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1.0 TINTRODUCTION

1.1 History of the Skagit Project

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 multistage construction of Ross Dam which was
completed to an elevation of 1,365 ft in 1940, to 1,550 ft in 1946, and to
its present elevation of 1,615 ft in 1949. The presence and operation of
these dams has altered the general streamflow and temperature patterns in
the Skagit River downstream of the Skagit 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 the
downstream fisheries. These events and others affecting the downstream
flow and temperature are listed in Table 1l.l.

Present plans include raising the full pool elevation of Ross
Reservoir from the present 1,602.5 ft to 1,725 ft and construction of
Copper Creek Dam on the Skagit River 10.2 mi downstream of Gorge
Powerhouse. Physical data for the present and proposed reservoirs are
presented in Table 1.2.

1.2 General Study Obijectives

The aim of these studies was to establish ecological baseline data
for the aquatic environment of the Skagit River between Newhalem and
Concrete. Studies were designed to contribute information relevant to
three SCL projects: High Ross Dam, Copper Creek Dam, and relicensing of
the Skagit Project. The results provide a basis to assess the present and
predicted reservoir-related effects of the Skagit Project on the
downstream fishery resources of the Skagit River.

1.3 Study Area

The Skagit River, with headwaters in Canada, flows south across the
international boundary through a reservoir complex made up of Ross,
Diablo, and Gorge reservoirs, then continues generally west where it
enters saltwater near Mount Vernon, Washington. The Skagit is one of the
largest streams flowing into Puget Sound. There are three 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 smaller tributaries enter the Skagit River also.

These studies were conducted primarily in the Skagit River between
Newhalem and the confluence of the Sauk River, and in the lower Cascade



Table 1.1 Events in the development of the Skagit Project affecting downstream

flow and temperature patterns in the Skagit River. Adapted from
Seattle City Light information.

1919
1924
1927
1929
1936
1937
1940
1946
1949
1950
1951
1953
1959
1960
1972

Construction began on Gorge Dam

Gorge Dam began generating (lst & 2nd generator)
Construction began on Diablo Dam

Gorge Dam generation expanded (3rd generator)

Diablo Dam began generating

Construction began on Ross Dam

Ross completed to 1365 ft

Ross completed to 1550 ft

Ross completed to 1615 ft (full pool elevation = 1600 ft)
Gorge crib dam replaced with concrete

Gorge Dam generation expanded (4th generator)

Spillway gates installed at Ross Dam

Ross full pool elevation raised to 1602.5 ft

Gorge Dam replaced by present dam

Informal agreement with WDF on minimum flows during peak fry
abundance




Table 1.2. Physical data for the present and proposed reservoirs on

Skagit River.

Data taken from SCL information.

Maximum Length at Total Capacity Surface Area

Elevation Maximum at Maximum at Maximum

(ft above Elevation Elevation Elevation
Reservoir mean sea level) (mi) (acre-ft) (acres)
Ross 1,602.5 23.9 1,435,000 11,680
High Ross 1,725 29.5 . 3,450,000 20,000
Diablo 1,205 4.2 90,000 910
Gorge 875 4.4 9,760 241.2
Copper Creek 495 10.2 123,000 2,180

(495 ft)

Copper Creek 480 9.7 92,500 1,834

(480 ft)

D LT S NNy



and Sauk rivers. This area of the Skagit River immediately downstream of
Newhalem is most affected by operation of present SCL dams and a portion
of this area would be inundated by the proposed Copper Creek Dam. The
Cascade and Sauk rivers represented natural (unregulated) systems for
comparison with the Skagit River. In addition, some sampling was
conducted in the Skagit River between the confluences of the Sauk and
Baker rivers, in Gorge and Diablo reservoirs, and in selected small
tributaries between Newhalem and Marblemount including Newhalem, Goodell,
Thornton, Sky, Damnation, Alma, Copper, Bacon, and Diobsud creeks.

A map showing the general Skagit Basin study area is presented as
Fig. 1.1. Also shown are the locations of U.S. Geological Survey (USGS)
gaging stations, fish hatchery and rearing facilities operated by WDF, and
river miles (RM).
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2.0 PHYSICAL ENVIRONMENT

2.1 Discharge

The waters affected by the Skagit Project are the 94.2 river miles of
the mainstem Skagit River between Gorge Powerhouse (near Newhalem) and
Puget Sound. The three major tributaries of the Skagit River are the
Cascade, Sauk, and Baker rivers with mean annual flows of 1,040, 4,428,
and 2,700 cfs, respectively (U.S. Geological Survey--USGS). As a result
of inflow from the smaller tributaries, the mean annual Skagit River
discharge (USGS) increased from 4,511 cfs 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 finally became
16,980 cfs near Mount Vernon.

The long~term seasonal flow patterns for the Skagit at Newhalem
(natural), Sauk, and Cascade rivers (Fig. 2.1) were 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 Skagit Project on
Skagit River discharge (Fig. 2.2) has been to reduce the unregulated flows
during May, June, and July resulting primarily from snowmelt, and increase
them for the remaining 9 months, particularly from November through March.

The 1974-1977 hydrographs (Figs. 2.3-2.6) for the Skagit (at
Newhalem, Marblemount, and Concrete), Cascade, and Sauk rivers generally
reflect the seasonal patterns where consistently higher flows usually
occurred in May, June, and July while during late fall and winter, the
high flow events were more transient in nature. Beginning in September
1976 (Fig. 2.5), the streamflows were markedly reduced from previous years
reflecting the low flow conditions generally experienced in the Pacific
Northwest. This general condition continued until late October 1977
(Fig. 2.6) when the more normal streamflow pattern was resumed.

Operation of hydroelectric power plants tended to make the Skagit
River flow pattern more irregular than the flow patterns of the
unregulated Cascade and Sauk rivers. Flow patterns at Newhalem gaging
station were influenced by Seattle City Light’s (SCL) Skagit Project while
Concrete gaging station being downstream of the Baker River, was
influenced by the discharges from Puget Sound Power and Light’s Baker
River developments as well. Skagit River flows were commonly lower on the
weekends because of the reduced demand for power. The weekend periods are
indicated in Figs. 2.3-2.6 by the dashes along the time axis.

