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1.0 EXECUTIVE SUMMARY

A quantitative instream flow study using the U.3. Fish and Wildlife
Service Instream Flow Incremental Methodology (IFIM) was conducted on the
Skagit River from Newhalem to Rockport to determine the salmon and steelhead
habitat discharge requirements., The Skagit is the largest river flowing into
Puget Sound and is hydraulically complicated by a large tributary inflow and
rapid frequent fluctuations in discharge due to hydroelectric generation at
the Seattle City Light Skagit Projects.

Eight study reaches were selected on the river and hydraulic measurements
were made at three calibration discharges following established methods.
Considerable effort was expended to achieve accuracy in the discharge
measurenments at each reach to ensure validity of the hydraulic parameter
values predicted from the IFG-4 hydraulic simulation models.

A standard IFIM analysis using PHABSIM was conducted for nine salmonid
species and 26 associated life history stages indigenous to the river. In
order to conduct this analysis all the available probability-of-use criteria
for each species/life stage were reviewed to identify the criteria to be used
in this study. Prior historical depth, velocity and substrate data existed
for spawning Skagit River chinook, pink and chum salmon and steelhead trout
and these data were developed into river specific probability-of-use criteria.
A comparative study showed that the 3Skagit River species preferred higher
velocities and depths and larger substrate than indicated in studies of
populations of the same species in other rivers. Optional spawning criteria
using nose velocity were developed for comparison with the mean water column
velocity based criteria,

The IFIM HABTAT program was used to simulate the physical habitat
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(Wweighted usable area (WUA) versus discharge curves) for each of the 26
species/life stages for each study reach in the river. All reach habitat
response curves are presented, however, only the spawning life stage for
chinook, pink and chum salmon and steelhead trout using the dual criteria for
mean water column and nose velocity were utilized in further analyses.

A procedure was used to extrapolate the reach habitat response curves to
each respective river segment to determine river habitat response curves.
This procedure converted WUA in the reach to a percent of the maximum WUA to
remove units of physical measurement. These reach percentages, which were
considered to represent the segment, were weighted according to segment
species spawning distribution. The segment curves were then indexed to the
hydraulic control point at Gorge Powerhouse to assess the effect of various
releases on downstream habitat due to tributary inflow at each of three
exceedance probabilities (.90, .50 and .10).

A river habitat response curve was developed by summing the weighted
reach WUA as a percent of the maximum WUA associated with like discharges for
the same segments. This was done for each of the four evaluation species and
three tributary inflow exceedance probabilities by month. The monthly Gorge
releases providing the maximum spawning habitat (peak of river habitat
response curves) were substantially lower than those which occur naturally or
could physically be provided under a regulated regime. Therefore, the
conventional approach of providing the flows which maximize the habitat was
not appropriate and an alternative methodology was developed.

An IFG effective spawning habitat model which utilizes incubation
criteria based on water column depth and velocity and an effective spawning
habitat program developed by FRI based on minimum egg depth within the gravel

were used to determine the amount of habitat available with monthly incubation
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flows for a range of regulated spawning discharges. Both models were used to
determine habitat available at various incubation flows for Gorge spawning
releases of 1400-7000 cfs (at 100 efs increments) during the peak spawning
month for each species. For chinook, pink and chum salmon peak Spawning
months were September, October and December, respectively while steelhead
trout peaked in May. Additional analyses were conducted for steelhead
spawning in March and April, To calculate the effective spawning habitat for
a range of Gorge releases, it was necessary to 1) determine the effective
spawning habitat at corresponding reach discharges based on &tributary inflow,
2) index the reach back to Gorge, 3) extrapolate each reach to the associated
river segment on the basis of weighted distribution of spawning activity and
4) sum the weighted percentage of the maximum effective spawning WUA for all
segments,

The two effective spawning habitat models with dual reach extrapolation
procedures were used to calculate Gorge releases required to provide a range
of percentages (100.0, 99.99, 99.95, 99.9, 99.75, 99.5, 99.25, 99.0, 97.5,
95.0, 92.5 and 90.0) of the maximum effective spawning habitat for each
spawning discharge of interest by month. A direct comparison of the results
of both models indicated that for all species the FRI program generally
required lower Gorge releases to maintain 100% of the maximum effective
spawning habitat as defined by each program for spawning releases at the low
to mid-range. At high spawning releases the IFG model was more variable
frequently requiring lower Gorge releases than the FRI model due to a problem
with elevation boundaries of partially watered cells. However, for
percentages of the maximum effective spawning habitat less than 100% where the
habitat in the marginal cells was lost, less of a problem existed. The

percentages at which this occurred depended on the relationship between the
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species spawning and incubation criteria and channel geometry‘but generally
was in the range of 99.5 to 99.9%. At these percentages the FRI program
required consistently lower incubation flows.

