups.

Benthos abundance in Stequalehc Creek is showing some signs of recovery
in the fourth summer following the landslides. There was no significant
difference in benthos abundance in the Clearwater River above and below
the mouth of Stegualeho Creek for the summers of 1972, 1373, and 1974,

The pesults of benthic fauna and spawning gravel investigations in
Stegualeho Creek suggest that substrate fines have affected benthic
fauna abundance. In the landslide-affected zone, the mean percentage of
substrate fines (< 0.850 mm diameter) was significantly greater and the
mean number of benthic fauna was significantly lower than in the
landslide-—unaffected zone. This apparent inverse relaticonship between
substrate finesz and benthic fauna is based on the assumption that spawning
gravel conditions in the experimental stream sections were similar to
those in the control section previous to the 1971 landslides.

Closer examination of the results indicates that benthic fauna
abundance may not have been affected by the levels of substrate fines
measured in Stequaleho Creek. The numbers of benthic fauna at Station ST-
3b were not significantly lower than those at the control staticns (87-2a,
2¢, 3a) in 1972, 1973 (Cederholm and lestelle 1974, Cederholm et al.

1975), and 1974 (Fig. 7). Yet, the level of substrate fines at Station 57-

o

3b was the highest among all stations measured in 1573 and 1974 (Pig. &).
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This analysis contradicts the tendency that substrate fines have reduced
benthic fauna populations at Station ST-3b and suggests the same may be
true for Stations ST-4 and 8T-5,

Correlation analysis between benthic fauna abundance and substrate
fines were performed on the 1972 and 1973 results (Cederholm and Lestelle
1974 and Cederholm et al. 1975). The correlation was significant for
the 1972 data but no significant correlation was statistically demonstra-
ted between benthic fauna and substrate fines in 1973. The inconsistent
results from this analysis leads us to believe that no significant
correlation exists between benthic fauna and substrate fines in Stequaleho
Creek, or rvecovery is underway.

Benthlc Fauna Abundance and: Geomorphology in. Stequaleho ‘Creek

L ST=6 may. be a; resuit of the: unstable 5treambed in. SteQualeho Creek
Station §T-6 was more unstable than Stations ST-4 and ST-5 (Cederholm
and Lestelle 1974). However, Stequaleho Creek showed the greatest rate
of streambed fill and the second greatest rate of streambed scour

(Table 3) when compared to other tributaries in the Clearwater system.
The dynamic nature of the streambed in Lower Stequaleho Creek definitely
must affect the abundance of benthic fauna. This, in our opinion, is
the primary reason for low benthic fauna populations at Stations ST-4
and ST-86.

The final question we must-address is: '"Did the 1971 landslides
alter the Streambed in Lower Stequaleho Creek, thus causing a significant
reduction in benthic fauna population.' The 1and811des from natural
causes (Fig. 3) in Lower Stequaleho Creek suggest that this area is
historically unstable. Thus, the road-caused landslides may have contri-
buted changes to an already disturbed environment poorly suited for
benthic fauna. Therefore, we cannot give a precise answer to the
question.

,Juvenile‘Fish‘?cpuiation‘Changes

During the second (1972), third (1973), and fourth (1974) summers
after the Yahoo Lake and Debris Torrent landslides, the mean relative
biomass of coho salmon in the affected area of Stequaleho Creek has been
significantly (5% level) lower than the mean of the 1973 and 1974
populations in several other Clearwater tributaries. There has, however,
been no difference in the trout {cutthroat and steelhesad) or total
teleost mean biomasses for any of these years.

A variety of fish species utilize the anadromous areas of Stequaleho
Creek. In this discussion they are sorted into three groups. The coho
salmon and steelhead trout populations are each discussed individually,
the third group combines all of the teleost species (salmon, trout,
sculpinsg and dace) found in the strean.
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Unfortunately, little or no information is available about the fish
resources in Stegualeho Creek, until after the landslides had occurred.
This discussion is therefore limited to comparing the Stequaleho stocks
with those in other streams. Stream-to-stream comparisons are a reason-
able alternative to before and after studies; however, care must be
taken to insure that the streams offer similar environments to the fish.

Stegualeho Creek supports only a small population of cohe salmon
and there are several possible explanations for the scarcity of coho
salmon. One possibility is that the stream has never been very productive
for cohe. In its anadromous zone Stequaleho Creek is a much larger
stpeam than coho prefer, and good rearing habitat is not abundant. The
species has a patchy distribution within the anadromous zone, because
the salmon are collected into the areas with suitable habitat.

The Clearwater basin seems to have too low an escapement of adult
spawners to fully utilize the coho prearing potential of the tributaries
(£die 1975). The small number of rearing coho juveniles in Stequaleho
Creek may be a result of this basin-wide problem.