The predominant features of the short-term Skagit River flow pattern
were the hourly and daily flow fluctuations resulting from cycling the
Skagit hydroelectric plants. Daily flow releases from Gorge Powerhouse
usually reflected the typical power demand cycle by increasing in the
morning, remaining high during the daytime period of peak demand,
decreasing in the evening, and remaining low during the night.

Figures 2,7-2,10 show the magnitude of the daily fluctuations in both gage
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height and discharge for the Skagit River at Newhalem (USGS) for
1974-1977. Daily fluctuations at the USGS gaging station near Marblemount
are shown in Figs. 2.11 and 2.12 for 1976 and 1977. For the period from
June to December 1976 the mean daily range in water level was 1.76 ft at
Newhalem, 1.38 ft above Alma Creek, and 1.01 ft near Marblemount. The
potential effect on aquatic life of flow regulation by the Skagit Project
would be greatest, therefore, at Newhalem, and would become progressively
dampened downstream as inflow increased.

The flow patterns in the Sauk and Cascade rivers resulted entirely 1
from natural factors such as precipitation and snowmelt. The magnitudes
of the daily Sauk (Figs. 2.13-2.16) and Cascade (Figs. 2.17-2.20) river
fluctuations in gage height and discharge are shown for 1974-1977. The
mean difference between daily maximum and minimum water levels during 1976
was 1.89 ft in the Skagit (at Newhalem) while it was 0.30 ft in the Sauk
River.

Beginning in mid-April 1977, flow releases from Gorge Powerhouse were
essentially nonfluctuating until mid-November (Fig. 2.10). Releases were
stepped down during this period beginning at about 2,300 cfs and then
successively reduced to about 2,100, 1,700, and finally 1,400 c¢fs. These
measures were carried out by SCL because of the general water shortage in
the area and to protect fish life from fluctuating flows to low levels.

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. The estimated "natural"
streamflow at Newhalem is compared to the regulated flow pattern at
Newhalem in Figs. 2.21-2.24 for 1974-1977. 'Natural" streanmflow data were
obtained from SCL which were calculated by progressively adjusting the
discharge at the three dams by the changes in elevation in the respective
reservoirs.,

The extreme daily discharges were compiled from USGS and SCL records
for the Skagit (regulated and natural) and Sauk rivers for water years
1970-1976 (Table 2.1). The ratio of maximum to minimum discharge was
calculated to show relative stability of systems. The effect of Skagit
dams has been to lessen the extremes so that the regulated discharge at
Newhalem was more stable with a ratio of 15:1 than the natural streamflow
with a ratio of 41:1. The improved stability came about by reducing the
maximum flows as well as by increasing the minimum flows.

The flow stability of Sauk River with a ratio of 25:1 was intermedi-
ate to the Skagit regulated and natural flows at Newhalem. The difference
between ratios for Sauk and Skagit-regulated resulted from the difference
between maximum discharge while the difference between ratios for Sauk and
Skagit-natural resulted primarily from differences between minimum
discharge.

T ST R T RN, A e TR T K A e s -
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The mean annual discharges for the 1970-1976 period were 4,751 cfs
for the Sauk, 4,683 cfs for Skagit-regulated, and 4,634 cfs for
Skagit-natural.

The watershed upstream of Newhalem was drier on the average than
downstream drainages including the Cascade, Sauk, and Baker rivers.
Discharge per square mile of drainage area was calculated from USGS data
for sites along the Skagit downstream of Newhalem and for key tributaries
(Tables 2.2 and 2.3). Comparison of discharge per square mile of drainage
area showed that the drainage upstream of Newhalem had the lowest value,
3.8 cfs/mi%. Because of inflow from generally wetter drainages the
discharge per square mile gradually increased to 5.6 cfs/mi2 at Concrete.

2.2 Temperature

2.2.1 General Discussion

_ Long-term temperature regimes for the Skagit (above Alma Creek),
Sauk, and Cascade rivers (Fig. 2.25) were characterized by high
temperatures from July through September and low temperatures from
December through March. Skagit River temperature was significantly warmer
than Sauk and Cascade temperatures beginning in October and September,
respectively, and extending to mid-February. During this period the
Skagit temperature was influenced by the stored heat in the upstream
reservoirs (primarily Ross), and, therefore did not fall as rapidly as it
did in the other rivers. From mid-February to mid-May Skagit temperature
was cooler than Sauk or Cascade temperatures reflecting the cool and
homothermic condition of the reservoirs. In May, as Ross Reservoir began
to stratify, Skagit temperatures began to increase more rapidly than
before and were intermediate to Sauk and Cascade temperatures through
mid-July. All three reach their peaks in August with the Skagit being
coolest.

Temperature patterns for the Skagit (above Alma Creek), Sauk, and
Cascade rivers in 1976 and 1977 (Figs. 2.26 and 2.27, respectively) were
generally similar to the long-term temperature regimes (Fig. 2.25) except
during summer. During the drought year of 1977 the peak summer tempera-
tures were 3°-50F higher than average. In addition in both 1976 and 1977
the Cascade River summer temperature was the coolest of the three rivers
while for the long-term mean the Skagit was coolest.

A longitudinal temperature gradient was present in the Skagit River
between Newhalem and Rockport (Fig. 2.28). From mid-January to
mid-October, downstream temperature was generally warmer than upstream
temperature and from mid-October to mid-January, the opposite was
generally the case. These patterns in part reflect the thermal condition
of the upstream reservoirs. The cooler upstream temperature from January
to April resulted from the cool and generally homothermic reservoirs
coupled with the radiational warming that occurs as the Skagit flows
through its course from Newhalem to Rockport. Even after May, when the
reservoirs (particularly Ross) begin to thermally stratify, solar
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radiation progressively warmed the downstream temperatures until October.
From October to early January, stored heat was released from the
reservoirs and the temperatures became progressively cooler downstream.

These analyses indicate that the general effects of the Skagit
Project on the downstream temperature regime have been to elevate the fall
and early winter temperatures; reduce the late winter, early spring, and
summer temperatures; and change the temperatures only slightly during late
spring. This is based on the assumption that Skagit River predam
temperature conditions were similar to Sauk and Cascade river temperature
conditions. Analyses by Burt (1973) indicated a colder predam regime for
the Skagit at all times during the year.