The output of both effective spawning habitat programs was used to
predict the habitat available under natural spawning and incubation flows for
each of the species (pre-project conditions). The analysis for chinook salmon
indicated that a minimum of 95% of the maximum spawning habitat was maintained
in all incubation months and tributary inflow conditions with the IFG model
and reach extrapolation procedure. Using the FRI model a minimum of 98% of
the habitat was maintained.

Percentages of the maximum effective spawning WUA for natural flow with
pink and chum salmon were at least 94% for spawning flows at the .90 and .50
exceedance probabilities and incubation flows at the .90, .50 and .10
exceedance probabilities. However, high spawning flows followed by low
incubation flows reduced the effective spawning habitat to 39 and 32% for pink
and chum salmon, respectively, depending on incubation month and model used.
Similar examples were developed for steelhead trout. These analyses indicated
significant losses of habitat can occur under natural flow conditions.

A considerable amount of data is contained in this report which has been
subjected to an array of analyses. These data can be subjected to further
additional interpretations which will become meaningful once an instream flow
negotiation process has been initiated. A procedure to establish monthly
minimum and maximum regulated Gorge releases is outlined which could be

incorporated into the negotiations.
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2.0 Introduction

The City of Seattle began development of the hydroelectric potential of
the Skagit River in the early 1900's. The Lighting Department of the City
undertook a staged development of three dams: Gorge, Diablo and Ross, which
were begun in 1919, 1927, and 1937, respectively. Plans for development
included the multi-staged construction of Ross Dam which was completed to an
elevation of 1,365 ft in 1940, to 1,500 ft in 1946, and to the present
elevation of 1,615 ft in 1949, The presence and operation of these dams has
altered the general flow of the Skagit River downstream of the 3kagit Project.

Operational constraints in addition to those specified by Federal license
were implemented in 1972 by informal agreement between the Washington
Department of Fisheries (WDF) and Seattle City Light (SCL). Minimum flows
were established during the period of peak juvenile salmon abundance in an
effort to reduce the impact of dam operation on downstream fish survival.

In 1979, relicensing of these existing projects stimulated negotiations
to obtain greater resolution of the relationships between regulated discharge
and salmon and steelhead production. Representatives of the City of Seattle,
Washington Departments of Fisheries and Game, Skagit System Indian Tribes,
U.3. Fish and Wildlife Service, and U.S. National Marine Fisheries Service
(Skagit Standing Committee) entered into a interim agreement (FERC Docket No.
EL-78-36) regulating the rate and magnitude of flow fluctuation in the Skagit
River. A quantitative instream flow analysis was required by the agreement to
develop additional data on the effects of flow fluctuations on salmon and
steelhead reproduction in the Skagit River utilizing the Instream Flow
Incremental Methodology (IFIM) developed by the U.S., Fish and Wildlife

Service. The objectives of this study were to 1) determine the releases
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required from Gorge Dam needed to maximize the habitat downstream for the mix
of salmonid species/life history stages present in the river and 2) establish
minimum monthly flows required for incubation given the range of possible

regulated spawning discharges using the IFG and FRI effective spawning habitat

programs.

3.0 Description of Study Area

The.Skagit River, with headwaters in Canada, flows south across the
international boundary through Ross, Diablo and Gorge reservoirs (Figure 1),
then continues generally west where it enters Puget Sound near Mount Vernon,
Washington. The Skagit is the largest river flowing into Puget Sound. There
are threé major tributaries to the Skagit River: the Cascade River, which
flows in at the town of Marblemount at river mile (RM) 78.1; the Sauk River,
which enters near Rockport at RM 67.0; and the Baker River, which flows in at
Concrete at RM 56.5. Numerous additional small tributaries enter the Skagit
River and are identified in Figure 1. The Cascade, Sauk, and Baker Rivers
have mean annual flows of 1,040, 4,428, and 2,700 cfs, respectively (USGS
data). A substantial inflow from numerous tributaries increased the mean
annual Skagit River discharge (USGS) from 4,511 c¢fs at Newhalem to 5,688 cfs
above Alma Creek and to 6,580 cfs near Marblemount just above the confluence
with the Cascade River. Continuing downstream the mean annual flow (USGS) at
Concrete, just below the Baker River, was 15,280 cfs and 16,980 cfs near Mount
Vernon,

This study was conducted on the Skagit River between Gorge Powerhouse (RM
94,2) and the confluence of the Sauk River (RM 67.1). The 27.1 miles of

Skagit River immediately downstream of the Gorge Powerhouse (Figure 1) are
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most affected by hydroelectric power generation. This area is of major
importance to the production of salmon and steelhead. The locations of the
U.S. Geological Survey river gaging stations at Newhalem (RM 93.7), Alma Creek
(RM 86.2) and Marblemount (RM 78.7) on the mainstem are indicated in Figure 1.
The hourly, daily, monthly and seasonal changes in the Skagit River discharge
have been illustrated by hydrographs recorded at the Newhalem and Marblemount
river gages (Graybill et al. 1979 and Stober et al. 1982).