Finally, the landslide could also have caused problems for the ccho
salmon, although this seems to be a less likely possibility. The other
fish species in the stream are present in reascnably good numbers, and
it is doubtful that the impact of the slides would fall only on the
coho.

Just one species of trout (steelhead trout) was found in the anadro-
mous zoné of Stequaleho Creek, although cutthroat trout are present in
its headwaters. This makes it difficult to compare the Stequaleho trout
populations to those in most other Clearwater tributaries. The only
other stations in the basin that had pure steelhead trout populations
were those in the Solleks River.

The data from the Stequaleho and Solleks statlons ave compared in
Table 8. The average density and relative biomass estimates are consis-
tently higher for the Solleks River than they are for Stequaleho Creek.
The differences between the two streams are greater with the young-of-
the-year trout, than they are with the yearling and older trout.

Although Stequaleho Creek seems to support fewer steelhead trout
than the Solleks River, the differences probably are due to causes other
than the landslides. Our data does show, however, that steelhead trout
are reasonably abundant in Stequaleho, which is a striking contrast to
the small populations of cohc salmon in the creek.

The teleost species In Stequaleho Creek are deminated by the sculpin
species. The Tovrent sculpin (Cottus rhotheus) and the prickly sculpin
(Cottus asper) are very abundant, and small numbers of the Coastrange
sculpin (C. aleuticus) are also found in the strean.
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Table 8. Estimates of the mean density and relative blomass

of steelhead trout in 5c¢lleks River and Stequaleho

Creek for 1873 and 1974

; Young-of-the~year Yearling and older

Stream™ Tish/m< g/m? Fish/m? g/m?
Solleks 0.346 1.747% 0.046 1.056
River
Stequaleho c.215 0.884 0.036 0.965
Creek '

Twe stations

were sampled on each stream.
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Sculping are characteristically a hardy group of fish and are
tolerant of adverse conditions. Both because the sculpins are durable
and because They represent a large fracticn of the telecost bilomass it is
less likely that the teleost group would show any adverse effects of the
landslides. It is not surpriszing then that the average relative bicmass

for the teleosts in Stequaleho Creek (8,33 g/m?) differs only slightly
from the basin-wide average (8.87 g/m?).
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ABSTRACTS OF MASTER OF SCIENCE THESES COMPLETED ON THE CLEARWATER
RIVER EFFECTS OF LOGGING S5TUDY

A Census of the Juvenile Salmonids of the Clearwater River Basin,
Jefferson County, wWashington, in Relation to Logging

By Brian Gale Edie

During the summers of 1973 and 1974, the populations of juvenile
salmonide and other teleosts were estimated at 20 sites in the Clearwater
River basin, Additionally, varicus physical features of the study
stations were'meaepred? including: _{he relativaidischarge rate; the
sfreem‘s'gradieht; the composition'ef the substrate; the basin area
above the etation; the percentage of the watershed logged; and the
suspended sediment load carried past the station.

Most of the major tributaries of the Clearwater River were surveyed
on foot during the course of the study to define the limits of penetra-
tion by the anadromous fishes. The fish-inhabited waters in the river
basin were divided into three zones based on the utilization of partic-
ular areas by the various species. The Chinook zone is located in the
main river, the Coho zone is found in the middle resaches of the tribu-
taries, and the Cutthroat zone includes the headwaters of the river,

The age structure of each species was studied, but with the excepticn
of the eutthroat trout, the fish were little different from salmonid and
cottid populations studied elsewhere. The anadromous zone cutthroat
were unusual because they lacked the'2, 3, and d-year-old fish that have
been reported by other authors.

Comparisons between the two years that samples were taken showed
some significant differences in the growth of the fish. The cottids
were much shorter in 1974, and the salmonids were more robust that year.
The differences were attributed to the strikingly different weather that
occurred between the two years,

The habitat preferences (pool, riffle, run) of five fish species

were studied (Oncorhynchus kisutch, Salmo gairdneri, S§. clarki, Cottus

asper, and C. rhotheus}. Each species was typed as either a pool or a
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piffle dweller, although all five overiapped the other habitat types.
Coho salmon were found to be the most selective in their habitat utilizatiom.

Relative biomass (g/mg) seemed to give the best measure of the
standing stock abundance. The natural range of relative blomass observed
for each species was: coho salmon 0.000-2,748 g/mz; young-of-the-year
trout 0,000-2.713 g/mz; yearling and older trout 0.000-3,704 g/mz; and
total teleosts 3.,75-15.84 g/mz.