The annual temperature patterns for the Skagit River above Alma Creek
(USGS) from September 1974 to March 1978, and the 23-year mean temperature
pattern are shown in Fig. 2.29. 1In general, the temperature regimes were
at or below average from September 1974 to September 1976, while after
mid-September they were consistently above average through October 1977.
During this latter period precipitation and the resulting streamflow were
below average. Water temperature was particularly high from June to
September 1977, attributable in part to the general drought conditions and
to the reduced withdrawal of water for generation from Ross Lake during
this period. Seattle City Light implemented this program to conserve
water in Ross Reservoir. From November 1977 to March 1978, water
temperature remained consistently below average.

The annual temperature patterns for the Sauk and Cascade rivers
compared to their long-term mean temperature are presented in Figs. 2.30
and 2.31, respectively. The relationships between annual and long-term
patterns are in general similar to those described above for the Skagit
River above Alma Creek.

2.2.2 Potential Effect of Copper Creek Dam

The effect of the proposed Copper Creek Dam on the temperature regime
of the Skagit River will depend mostly on three factors: stratification,
depth of intake, and drawdown. Because specific information regarding
these factors was not available, it was difficult to quantitatively
estimate the impact of the dam on the downstream temperature regime of the
Skagit River. However, by establishing the probable range of these
factors it became possible to estimate the probable range of the proposed
dam’s effects.

To estimate the probable degree of stratification in the new
reservoir it was useful to compare it to Diablo Reservoir. Copper Creek
Reservoir would be in the same general class as Diablo in terms of
capacity and retention time, but would be shallower and longer
(Table 2.4). Diablo Reservoir became stratified to some degree most of
the year (Table 2.5). The degree of stratification, however, was minimal
except from May through October. Even then the surface and bottom
temperatures usually differed by less than 10°F at the maximum.
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For two reasons Copper Creek Reservoir may stratify to a lesser
extent than Diablo Reservoir. First, since Copper Creek Reservoir is
expected to be shallower, its bottom waters would mix more easily with the
surface water. Secondly, the Copper Creek Dam is expected to be used
primarily for base load generation and flow reregulation. The level of
the reservoir, therefore, would be fluctuating in response to the peaking
flows of the dams upstream. This peaking inflow may help to mix the
regservoir water and break up stratification.

Preliminary information on Copper Creek Dam indicated that the intake
would be about 110 ft below full pool elevation (495 ft). At this level
the intake would draw water from below the reach of most stratification,
where seasonal temperature changes are not as extreme as at the surface.
This intake depth is comparable to the intake depth of 125 ft at Diablo
Dam.

Drawdown is a factor because it has the effect of raising the intake
depth. 1In addition, the heating or cooling of exposed shoreline can
significantly affect surface temperatures upon subsequent flooding.
However, drawdown in the proposed reservoir is not expected to exceed
15 ft and is expected to average approximately 10 ft. Again, conditions
would be similar to Diablo Reservoir, where the average between the
minimum and maximum elevations for 1974, 1975, and 1976 was 13.7 ft.

If the minimum values for each of the factors discussed above
(limited stratification, a deep intake, and limited drawdown) are
realized, then the temperature effect of Copper Creek Reservoir would
probably be insignificant. The waters should be well mixed and moving
through the reservoir fast enough that it would be acting very much like a
free-flowing river. However, if the maximum values are realized (a high
degree of stratification, shallow intake, and large drawdown) then the
temperature changes could be significant.

An estimate of the temperature changes was based on the assumption
that the temperature effects caused by Copper Creek Reservoir are unlikely
to be more extreme than those caused by Diablo Reservoir. Figure 2.32
shows the mean monthly temperature changes from Ross tailrace to Diablo
intake based on temperature profiles measured during 1971 to 1977, that
is, the temperature changes as water passes through Diablo Reservoir.
These were used to estimate the temperature changes that would potentially
occur as water passes through Copper Creek Reservoir. Figure 2.33 shows
the mean monthly temperatures at Gorge intake which were used to
approximate mean monthly temperatures of water flowing into Copper Creek
Reservoir. By applying the Diablo Reservoir temperature changes to the
Gorge intake temperatures, the mean temperatures for Copper Creek Dam
intake were estimated (Fig. 2.33).

This analysis indicated the maximum extent that Copper Creek
Reservoir could potentially shift the downstream Skagit River temperature
regime. The estimates are maximum partly because intake water to Copper
Creek Reservoir from Gorge Reservoir would be closer to natural flow
temperatures than intake to Diablo Reservoir from Ross Reservoir. Mean



46

*X U® YiTrm paieOTPUT ST ‘//61

Burpnyoxa “*8°1 ‘9/6T-TL6T 103 uesw ayl “//6T JO IJswwns 8yl Uur padnpaa
SeMm UOT3IBISUL3 I8Mod sSsoy 9snedag “//6T-TL6T BIEP THS woij payrdwon
‘S}EBIUT OTqEIQ 03 9OBITTR] Ss0y Woij a8ueyd sinjeiadwsl ATyjuow uesR

Jd AON 120 EN any ne NAe AYW ddv dYW 434

Z€'¢ 814

NVl

L] L4 L ¥ L] ¥ ¥

L4

v
I

d

(&)

X

(4] JONBHI 3¥N18Y3dN3L

-

IMGUINI 678410 01 336¥7IH1 SS0Y Wo¥4
FONGHI JUNLUY3AWNIL ATHINOW NY3W



47

‘poonpaa sem uoTleIsUS3 Iamod SSOY uaym

L.6T JO isumns 2yl sapn[dxa poriad sIy] ‘eIBPp Sanjeiaduel 9/6T-TL6T

uo paseq 2jelul }o91) Ioddo) 1oz uesuw pajewrxoadde 8yl s9IBOTPUT X

“LL6T-TL6T ®3EP 10S woay pafrdwo) -oeiur }oo1) iaddo) e aanjeasadws)
ATyjuow uesuw pajeurxoadde pue ayejul 2810n e sinjeaadwsl ATyjuow uesy ¢g°7 "8T4

J3d AON 130 d3s Iny ne NOC AUK ddv oW 434 NY( 8c

14 T T ] T ]

)4

<t
~

w
<¢

20}
Q—

-~ 0S

és

o—0 IMINT Y3340 ¥3ddod
B INHINT 30409

¥S

3MBINT Y3340 434403 18 38N1UY3dW3L ATHINOW NH3W O3LHWIXO¥ddY ONY
MUINT 30400 LU JUNLIBYILWAL ATHLINOW NE3IW

(4] 34NLIBY3dH3L



48

temperatures would be elevated between March and September and depressed
between October and February. It is interesting to note that this shift
would be toward the Sauk-Cascade temperature regimes (Fig. 2.25) which we
have speculated may approximate the predam Skagit River regime. The shift
could possibly be beneficial to the system since it may partially reverse
temperature effects caused by Ross Reservoir.