The long-term seasonal flow patterns for the Skagit River at Newhalem
(natural) and Cascade Rivers are characterized by high flows during late
spring and early summer and by low flows during late winter and late summer.
The effect of regulation by the 3kagit Hydroelectric Project on the Skagit
River discharge has been to reduce the unregulated flows during May, June, and
July resulting primarily from snowmelt, and to increase them for the remaining
nine months, particularly from November through March. Daily operation of the
hydroelectric power plants tend to make the Skagit River flow pattern more
irregular than the flow patterns of the unregulated Cascade and Sauk Rivers.
Skagit River flows were commonly lower on the weekends because of the reduced
demand for power. The Skagit Project provides flood control for the Skagit
River below Newhalem by reducing the flows resulting primarily from snowmelt
during May, June, and July. During the remainder of the year, the Skagit
Project generally augments streamflow, but it can also be used to reduce the

peak flows resulting from transient storm events.



4,0 MATERIALS AND METHODS

4.1 Biological Data

4.,1.,1 Selection of Evaluation Species

Nine salmonid species of either sport or commerical importance known to
inhabit the Skagit River during some phase of their life history were selected
for determination of habitat-discharge relationships using the IFIM. These
species were as follows: chinook, pink, chum and coho salmon; steelhead,
rainbow and cutthroat trout; Dolly Varden and mountain whitefish, Of these,
four species of major sport and commerical value (chinook, pink and chum
salmon and steelhead trout) were chosen by concensus of the state, federal and
tribal fisheries management agency representatives as the evaluation species
to be used in the determination of instream flow guidelines,

4.1,2 Periodicity, Frequency and Distribution

Management programs maintained by the WDF, WDG and the research efforts
of FRI in the past (Graybill et al. 1979, Stober et al. 1982) have provided a
data base from which the timing of occurrence, relative percent activity
(frequency) and distribution of the four evaluation species/life stages was
determined. Complete data on the remaining five species was less well
documented. These data were obtained from a review of a wide variety of
information or through consensus with fishery agency representatives familiar
with these species in the river. A periodicity chart describing the timing of
habitat utilization in the Skagit River by the 26 salmonid species/life stages
over an annual cycle is presented in Figure 2.

Spawning ground survey data for all years up to 1983 were reviewed to
establish spawning timing for the salmon species (WDF progress reports 17, 175

and 194, Graybill et al. 1979). The start and end dates of spawning were
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determined from the first and last day live spawners were reported for all
years of record. Only a few years had a sufficient number of surveys on
record to calculate the peak of spawning. These years by species included:
chinook salmon 1975, 1976; chum salmon 1974, 1976, 1978, 1979, 1982; and pink
salmon, 1965, 1969, 1973, 1975, 1979, and 1981.

Redd counts made by the WDG from 1975-83 were used to determine the
timing of steelhead spawning. The date used for start of spawning was the
earliest date in which steelhead redds were observed. The date of peak redd
counts was averaged for all years and the date of peak spawning activity was
estimated by subtracting 10 days from the average date of peak redd counts
which accounted for redd-life. Redd life for steelhead on the 3kagit River
has been determined to be approximately 21 days (WDG 1980). Redd counts were
not conducted late enough in the year to directly determine the end of the
spawning season. This date was estimated by plotting é graph of redd counts
over the season and fitting a curve to the data. The intersection of this
line with the x-axis represented an estimate of the day that the last redd
disappeared. Twenty-one days (redd-life) was substracted from this date to
estimate when the last redd was constructed.

The start, peak and end of spawning for the salmon species and steelhead
and the estimated date of 50% hatch and emergence for these dates are
presented in Table 1. The temperature-unit data were taken from Graybill et
al. (1979).

The relative percentages of activity derived for the evaluation
species/life stages are presented in Table 2. Spawning and incubation life
stages were combined into one continuim. The table indicates the relative
monthly increases in spawner and fry abundance which can be expected to occur

over time due to migration of the adults into the river and emergence of the



Table 1. Estimated date to 50% hatch and emergence for spawning
occurring at start (first redds), peak and end (last
redds) of the spawning season for chinook, pink and
chum salmon and steelhead trout based on a 23 year
average of Alma Creek temperature records (source of
data in Graybill et al. 1979).

Species Spawning Date 50% Hatch 50% Emergence

Chinook (973 TUs) (1964 TUs)

Start 8/27 10/20 1/12
Peak 9/10 11/6 2/17
End 10/26 /19 5/19
Pink ‘ (953 TUs) (1692 TUs)
Start 9/10 11/5 1/9
Peak 10/9 12/16 3/24
End 10/30 1/25 4/30
Chum (816 TUs) (1561 TUs)
Start 10/25 12/29 4/9
Peak 12/7 3/20 5/31
End 12/30 4717 6/17
Steelhead (625 TUs) (1100 TUs)
Start 2/16 5/15 6/10
Peak 4722 6/13 7/12
End 6/9 7/18 8/12
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fry from gravel incubation areas.