Fry plants made in the Miller Creek Basin were able to substantially
increase the standing stocks of coho salmon at two stations. Although
the fry planting data is minimal, it is likely that the Clearwater
tributaries are underseeded for coﬁo‘salmonQ _

The relationship between fish abundance and various environmental
influences was studied thréugh correlation analysis. Factors easily
influenced by logging were of particular interest. No correlations were

found with coho salmon and Cottus asper, probably because of experimental

design problems. The trout and C. rhotheus showed significant relation-
ships with habitat area, stream gradient, and relative discharge. The
species composition of the trout population was also correlated with the
abundance of age-0 trout.

The most important correlation for land managers was the negative
relationship between the fine sediment load in the substrate and the
abundance of both young-of-the-year trout and C. rhotheus.

No conclusions could be made about the impact logging may have had
on the ability of Clearwater River tributaries to support salmonids from

fry emergence to late summer.



The Effects of Sediment and Organic Detritus on the Production
of Benthic Macroinvertebrates in Four Tributary Streams
of the Clearwater River, Washington

By Douglas John Martin

The effects of sediment and organic detritus on the production of
benthic macroinvertebrates in four tributary streams of the Clearwater
River, Washington, were investigated. Three streams receiving different
logging intensities were compared to a stream unaffected by logging.
Benthic fauna and substrate were collected menthly from Septémber 1973
through September 1974 with a Neill cylinder. The fauna were identified
and the substrate materials were partitioned into organic and inorganic
particle categories. There were no significant (P<0.05) differences
between benthic fauna standing crop in logging-affected and.unaffected
streams, Significant corvelations between sediments, organic detritus
and bottom fauna standing crop were present, but these correlations were
not consistent for each study stream.

The quantities of detritus measured in the study streams ranged
from 8.8 g/m2 to MH.Q-g/mE. Bottom samples collected from deeper in the
substrate indicated that the Weill cylinder sampled less than 50% of the
total quantity of detritus. The quantity of detritus was inversely
related to particle size and there was a significant (P<0,05) positive
correlation between quanfity of organic detritus and sediment, for
particle sizes <0,250 mm.

The annual aquatic insect production in the four study streams,
estimated by the Hynes and Coleman method, ranged from 11.6225 g/m2
to 20.576L g/mz. The scraper trophic category contributed 29.8% to
51.4% of the total production; the predators contributed 18% to 29,2% of
the production, and the remaining production was contributed by shredders,
collecters and chironomids. The production estimates were underestimated

by four to eight times based on back calculations from fish production.



The Survival From Egg Deposition To Emergence of Coho Salmon
in the Clearwater River, Jefferson County, Washington

By Jack V. Tagart

Survival of coho salmon (Qncorhynchus kisutch) from egg deposition

to emergence was measured over two gpawning seasens 1973-74 and 1974-75,
Nineteen redds were trapped in eight tributaries of the Clearwater
Rivew, Washington. B '

Female coho were observed attending a redd and egg deposition was
estimated from the length of those: flSh A length—fecundlty relationship
‘was: developed from a stock of coho returnlng to ‘the Washington State
Department -of Fisheries Soleduck River Saimon Hatchery. Redds were
trapped with a cap of nylon net and survival was calculated from the
ratio of the estimated egg deposition to total emergents,

The intragravel incubation environment was characterized by measuring
gravel composition, permeability, and dissolved oxygen. Emergent fry
were weighed and measured, and length of the emergence period was recorded.
These variables were analyzed using correlation analysis to detect the
p0531ble71nputs cf logglng

The composition of spawning gravels was heterogeneous in space and
stable over time. Percentage of gravel <0.850 mm was defined as "poor
gravel'", while the percentage of gravel <26.9 mm and >3.35 mm was defined
as "good gravel.'" Mean intragravel permeability ranged from 319 cm/hr
to L4400 em/hr. Mean intragravel dissolved oxygen ranged from 8.6 pDm
to 11.8 ppm.

The length of the emergence period ranged from 21 to 70 days. Peak
emergence occurred from 1 to 46 days after first emergence. Mean fry
length ranged from 37,5 mm to 40.1 mm. Mean dry fry weight ranged from
0.084 g to 0.081 g.

Survival-to-emergence ranged from 0.9% to 77.3%. Mean survival was
30.7% in 19723-74, 15.3% in 1974-75, and 22.1% over both years, Survival
was inversely correlated with poor gravel and permeability and positively
correlated with good gravel. Correlations of survival with gravel were
significant in 1973-74 but not in 1974-75. Permeability was measured

cnly in 1974-75.
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"Good gravel" was found to be due to its positive correlation with
permeability. Poor gravel was inversely correlated with dissolved

oxygen and fry size. Fry size was positively correlated with dissclved

OXygen.
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