In conclusion, it can be speculated that Copper Creek Dam will have a
maximum potential effect of warming summer temperatures by as much as 2°F
and cooling winter temperatures by as much as 1.5°F. This would mean a
slight shift in the temperature regime toward predicted predam
temperatures. The minimum possible effect is that the dam will not
significantly change the temperature regime.

2.3 Profile and Gradient

In the 37.7 river miles between Gorge Powerhouse and the mouth of the
Baker River, the Skagit River decreased in elevation from about 493 to
162 ft above mean sea level (Fig. 2.34) for a mean drop of 8.8 ft/mi. Two
breaks occur in the profile of this river section, one at RM 86, just
upstream of Copper Creek, and another at RM 69, just upstream of the Sauk
River. The mean gradient between RM 86 and Gorge Powerhouse (RM 94.2) was
15.1 ft/mi between RM 86 and RM 69 was 8.8 ft/mi, and between the mouth of
the Baker River (RM 56.5) and RM 69 was 4.7 ft/mi. The mean gradient of
the Skagit River between the mouth of the Baker (RM 56.5) and Puget Sound
(RM 0) was 2.9 ft/mi.
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3.0 PERIPHYTON AND BENTHIC INSECTS

3.1 Introduction

Flow fluctuations during power generation result in periodic exposure
of the benthos and periphyton in shoreline areas of the Skagit River.
Studies initiated in 1976 to determine the effect of this exposure on the
standing crop of benthic insects and periphyton were continued during
1977. Benthic insects and periphyton in the unregulated Sauk and Cascade
rivers were also examined for comparison with the Skagit. Due to unusual
drought conditions during 1977, Skagit River flows were maintained at a
relatively constant level during much of the year. It was possible to
compare benthic insect standing crop at the same station under both
fluctuating (1976) and non-fluctuating (1977) flow regimes. In addition
to the field studies, the effects of flow fluctuations on aquatic insects
were examined in an artificial stream.

Reductions in benthic standing crop due to fluctuating flow regimes
below dams have been reported by several investigators (Powell 1958,
Pearson et al. 1968, Radford and Hartland-Rowe 1971, Fisher and Lavoy
1972, Kroger 1973, Trotzky and Gregory 1974). Powell (1958) reported that
insect biomass per unit area was up to 32 times greater above a
hydroelectric dam producing a fluctuating flow pattern than below, and
insect populations increased farther from the dam. Fisher and Lavoy
(1972), as well as MacPhee and Brusven (1973), found that standing crop
and diversity of benthos were markedly reduced in areas that were exposed
frequently by flow fluctuations. Water level fluctuations can also
destroy periphyton through desiccation during exposure and reduce primary
production (Neel 1963, Kroger 1973, Brusven et al. 1974).

The objectives of the field studies were to compare the standing crop
of benthic insects and periphyton in the Skagit River with standing crop
in the Sauk and Cascade rivers. In making these comparisons an effort was
also made to determine the effects of periodic exposure due to flow
fluctuation on the standing crop of benthic insects and periphyton in the
Skagit River. The objectives of the experimental studies in an artificial
stream were threefold: 1) to test the ability of selected insect species
to avoid becoming stranded during flow reductions; 2) to test the ability
of selected species to survive desiccation on a dewatered substrate; and
3) to compare density and composition of insect communities subject to
conditions of fluctuating and nonfluctuating flow regimes.

3.2 Study Area

3.2.1 Sampling Sites

No data were available on benthic and periphyton standing crop in the
Skagit prior to regulation of the river by hydroelectric development.
Thus, it was necessary to compare standing crop under the present
regulated flow regime with standing crop in the unregulated Sauk and
Cascade rivers in order to determine effects of flow fluctuations. The
Sauk was frequently turbid, while the Skagit and Cascade were relatively
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clear year-round. The Cascade, although considerably smaller than the
other rivers, was selected as a control stream because of its lack of
turbidity.

Benthic insects were sampled at one station each on the Skagit, Sauk,
and Cascade rivers during 1976, and at two stations on both the Skagit and
Sauk during 1977. The upper stations were established on the Skagit and
Sauk rivers above the original stations in 1977 to ensure representa-—
tiveness within and between rivers and to establish a station on the
Skagit above the proposed Copper Creek Dam site. Benthic insect sampling
was discontinued in the Cascade River during 1977. Additional effort was
placed on the Sauk Upper Station, which was not highly turbid and was more
comparable in width and discharge to the Skagit River stations.

Periphyton was sampled at the Skagit Lower, Sauk Lower, and Cascade
stations during 1976 and 1977, and at the Skagit Upper Station in 1977.

Sampling station locations are shown in Fig. 3.1. The Skagit Upper
Station near river mile (BM) 84 and the Skagit Lower Station, above the
town of Marblemount, near RM 79 were 10 and 15 river miles, respectively,
below Gorge Powerhouse. The Sauk Upper Station was established at RM 13,
6 mi above the Sauk Lower Station, and the Cascade River Station was at
RM 0.9,

Physical characteristics, other than discharge and drainage area,
were similar at all stations (Table 3.1). The substrate was composed
primarily of cobble, 3 to 10 inches in diameter, mixed with sand and small
gravel. Mean current velocity near the bottom in shoreline sampling areas
ranged from l.4 to 2.0 ft/sec among stations. Mean annual discharge,
shown in Table 3.1, was roughly 1,000-2,000 cfs higher at the Skagit River
stations than at the Sauk stations. Mean annual discharge was
considerably lower at the Cascade Station than at any of the other
stations.