The distribution of chinook salmon redds in the Skagit River based on
counts made during the years from 1975 to 1982 is presented in Table 3. About
78 percent occurred in four river sections from Bacon Creek downstream to the
Sauk River while about 22 percent occurred in three river sections upstream.
The distribution of pink salmon for the years 1969 and 1977 (Table 4) showed
that 35.9 percent occurred in two river sections from Bacon Creek downstream
to the Sauk while 64.1 percent occurred upstream of that point in two river
sections to Newhalem. The distribution of chum salmon for the years 1976-79
(Table 5) showed that 92.1 percent occurred in two river sections from Bacon
Creek downstream to the Sauk while 7.9 percent occurred in two river sections
upstream to Newhalem. The distribution of steelhead trout redds in the Skagit
River for the period 1975-83 (Table 6) showed that 89.5 percent occurred in
two river sections from Bacon Creek to the Sauk River while 10.5 percent
occurred in one section upstream to Newhalem. The section distribution of the
four evaluation species were utilized in determining weighting factors for
extrapolation procedures of the IFIM data later in the analyses.

4,2 Reach Selection

The study reaches for application of the instream flow incremental method
were selected on the basis of the combined critical and representative reach
approach (Fiéure 3). The entire length of river to be studied (Gorge
powerhouse to Sauk River) was initially divided into seven large segments
(Table 7). Major points of tributary inflow were used in demarcating segment
boundaries (Figure 4) for segments 3, 4, 5, 7, and 8. The boundries for
segment 1 included a division point used by the resource agencies in
collection of biological data and for segment 2 a significant change in

channel slope (canyon area). Study segment 6 was selected off the main river
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Table 4. Pink salmon spawning distribution determined by Washington
Department of Fisheries from Rockport to Newhalem for the
years 1969 and 1977 (Graybill et al. 1979).

River Section 1969 1977 Mean
Rockport to Marblemount 7.9 8.5 8.2
Marblemount to Bacon Creek 37.2 18.1 27.7
Bacon Creek to Sky Creek 31.8 45,9 38.9
Sky Creek to Newhalem 23.1 27.5 25,2
Table 5 . Chum salmon spawning distribution determined by Washington

Department of Fisheries from Rockport to Newhalem for the
years 1976-1979,

River Section 1976 1977 1978 1979 Mean
Rockport to Cascade River 79.2 72.4 83.9 89.3 81.2
Cascade River to Bacon Creek 4.9 18.8 12.5 7.4 10.9
Bacon Creek to Canyon 5.9 7.9 1.4 0 3.8

Canyon to Newhalem 10.0 0.9 2.2 3.3 4.1
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in the Marblemount side channel heavily spawned by chum salmon. One specific
study reach was selected for each segment from one or more candidate sites.
Final selection of river segments and study reaches were made in cooperation
with the agency representatives on the Skagit Standing Committee during a
field trip to the Skagit River on June 10, 1982. The study reaches were
considered to be representative of chinook, pink, chum or steelhead (Table 7)
spawning and incubation but not necessarily representative of each entire
segment.

4,3 Reach Surveys

Each study reach was surveyed and transects positioned to characterize
habitat types (i.e., riffles and runs) and all major hydraulic controls. The
length of each study reach generally included two cycles of riffles and runs.
Each reach was approximately 10-14 times as long as the channel width. Plan
views of the reaches indicating length, width and transect locations are
presented in Figures 5, 6, 7, 8, 9, 10, 11 and 12. The lower most transect on
each reach was located at a hydraulic control whenever possible to provide an
accurate estimate of discharge at each of the calibration discharges. Head
and tail pins consisting of 0.5 inch rebar, were positioned at the ends of
each transect and surveyed in with a Hewlett-Packard Model 3810A Electronic
Distance Meter to determine horizontal distances, vertical elevations and
associated angles. This instrument incorporates an internal computer and
vertical angle sensing device which automatically computes and displays
horizontal distances corrected for curvature of the earth, atmospheric index
of refraction, slope distance, vertical distance, zgnith angle and horizontal
angles,

4.4 Discharge Measurements

The methods and equipment used for Skagit River measurements were similar
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to those described by Buchanan and Somers (1969). The majority of the Skagit
River transects could not be waded and required a 16 ft river boat to obtain
depth and velocity measurements. A 1/8 inch diameter cable marked at 10 ft
intervals was stretched across the river at each transect location and
tightened with a come-along to position the cable directly over the head and
tail pins. The cable was stretched sufficiently tight to minimize downstream
sag with the boat attached. A special crosspiece with quick release
mechanisms and cable rollers (obtained from USGS) was bolted to the boat for
attachment to the cable to allow the boat to traverse the cable in either
direction. A depth sounding system comprised of a boat boom, sounding reel
and meter, cable, hanger and sounding weight was used to measure depths at
intervals along the transect. Water velocities were measured with a Marsh-
MeBirney Model 201 electromagnetic current meter attached to the sounding
line.

The river crossection was divided into a minimum of 25 verticals or
cells. No one cell contained more than 10% of the total discharge at a
transect. The distance between the cell boundaries or verticals decreased as
the depth and velocity increased. The mean water column velocity and depths
were measured at each vertical. For depths less than 3.0 feet the current
meter probe was attached to a 4 ft top setting wading rod and the velocity
measured at 0.6 depth. For greater depths the sounding system was employed
and the velocity measured at 0.2 and 0.8 of the depth and averaged to estimate
the mean column velocity.

Velocities and depths were determined at the same vertical locations at
low, median and high calibration flows. A temporary staff gage was placed at
each transect to detect any significant change in water level during the

course of measurements. Water surface elevations (WSEL) were determined at
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the left and right stream margins and averaged. The depth was substracted

from the WSEL to establish the bed elevation.

4,5 Tributary Inflow

The tributary inflow from Newhalem to each of the study reaches by month
and exceedance probability (.90, .50, .10) was estimated using historical
discharge records from one or more of four USGS gaging stations in conjunction
wiggﬁthe drainage areas (DA) to gaging stations and/or upstream reach
boundaries. Three of the gaging stations were located on the Skagit at
Newhalem, RM 93.7; above Alma Creek, RM 86.2; and at Marblemount, RM 78.7.

The fourth station was located on the Cascade above the confluence with the
Skagit River. The relative positions of the gaging stations to the reaches is
shown in Figure 1.

The method of tributary inflow estimation varied with the location of
each reach and the availability of accurate stream gage data, although an
attempt was made to remain as consistent as possible. Modifications to the
general methodology are described where appropriate.

For reaches from Newhalem to Marblemount the drainage afeas from the
Newhalem and Alma Creek gages to downstream reaches were calculated by Seattle
City Light (Mr. Wayne Wright) using planimetric methods. The drainage areas
to Newhalemvand downstream gages were previously calculated by USGS. The
drainage areas to the reaches and gages are shown in Table 8.

The tributary inflow between the gaging stations on the Skagit River
(i.e., Marblemount-Newhalem, Alma Creek-Newhalem, Marblemount-Alma Creek) was
calculated for each of the three exceedance probabilities by USGS using the
log Pearson III analysis program (Table 9). It is recommended for this
analysis that a minimum of ten years of discharge records be used as a data

base to obtain a reasonable degree of accuracy in predicting exceedence
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Table 8. Drainage area of the Skagit River basin to USGS
gaging stations (calculated by USGS) and study
reaches (calculated by SCL) at indicated river

miles.

Gaging Station 'RM Drainage Area (kmz)
Newhalem 93.7 3043
above Alma Creek 86.2 3300
above Bacon Creek 83.0 3339
Marblemount 78.7 3577
Study Reach

(1) 1Island site 91.5 3216
(2) Sky Creek 88.4 3272
(3) Copper Creek 83.3 3339
(4) 1Indian Bar 82.1 3491
(5) Marblemount 78.7 3577
(7) Corkindale 74.0 4065
(8) Barr Creek 70.5 4079
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probabilities. The tributary inflow records between Newhalem and Marblemount
and Marblemount and Alma Creek fall short of this requirement by four years,
but the analysis was performed nonetheless to obtain guideline estimates.

The general equations for estimates of reach tributary inflow are as

follows:

-

DA
| R-N
%R = | DA (Q (1)

A-N

where, Qp = tributary inflow to reach

t

DAR.y = drainage area from Newhalem to the reach

DAy_y = drainage age from Newhalem to the Alma Creek gage

Qp_y = tributary inflow from Newhalem to Alma Creek

DAR—A

DAy o Q) * Q.

Q =

where, Qg = tributary inflow to reach

DAR.p = drainage area from the reach to Alma Creek gage
DAM—A = drainage area from Marblemount gage to Alma Creek gage
Qen = tributary inflow between Alma Creek gage and Marblemount

QA—N = tributary inflow between Newhalem and Alma Creek gages

The monthly tributary inflow at each of the three exceedance
probabilities - Newhalem to reaches 1, 2, 3 (Island site, SKky Creek, and
Copper Creek) located above or immediately downstream of the Alma Creek gage
was calculated using equation (1). The results for these reaches are