The mean, maximum, and minimum discharge figures in Table 3.1 pertain
to the entire period of record (hourly recording) of the U.S. Geological
Survey (USGS) gaging station nearest the benthic sampling station. The
period of record is different for each gaging station due to differences
in the year of original installation or intermittent operation. The Sauk
and Cascade gages have been operated continuously for 50 years, and the
Skagit at Alma Creek gage has operated for 28 years. The USGS gage at
Marblemount was operated intermittently from 1943 to 1951, deactivated for
25 years, and reactivated in 1976. The minimum recorded discharge at the
Skagit Upper Station is larger than at the Skagit Lower Station because
the Skagit at Alma Creek gage, near the upper station, was not operational
when the 620 cfs flow occurred at the lower station.

3.2.2 Artificial Stream Site

The artificial stream system was located at Ladder Creek, near the
town of Newhalem, Washington. A head tank and pipe system, formerly part
of the town’s water supply system, were available at this site to supply a
large volume of water to the artificial stream channels. The site was
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also accessible only through a locked gate. The area was heavily shaded,
allowing little direct sunlight to penetrate, and air temperatures were
sometimes 180F cooler at the artificial stream site than on the shoreline
of the Skagit. Insect mortality rates on exposed substrate subject to the
cool air temperatures at the stream site were probably lower than would
have been the case under the warmer temperature regime typical of open
shoreline areas of the Skagit during summer months. The temperature of
Ladder Creek water flowing through the artificial stream channels ranged
from 45°F to 56°F over the period of operation of the artificial stream
during 1977.

3.3 Materials and Methods

3.3.1 Physical Parameters

Hourly gage height records from the USGS streamflow gaging station
nearest to each sampling station were used to determine flow patterns.
The USGS gage for Skagit River at Marblemount was located approximately
0.7 mi below the Skagit Lower Station while the USGS gage for Skagit River
“at Alma Creek was located 1.5 mi above the upper sampling station. The
USGS gage on the lower Sauk was used to determine the discharge pattern at
both Sauk stations. The gage was 1.6 mi below the lower station and
7.6 mi below the upper station. The USGS gage on the Cascade River near
Marblemount was within 300 yards of the Cascade Station. No major
tributary streams entered the rivers between a gaging station and a
sampling station, and the flow pattern at the gage was considered similar
to the actual flow pattern at the sampling site.

The percentage exposure time of the substrate at each periphyton and
benthic sample location was computed by determining the amount of time
that the water’s edge was below the sample site, leaving the site exposed
to desiccation. First, permanent transects perpendicular to water flow
were established at all sampling stations, and samples were collected only
along these transects. A stake was located on the transect near the high
waterline. Next, plots were constructed with distance (from the stake on
the transect to the water’s edge) on one axis and gage height (during the
hour when distance was measured) on the other. The distance from stake to
water’s edge was measured periodically over a wide range of flows and
plotted against the appropriate gage height values. A curve was drawn
through these points, describing the inverse relationship between gage
height and distance to the water’s edge at a particular transect.

Given a gage height, one could estimate the location of the water’s
edge, in terms of the distance from the stake at the high water line, by
using the distance and gage height curve. The gage height, or flow, that
would have resulted in a water’s edge at a particular point on the
transect, e.g., 25 ft from the stake, could also be determined using the
curve.

When samples were collected, the location of each separate sample
site was determined by measuring the distance from the stake to the sample
site. OSeparate measurements were made for each location where replicate
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samples were collected. By consulting the distance versus gage height
curve for the tramsect, the gage height that would result in a water’s
edge at the sample location was determined. This gage height value was
compared with the USGS records of hourly gage readings for the preceding
two or six weeks. The number of hours that the actual gage height was
below this value was equivalent to the number of hours that the sample
location was exposed.

Due to infrequent malfunctioning of the streamflow gages, there were
some gaps in the USGS gage height records during exposure calculation
periods. If data were not available from one of the Skagit River gages,
the complete discharge records from the other gage were used to calculate
exposure time. When either the Sauk or Cascade gages were inoperative, it
was necessary to assume that flow patterns prior to sampling were similar
in these two unregulated rivers. During both 1976 and 1977 the flow
patterns in the Sauk and Cascade were nearly identical, differing only in
magnitude (Fig. 2.5 and 2.6). Fortunately, whenever one of the gages was
not functioning, the discharge records from the other operative gage
always indicated that the water level at sampling time was lower than it
had been during the preceding 2 or 6 weeks. Thus, only unexposed sites
were sampled on these occasions. It was assumed that the water level had
declined in a similar manner in the other river, and that samples were
also collected only in unexposed areas.

The estimation of standing crop above and below Copper Creek
(Sec. 11.1.1) required calculation of the wetted area between zero and
1.5 ft deep and total wetted area in several sections of the Skagit River.
Sample transect depth data collected during spawning studies (Sec. 6.0)
were used. The procedure used to calculate wetted area was the same as
the procedure to calculate spawnable area (Sec. 6.3.4), except that only
the depth data, and not velocity data, were used. The wetted areas were
calculated at low, medium, and high flows as defined in Table 6.10.

Turbidity was measured at or above benthic sampling stations from
June 1976 through the first week of November 1977. Three to five
measurements were made at each station in a month, using a Hach portable
engineer’s laboratory. All stations were sampled on the same day.

3.3.2 Periphyton

Artificial substrates were used to collect samples of stream
periphyton from October 1976 through March 1977. The artificial substrate
sampler was constructed of two 0.6- x 15- x 5-cm plexiglass plates
attached in a horizontal position to a small wood block. The wooden block
was bolted to a 15- x 40- x 60-cm concrete block. Four samplers, each
with two replicate plexiglass plates, were placed along transects
perpendicular to waterflow in each of the three rivers. During riverflow
fluctuations, the plexiglass plates on the samplers were exposed and
submerged periodically. Those samplers in shallow water were exposed more
frequently than those in deeper areas. The colonized plexiglass plates
were removed every 6 weeks and replaced with clean plates. Colonized



56

plates were frozen and transported to the laboratory where the periphyton
was scraped from the upper surface.