tabulated in Table 10.
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The tributary inflow from Newhalem to reaches 7 and 8 (Corkindale and
Barr Creek) was estimated by adding to the inflow to Marblemount the
appropriate inflow from tributaries of the Skagit River with historical flow
records. The monthly discharge at each of the three exceedance probabilities
is presented for the Cascade River and Clark, Jordan, Rocky and Illabot
Creeks. The historical records for the Cascade River provided an adequate
base for USGS to perform a reliable log Pearson III analysis. The records for
the smaller creeks consisted of one to three years of mean monthly discharges.
To estimate monthly discharges at the .90, .50, and .10 exceedance
probabilities, the mean monthly value was averaged for all years of record and
assumed to represent the median or .50 exceedance probability condition. To
estimate the discharge at the .90 level, the monthly proportions of discharge
at .90 level to the discharge at the .50 level was determined for the Cascade
discharge data. Then to estimate the discharge at the .10 level the monthly
proportions of discharge at the .10 level to the discharge at the .50 level
was determined. These monthly proportions were then multiplied by the
corresponding mean (assumed median) monthly discharge values for the smaller
creeks. It is recognized that there is potential for error in this procedure
since it assumes that the one to three years of record were average conditions
and that these smaller tributaries respond in the same manner as the Cascade
River during low and high flow periods. However, when the magnitude of the
contribution of these smaller tributaries to total tributary inflow from
Newhalem to reaches 7 or 8 is considered, the overall effect of any introduced
error is insignificant. The results of the USG3S log Pearson III analysis of
the Cascade River and the results of the procedure described above for
estimating the discharge for the smaller tributaries are presented in Table

13.
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The monthly tributary inflow from Newhalem to reach 7, Corkindale, was
estimated by adding to the tributary inflow to Marblemount the sum of the
discharges at corresponding exceedance probabilities for the Cascade River and
Clark and Jordan Creeks. For reach 8, Barr Creek, the discharges for Rocky and
Illabot Creeks were similarly added to the tributary inflow to Corkindale.
These results are presented in Table 14.

A summary of tributary inflow from Newhalem to all reaches rounded to the
nearest 100 cfs is shown in Table 15.

.6 Hydraulic Simulation

The IFG-4 hydraulic simulation program was used to predict the hydraulic
parameters of depth, velocity and water surface elevation. This model
requires a minimum of two sets of cross-sectional velocity and water surface
elevation measurements for calibration. In this study, three sets of velocity
and water surface elevations were measured per cross-section for each of the
eight reaches.

A hydraulic model was calibrated for each of the reaches in accordance
Wwith the guidelines established by Milhous et al. (1981). A first step in
model calibration is entry of the best estimate of the measured calibration
discharge. The best estimate of discharge for each reach and transect was
determined in a two step process. The USGS gaging record corresponding to the
day the flow was measured was used to predict the discharge at the reach based
on the tributary inflow prediction equations. The tributary inflow predicted
from Newhalem to the reach was added to the discharge at Newhalem adjusting
for travel time to obtain a prediction of the reach discharge at the time of
measurement. These predictions were compared to the measured discharges (IFG-
4 output) from transects at which velocity measurements were thought to be

most accurate in order to arrive at the best estimate of discharge. Detailed
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reach and transect specific data used in this process of determining the best
estimates are presented in Tables 16-23. The best estimate of the measured
calibration discharges for Marblemount Slough was determined by averaging the
measured discharges for all transects (Table 21). The error ranges and
qualitative classification for calibration of the IFG-Y4 model are summarized
in Table 24. A model is considered adequately calibrated if the velocity
adjustment factors (VAF3) are in the good range and the velocity prediction
errors in the fair to good range.

The calibrated hydraulic simulation models were used to predict the
hydraulic parameters for the range of simulated flows required for generation
of river habitat response curves and the effective spawning habitat model
analyses. For the river habitat response curves it was necessary to simulate
flows substantially lower than those which occur naturally or under regulated
conditions. Simulations higher than the measured high calibration discharges
resulted in increasing the value (greater error) of the VAF'S at the extreme
flows, The effective spawning habitat model did not require simulation of
flows to these extents which resulted in a lower overall error. A sumﬁary of
VAF'S for each reach by transect is presented separately for the river habitat
response curves and the effective spawning habitat model (Table 25). The
VAF'S for individual simulated flows by reach and transects are shown in
Appendix A, Table 1.

In Table 25 the range of flows simulated for the river habitat response
curves, 90% of the VAFS were in the good range for all reaches and transects
except for Reach 2, transects 3 and 4; Reach 3, transects 2 and 5; and Reach
8, transect 5. In Reach 2, flows were simulated to 200 cfs when the low
calibration flow was approximately 2800 cfs which accounted for the errors in

transects 3 and 4. A similar situation occurred in Reach 3, transects 2 and
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Table 21. Measured discharges (IFG-4 output) used in determining the best
estimate of the discharge at the high, medium and low calibration
discharges for each transect at Reach 6, Marblemount Slough. The
mainstem discharge at Marblemount gage is also shown.