In spite of the heavy concrete base, the artificial substrate
samplers were susceptible to washout during high flows and had to be
replaced several times. A technique for direct removal of periphyton from
streambed rocks was devised which avoided the problems associated with the
artificial substrate samplers. This alternate method was used to collect
samples from May to November 1977.

The technique involved removal of all periphyton from a 16-cm? area
on the upper surface of natural streambed rocks. A rubber template with a
4= x 4-cm square cut in the center was held against the rock while the
area inside the square was thoroughly scrubbed with a small nylon brush.
The detached algae was then washed into a collecting bottle. Samples were
concentrated on a 0.45-1 membrane filter and frozen for transportation to
the laboratory. On each sample date, two replicate samples of five rocks
each were collected at four different depths (6, 10, 14, and 18 inches)
along the sampling transects at the Skagit Upper and Lower, Sauk Lower,
and Cascade stations.

Samples were dried in a desiccator under refrigeration, and
chlorophyll a content was determined using the method for the
determination of chlorophyll a in the presence of phaeophytin a (American
Public Health Association (APHA) 1971). The percentage of time that each
artificial substrate sampler or sample location was exposed to desiccation
during the 6 weeks prior to sampling was also determined.

3.3.3 Benthic Insects

Benthic insects were sampled bimonthly from May to November 1976,
during February 1977, and bimonthly from May to November 1977. Samples
were collected along a permanent transect perpendicular to waterflow at
each station. It was not possible to sample the river at depths greater
than 18 inches and sampling was confined to the shallower shoreline area
of the transect on one side of the river. A 0.25-m?2 quadrat sampler (351-u
mesh), designed by Malick (1977), was used to sample benthos. This
sampler was a larger, heavier version of the standard Surber (1937)
sampler. Large rocks were removed from the substrate and individually
cleaned, and the remaining substrate was thoroughly stirred three times
with a rake to a substrate depth of 6 inches. Samples were preserved in
the field with 70 percent ethanol containing rose bengal dye
(100 mg/liter). Current velocity was measured as close to the bottom as
possible at each sample location with a Gurley No. 625 Pygmy-type current
meter.

The number of replicates collected and the water depth at sample
locations were different in 1976 and 1977. During 1976, two replicates
were collected at locations 6, 12, and 18 inches below the surface of the
water at the Sauk Lower and Casacade sampling stations and at the Skagit
Lower Station in May only. From July through November 1976, two
replicates were collected at depths of 6, 10, 14, and 18 inches at the
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Skagit Lower Station. During 1977, four replicate samples were collected
at each of four locations, 6, 10, 14, and 18 inches below the water
surface, along the transects at all stations.

Benthic insects were handpicked from detritus and inorganic material,
identified to order, and counted. Biomass was determined by multiplying
the volume of the insects by 1.05, the value for specific gravity of
stream invertebrates used by Hynes (1961). The percentage of time that
the substrate was exposed during the 2 weeks prior to sampling was
calculated for each replicate sample location.

The selection of a 2-week exposure calculation period was based on
the time necessary for complete recolonization of the stream bottom by
benthos. Recolonization rates for barren substrates varied from 2 weeks
(Waters 1964) to 4 weeks (Mason et al. 1967) and over 4 weeks (Coleman and
Hynes 1970). Potential problems were foreseen under particular flow
patterns using an exposure calculation time greater than the recoloni-
zation time. For example, if it took only 2 weeks to recolonize the
stream bottom, and a 4-week exposure calculation time were used,
misleading results would be obtained if the streambed were exposed
continuously or frequently during the first 2 weeks, severely reducing
insect abundance, and then submerged continuously for the next 2 weeks.
In this situation, the benthos would have time to recolonize the affected
areas before sampling, resulting in a normal seasonal standing crop but a
high exposure level. These results would give the false impression that
high exposure had no effect on insect abundance.

Using an exposure calculation period less than the recolonization
time could also be misleading, e.g., a 2-week exposure calculation period
when the recolonization time is 4 weeks. High exposure of the streambed
for 2 weeks followed by a 2-week period of no exposure would probably
result in a standing crop much lower than the normal seasonal value, since
the insects would have had only 2 weeks to recolonize the streambed, and
need 4 weeks for complete recolonization. In this case, standing crop at
sampling time would be lower than normal, while exposure calculated over
the last 2 weeks would also have been low. The investigator would
probably assume that some factor other than exposure reduced insect
abundance.

It was concluded that the period of exposure calculation should be as
long as the time necessary for complete recolonization to avoid the
problems mentioned above. Since the precise time for recolonization of
denuded areas in the Skagit was not known, it was necessary to use a value
from the literature. Actual determination of the recolonization time by
removal of insects from an area of the streambed and sampling at intervals
until insect abundance returned to the original level would have been
impractical. Frequent flow fluctuations during 1976 would have
periodically removed insects from the area, preventing complete
recolonization. Two weeks appeared to be a reasonable estimate of
recolonization time, and an equally long 2-week exposure calculation
period was used.
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3.3.4 Experimental Studies

3.3.4.1 Artificial Stream. Four artificial stream channels were
constructed at the Ladder Creek site in 1976. Each of the channels was
2.4 m long, 46 cm wide, and 43 cm deep. Up to four 36- x 4l-cm trays
containing gravel substrate were placed in the bottom of each channel.
The trays were filled with a sand and gravel mixture almost to the top. A
layer of 5-cm gravel was added to the surface of the trays used in the
stranding avoidance experiments, while 5~ to 15~cm rocks were used in the
trays in the flow fluctuation experiments. The trays sloped from one side
of the channel to the other (24 percent slope), simulating a sloping river
shoreline. A screen (333-U mesh) at the upstream end of the channel
prevented insects and debris larger than 333 u from entering, a drift net
(333-1 mesh) at the downstream end collected drifting insects, and a screen
on the top trapped emerging adults.

Water depth and velocity in each channel were controlled by
manipulation of aninflow valve and sluice gate at the end of the channel.
Average velocity in the channels remained relatively constant as the depth
was changed, and ranged from 0.41 to 0.51 ft/sec at the valve and gate
settings used.