Discharge
Reach

Transect Reach USGS Gage Measured Best
IDd Date Time Marblemount IFG-4 Estimate

61 High 3-29-83 1145 9190 107.2 102.8

Med 4-3-83 1415 7590 64.3 56.1

Low 3-26-83 1530 6650 24.3 22.3

62 High 3-29-83 1215 9190 97.4 102.8

Med 4-3-83 1500 7590 54.6 56.1

Low 3-26-83 1600 6650 20.9 22.3

63 High 3-29-83 1240 9190 107.4 102.8

Med 4-3-83 1530 7590 57.2 56.1

Low 3-26-83 1645 6650 21.6 22.3

64 High 3-29-83 1315 9190 105.3 102.8

Med 4-3-83 1600 7590 57.0 56.1

Low 3-27-83 1530 6650 23.2 24.1

65 High 3-29-83 1345 9190 103.1 1028

Med 4—-3-83 1630 7590 48.1 56.1

Low 3-27-83 1300 6650 21.8 24.1

66 High 3-29-83 1415 9190 96.2 102.8

Med 4-3-83 1743 7590 55.2 56.1

Low 3-27-83 1230 6650 27.3 24.1
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Table 24. Error ranges and qualitative classification for
calibration of IFG-4 hydraulic simulation model.

Velocity Adjustment Factor

0.9-1.1

0.85-0.9, 1.1-1.15

0.80-0.85, 1.15-1.20

0.70-0.80, 1.20-1.30

less than 0.70, greater than 1.30

Velocity Predication Error
90% < 0.10 (i.e. 90% of walues < 0.10)
90% < 0.15

< 0.20

< 0.25
more than 10% 0.25

good
fair
marginal
poor
very poor

good

fair
marginal
poor
very poor
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Mean
94,
96.
97.
98.

100

100

100.

100.

89.
93.
95.
97.
99.
100.
100
100.

92.
95.
97.
98.
100
100.
100.
100.

96.
97.
98.
100.
100.
100.
100.
100

99.
99.
100.
100.
100

'100.

100.
100

Table 25. Cumulative percent of velocity adjustment factors within qualitative
error ranges for flows simulated for the A) river habitat response
curves and B) the effective spawning habitat model for indicated
reaches.

Transect
(1) Island 1 2 3 4 5 6
A 0.90-1.10 90.24 92.68 93.90 100.00
0.85-1.15 92.68 96.34 96.34 100.00
0.80-1.20 95.12 97.56 96.34 100.00
0.70-1.30 97.56 98.79 97.56 100.00
B 0.90-1.10 100.00 100.00 100.00 100.00
0.85-1.15 100.00 100.00 100.00 100.00
0.80-1.20 100.00 100.00 100.00 100.00
0.70-1.30 100.00 100.00 100.00 100.00
(2) Sky Creek
A 0.90-1.10 94.19 94.19 86.05 82.56
0.85-1.15 100.00 96.51 89.54 87.21
0.80-1.20 100.00 97.67 93.02 89.54
0.70-1.30 100.00 98.84 96.51 94.15
B 0.90-1.10 100.00 100.00 100.00 98.57
0.85-1.15 100.00 100.00 100.00 100.00
0.80-1.20 100.00 100.00 100.00 100.00
0.70-1.30 100.00 100.00 100.00 100.00
(3) Copper Creek
A 0.90-1.10 100.00 85.56 91.11 98.89 84.44 96.67
0.85-1.15 100.00 94.44 94.44 100.00 87.78 98.89
0.80-1.20 100.00 100.00 96.67 100.00 90.00 100.00
0.70-1.30 100.00 100.00 100.00 100.00 93.33 100.00
B 0.90-1.10 100.00 100.00 100.00 100.00 100.00 100.00
0.85-1.15 100.00 100.00 100.00 100.00 100.00 100.00
0.80-1.20 100.00 100.00 100.00 100.00 100.00 100.00
0.70-1.30 100.00 100.00 100.00 100.00 100.00 100.00
(4) Indian Bar
A 0.90-1.10 96.12 97.09 92.23 100.00
0.85-1.15 98.06 98.06 95.15 100.00
0.80-1.20 99.03 99.03 97.09 100.00
0.70-1.30 100.00 100.00 100.00 100.00
B 0.90-1.10 100.00 100.00 100.00 100.00
0.85-1.15 100.00 100.00 100.00 100.00
0.80-1.20 100.00 100.00 100.00 100.00
0.70-1.30 100.00 100.00 100.00 100.00
(5) Marblemount
A 0.90-1.10 100.00 100.00 100.00 100.00 97.14 98.10
0.85-1.15 100.00 100.00 100.00 100.00 99.05 100.00
0.80~1.20 100.00 100.00 100.00 100.00 100.00 100.00
0.70-1.30 100.00 100.00 100.00 100.00 100.00 100.00
B 0.90-1.10 100.00 100.00 100.00 100.00 100.00 100.00
0.85-1.15 100.00 100.00 100.00 100.00 100.00 100.00
0.80-1.20 100.00 100.00 100.00 100.00 100.00 100.00
0.70-1.30 100.00 100.00 100.00 100.00 100.00 100.00

21
34
26
48

.00
.00

00
00

25
32
13
38
64
00

.00

00

78
93
78
89

.00

00
00
00

36
82
79
00
00
00
00

.00

21
84
00
00

.00

00
00

.00
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Transect

1 2 3 4 5 6
(6) Marblemount Slough
0.90-1.10 100.00 100.00 70.37 100.00 100.00 100.00
0.85-1.15 100.00 100.00 88.89 100.00 100.00 100.00
0.80-1.20 100.00 100.00 100.00 100.00 100.00 100.00
0.70-1.30 100.00 100.00 100.00 100.00 100.00 100.00
(7) Corkindale
0.90-1.10 100.00 100.00 100.00 100.00 100.00 100.00
0.85-1.15 100.00 100.00 100.00 100.00 100.00 100.00
0.80-1.20 100.00 100.00 100.00 100.00 100.00 100.00
0.70-1.30 100.00 100.00 100.00 100.00 100.00 100.00
0.90-1.10 100.00 100.00 100.00 100.00 100.00 100.00
0.85-1.15 100.00 100.00 100.00 100.00 100.00 100.00
0.80-1.20 100.00 100.00 100.00 100.00 100.00 100.00
0.70-1.30 100.00 100.00 100.00 100.00 100.00 100.00
(8) Barr Creek
0.90-1.10 100.00 92.14 100.00 93.57 71.43
0.85-1.15 100.00 100.00 100.00 98.57 77.14
0.80-1.20 100.00 100.00 100.00 100.00 81.43
0.70-1.30 100.00 100.00 100.00 100.00 87.89
0.90-1.10 100.00 100.00 100.00 100.00 75.89
0.85-1.15 100.00 100.00 100.00 100.00 83.04
0.80-1.20 100.00 100.00 100.00 100.00 88.39
0.70-1.30 100.00 100.00 100.00 100.00 96.43

Mean

95.
98.
100.
100.

100.
100.
100.
100.
100.
100.
100.
100.

91.
95.
96.
97.
95.
96.
97
99.

06
15
00
00

00
00
00
00
00
00
00
00

43
14
29
58
18
61

.68

29
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5, in which the low calibration flows were approximately 2600 c¢fs and flows
simulated to 300 cfs. In Reach 8, transect 5 the reverse occurred. The high
calibration flow was approximately 7600 and the river habitat response curves
required flows simulated to 14,900.

The effective spawning habitat models did not require flows simulated as
high or as low as the river habitat response curves and consequently only
Reach 8, transect 5 did not fall within the good range (Table 25).

The velocity prediction errors based on calibration discharges are
summarized for each reach and transect in Table 26. Transects within reaches
which do not satisfy the guidelines of fair to good set forth by Milhous
include Reach 1, transects 1, 2, and 3; Reach 2, transect 2; Reach 3,
transects 2 and 5; Reach 5, transect 5; and Reach 8, transect 1. At each of
these transects, unique channel characteristics were responsible for these
errors. Four general channel characteristics noted consisted of 1) the
centrum of discharge shifting from the side of the channel at low flow to the
center at high flow such that velocities were lower at high flows on the side
of the channel; 2) narrow channels in which stage rather than velocity
increased with increases in discharge; 3) backwater areas at the river margins
with low velocities at the low and medium calibration discharges, and high
velocities at the high calibration discharges; and 4) boulder strewn and
debris-laden areas behind which velocities did not predictably increase with
increased discharge. Each of the reach/transects mentioned above possessed
one or more of these characteristics accounting for the source of error in the
velocity predictions.

The transects within each reach were weighted upstream and downstream to
reflect changes in conditions observed in the field. In addition the cell

lengths within reaches which contained bends were adjusted with the IFG
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program (RADBEND). This program employs left and right reach multipliers to
account for differences in distance on the inside and outside of bends.

4,7 Probability-of-use Criteria

4,7.1 Depth and Velocity

It was recommended by Bovee (1978) that probability-of-use criteria
specific to the species inhabiting each stream or river be developed due to
adaptive interactions between fish stocks and stream size. In general, it
cannot be safely assumed that habitat preferences for a given species/life
stage are the same throughout a species' geographic range, therefore, fish
from rivers which differ in physical attributes will probably have different
probability-of-use criteria.

Depth and nose velocities (0.5 feet deep) were measured at the upstream
1ip of active (occupied immediately prior to observation) salmon and fresh
(not occupied immediately prior to observation) steelhead redds from 1975 to
present (Graybill et al. 1979 and Stober et al. 1982). Although it was not
possible to systematically exclude the effects of short term variation in
river stage due to hydroelectric flow fluctuation, sampling bias was reduced
by taking a large number of field measurements under different flow conditions
at numerous river locations. These data were utilized to develop specific
probability-of-use criteria for spawning chinook, pink and chum salmon and
steelhead trout used in this instream flow analysis. The number of
observations of spawning chinook, pink, chum and steelhead were 436, 347, 251
and 305, respectively.

Depth and velocity probability-of-use criteria were developed by plotting
frequency histograms of these data over the range of depths and velocities
measured. Each interva