3.3.4.2 Flow Fluctuation Experiments. The effects of two different
types of flow pattern on density and composition of benthic insects in an
artificial stream channel were examined during 1977. Preparation of
channels was similar for all experiments. Rocks colonized by algae were
collected in the Skagit and placed in the substrate trays in the two
channels. Six bottom samples were collected with a 0.25-m? quadrat
sampler at the Skagit Lower Site, and the uncounted insects and detritus
from three samples were distributed as evenly as possible over the four
substrate trays in each channel. Water was maintained at a constant level
in both channels for 1 week to allow the insect community to stabilize.
Prior to initiating experimental flows, the substrate tray from the
downstream end of each channel was removed, and the agquatic insects were
collected to determine if equal numbers were present in both channels.
The trays with substrate material were then returned to their original
location in the channel.

After the l-week stabilization period, the experimental channel was
either: 1) dewatered for 18 hr a day for 7 days; or 2) dewatered for 48
continuous hours. Two replicate experiments were conducted using the
first flow pattern, while only one experiment was conducted with the
second pattern. The water level was always raised and lowered at a rate
of 0.7 ft/hr. Organisms drifting out of the experimental channel during
increasing or decreasing flow were collected in a drift net. During the
flow manipulations in the experimental channel, drift was also collected
in the control channel for comparison. At the conclusion of the
experiments the three undisturbed trays in each channel were removed and
the insects were collected for analysis.

3.3.4.3 Stranding Avoidance. Three species of aquatic insects were
tested to determine their ability to avoid becoming stranded during flow
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reductions in an artificial stream channel. At the start of an experi-
ment, water level was adjusted so that the entire substrate surface was
submerged. After 50 insects of a single species were released in the
upper half of the upstream tray, the water level was lowered at a rate of
0.7 ft/hr. The upper half of the sloping substrate tray was completely
exposed and only the lower half was submerged after 30 min of dewatering.
Insect movement during dewatering was observed visually, and the number of
insects that remained in or on the exposed substrate after 24 hr was
compared with the number that moved to the lower, submerged half of the
substrate tray. The number of insects that avoided stranding by drifting
was also recorded.

Three species of insects commonly found in the Skagit and Sauk rivers
were tested during 1977: Ephemerella tibialis (Ephemeroptera), Acroneuria
pacifica (Plecoptera), and Dicosmoecus sp. (Trichoptera). Insects were
collected in the Skagit River and transported in a cooler to the
artificial stream site where they were allowed to acclimate for 24 hr in
screened containers in the channels. The range in body length of insect
larvae tested was 6-8 mm for E. tibialis, and 10-15 mm for A. pacifica.
The case lengths of the Dicosmoecus sp. larvae ranged from 17 to 26 mm.
Two replicate stranding avoidance tests were conducted with each of the
three species, using 50 individuals in each test.

3.3.4.4 Desiccation Survival. The three species of aquatic insect
larvae tested for ability to avoid stranding were also examined to
determine their ability to survive desiccation in the event of stranding.
A total of 40 to 50 insect larvae was placed in petri dishes or plastic
containers with a l-cm layer of either dry or damp sand on the bottom. A
control was used to estimate mortality caused by handling. Control
insects were subjected to the same handling procedure as the others, but
were placed in a screened cage in flowing water. Percent mortality of
experimental and control insects was determined at 24 hr.

3.4 Results and Discussion

3.4.1 Physical Parameters

3.4.1.1 Flow Pattern. The flow pattern in the Skagit River below
Gorge Powerhouse during 1976 was influenced primarily by demand for power
in the City of Seattle. Increased release of water through generating
facilities as demand increased in the morning usually resulted in rising
water levels. Water level generally remained high during the period of
peak demand in the day, and then receded at night as demand declined.
Weekend flows tended to remain at a low level for 48 hr. The use of the
generating facilities on the Skagit River in this manner for hydroelectric
peaking resulted in daily fluctuations in water level which alternately
exposed and submerged the shoreline areas of the river.

There was a pronounced difference between the degree of fluctuation
in the regulated Skagit and the naturally fluctuating Sauk and Cascade
rivers in 1976. The mean difference between daily maximum and minimum
water levels during the period June to December 1976 was 1,01 ft at the
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Marblemount gaging station near the Skagit sampling site, while it was
only 0.29 ft at the Sauk gaging station (Table 3.2). Mean daily
fluctuation between high and low water levels was always greater in the
Skagit at Marblemount than in either the Sauk or Cascade during those
months for which discharge data were available. Because of the dampening
effect of tributary inflow, variation in water level in the Skagit at
Marblemount was considerbly less than at Newhalem, where the mean daily
fluctuation from June to December 1976 was 1.76 ft.

The pattern of flow fluctuations in the Sauk (Fig. 2.15) and Cascade
(Fig. 2.19) was the result of natural factors such as precipitation and
snowmelt which sometimes caused rapid increases in flow. However, peak
flows usually subsided over a period of days or weeks in contrast to the
Skagit, where water level fluctuated an average of 1.89 ft at Newhalem and
1.01 ft at Marblemount every 24 hr during 1976. Daily variations in water
level of 2 ft or more occurred several times during June through August
1976 in the Skagit at Marblemount (Fig. 2.11), and daily variations of
this magnitude occurred frequently in the Skagit at Newhalem during 1976
(Fig. 2.9). During late January 1976, the water level in the Sauk rose
3.4 ft in a single day, the maximum daily variation for the year.

However, the water level dropped slowly, and required approximately
10 days to return to its previous level.

Except for a 2-week period in late January, daily fluctuations in
water level of 2 to 3 ft were recorded frequently from January to late
April 1977 at Newhalem as a result of hydroelectric peaking (Fig. 2.10).
Flow was nearly stable from late April to mid-November. Due to low water
levels in the reservoirs, no daily hydroelectric peaking was occurring
during this time period, and discharge from Gorge Powerhouse was
maintained at a nearly constant level. Peaking was resumed in
mid-November and continued through the end of 1977.

The pattern of flow fluctuations in 1977 at Marblemount (Fig. 2.12)
resembled the pattern at Newhalem. Daily ranges of flow fluctuations from
late April to mid-November were slightly more variable than at Newhalem.
Inflow from tributary streams was responsible for this increased
fluctuation downstream from Newhalem, particuarly during the spring runoff
in June. The mean daily range in water level at Marblemount from May to
October 1977 was 0.20 ft and was only 0.15 ft at Newhalem (Table 3.3).
During periods of hydroelectric peaking, tributary inflow generally
dampened the fluctuations downstream. Mean daily range in water level was
lower at Marblemount than at Newhalem from January to April and in
November and December due to tributary inflow. The higher flows due to
rainfall or snowmelt during these periods were definitely accentuated at
Marblemount by tributary inflow.

The pattern of flow fluctuation was almost identical in the Sauk
(Fig. 2.16) and Cascade (Fig. 2.20) rivers during 1977. Only the mag-
nitude of the fluctuations was different due to the different sizes of the
rivers. Flow patterns at the Sauk and Marblemount gaging stations, as
well as the magnitude of the mean daily range in gage height (Table 3.3),
were also quite similar from late April to mid-November. The variation in
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Table 3.2 Mean daily range in water level (ft) during each month in
1976 at the Skagit at Newhalem and Marblemount, the Sauk,
and the Cascade gaging stations (USGS).

Station
Skagit at Skagit at
Month Newhalem Marblemount Sauk Cascade
January 2.86 - 0.54 -
February 1.92 - 0.17 -
March 1.19 - 0.19 -
April 1.81 - 0.18 -
May 2.64 - 0.35 -
June 1.34 0.91 0.31 -
July 1.86 1.40 0.40 -
August 2.24 1.40 0.28 0.30
September 1.54 0.72 0.18 0.09
October 1.41 0.69 0.18 0.14
November 2.00 1.09 0.36 0.24
December 1.90 0.84 0.33 0.20
Annual mean 1.89 - 0.30 -

May-October mean 1.84 - 0.28 -
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Table 3.3 Mean daily range in water level (ft) during each month in

1977 at the Skagit at Newhalem and Marblemount, the Sauk,
and the Cascade gaging stations (USGS). B

STATION
SkagilL aL SkagliL aL
Month Newhalem Marblemount Sauk Cascade
January 1.08 6.75 0.40 0.23
February 2.23 1.14 0.13 0.16
March 1.79 0.93 0.17 0.07
April 1.20 0.65 0.31 0.23
May 0.14 0.18 0.24 0.16
June 0.28 0.33 0.46 0.38
July 0.04 0.12 0.16 0.18
August 0.28 0.27 0.16 0.28
September 0.09 0.14 0.27 0.24
October 0.04 0.13 0.20 0.18
November 1.11 0.87 0.93° 0.54
December 1.22 0.68 0.75 0.28
Annual Mean 0.79 0.51 0.35 0.24
May-October Mean 0.15 0.20 0.25 0.24
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water level at both the Sauk and Marblemount stations during the summer
was the result of natural factors such as precipitation and snowmelt,
resulting in similar patterns.

During the periods of hydroelectric peaking in 1977, mean daily range
in water level was considerably higher at the Skagit stations than at the
Sauk or Cascade stations (Table 3.3). However, from May through October,
daily fluctuation was slightly less at the Skagit stations than at the
two unregulated sites. These unusual flow conditions made it possible to
compare insect standing crop in the Skagit under fluctuating (1976) and
relatively stable (late April to mid-November 1977) flow conditions. Flow
conditions were nearly the same at Marblemount, near the Skagit Lower
Station and at the Sauk sampling stations from May to October.

3.4.1.2 Exposure Time. It is necessary to know the exposure history
of the river bottom locations where samples were collected during any type
of benthic study to avoid erroneous interpretation of results. This is
true for unregulated coastal streams of Pacific Northwest, where water
levels may fluctuate widely on a weekly or monthly basis, as well as for
regulated streams subject to peaking flows. Sampling a highly exposed
zone of the river bottom shortly after it had been submerged during high
flow would probably yield samples containing few benthic organisms. An
investigator with no knowledge of the flow or exposure history of the area
sampled would probably conclude that the river was extremely unproductive,
although benthic macroinvertebrate density in unexposed areas in the
deeper regions might be high. If samples had been collected before or
after the high flow, in the unexposed zone, the observed abundance would
have been higher.

Calculation of exposure time during a specified period prior to sam-
pling is a useful method for summarizing the exposure history of a parti-
cular area of the river bottom. Its primary use is in comparing standing
crops in zones of the same stream that were subjected to different degrees
of exposure, as was done by Fisher and LaVoy (1972) below a hydroelectric
dam on the Connecticut River. The correlation between exposure time and
density of benthic organisms is better under conditions of periodic, daily
exposure resulting from hydroelectric peaking flows than under a natural
flow regime where bottom areas may be exposed for a week and then sub-
merged for a week.

The exposure history of all sample locations was taken into account
when making comparisons among stations and seasons. It would not have
been valid to compare a station where most of the samples were collected
in highly exposed areas due to high water at sampling time with another
station where samples were collected in unexposed areas. Therefore, only
results from unexposed sampling locations were used in computing the mean
density for a station on a given sampling date, with a few exceptions. If
no unexposed locations were sampled on a sample date, only the data from
the location with the lowest degree of exposure were used. If the mean of
the replicates at a location with some exposure would not lower the
overall mean for the station--i.e., the mean of the exposed replicates was
higher than the mean of the other unexposed replicates—-they were also
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used to compute the station mean. These exceptions were noted in the
tables containing exposure data.

Most of the artificial substrate periphyton samples were highly
exposed during the winter of 1976-1977 (Table 3.4). Since the locations
of the samplers were fixed, some of them were exposed 100 percent of the
time. The high level of exposure and lack of data from unexposed samplers
at the Skagit Lower and Cascade stations made it difficult to compare '
rivers in 1976.

The flows were relatively stable during the period when the peri-
phyton was removed directly from streambed rocks. As a result, there was
relatively little exposure of the sampling sites (Table 3.5). None of the
sites at the Skagit Upper Station was exposed prior to sampling from May
to November 1977. The 6 inch sites in May and June 1977 were exposed
early in the 6-week exposure calculation period, and the periphyton
apparently had enough time to return to a high level before sampling. The
other sites 