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Conversion Factors, Non-Sl to
Sl Units of Measurement

Non-SI units of measurement used in this report can be converted to Sl units
asfollows:

Multiply By To Obtain
cubic feet 0.0283 cubic meters
degrees (angle) 0.01745329 radians

feet 0.3048 meters
inches 25.4 millimeters




Summary

2000 Research

This study was one of many investigations of the U.S. Army Engineer
Digtrict, Portland (CENWP), involving monitoring and assessment of juvenile fish
passage at Bonneville Dam. The program is described in detail in a
comprehensive Monitoring and Evaluation Plan developed by the District. Other
research effortsin 2000 included ajoint study by the U.S. Army Engineer
Research and Development Center (ERDC), Environmental Laboratory (EL), and
Pacific Northwest National Laboratory (PNNL) to evaluate the performance of a
Prototype Surface Collector (PSC) and the fish passage efficiency (FPE) of the
extended-length submerged bar screen (ESBS) at Unit 8. The U.S. Geological
Survey (USGS) used radio telemetry to study the passage of tagged yearling
chinook and steelhead. The PNNL evaluated approach behavior and fish
distributions using multi-beam and split-beam sonar techniquesin front of the
PSC entrance at Unit 5. A joint effort by PNNL, USGS, and EL investigated
behavior of tagged yearling chinook as they approached the project using acoustic
sonic tag technologies (i.e., acoustic telemetry).

Goal

The goal of this study was to report the first project-wide estimates of FPE,
spill efficiency, and spill effectiveness for the Bonneville Project. These data
provide a valuable baseline for evaluating the performance of future management
efforts to improve juvenile fish passage. Other fish-passage measures include
FPE by powerhouse, fish-guidance efficiency (FGE) by turbine, and horizontal
and vertical distributions of fish passage at both powerhouses and spillway.
Project-wide FPE, spill efficiency, and spill effectiveness have never been
empirically determined for Bonneville Dam. It has been assumed that passageis
directly related to the amount of flow through each route.

Xii
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Objectives
Objectives of this study were to:

a. Estimate the proportion of juvenile salmon that pass the project by non-
turbine routes, including the proportion of fish that pass at the spillway,
above screens or the floor of the PSC at Powerhouse 1.

b. Determine whether spill efficiency and effectiveness measures differ
significantly between two levels of spill that occur during the day and at
night.

c. Characterize the vertical and lateral distribution of fish passing through
Powerhouses 1 and 2 and the spillway.

d. Characterize diel changesin vertical and lateral distributions of smolt-
sized fish passing Powerhouse 1 and 2 and the spillway.

e. Determine the vertica distribution of fish at two locations (3-15 ft* and
100 ft upstream of Units 12 and 14 at Powerhouse 2) and compare the
distributions among locations.

Materials and Methods

Equipment and Calibrations

Samples were taken from PSC Units 1-6 and turbines 7-10 with nine
hydroacoustic systems, the spillway with three systems, and Powerhouse 2
turbines and forebay with four systems. Each system consisted of an
echosounder, cables, transducers, an oscilloscope, and a computer system. The
420 kHz, circular, single-, or split-beam Precision Acoustic Systems (PAS)
transducers were controlled by PAS 103 echosounders and Hydroacoustic
Assessments' HARP software running on Pentium-class computers.

Before deployment, all hydroacoustic equipment was transported to Sedttle,
WA, where PAS electronically checked the echosounders and transducers and
calibrated the transducers using a standard transducer from the U.S. Navy. After
calibration, receiver gains were calculated to equalize the output voltages among
transducers for on-axis targets ranging in hydroacoustic size from —56 to —36 dB
| 40 m*. Lengths of fish corresponding to that acoustic size range would be about
1.3 and 15 inches, respectively, for fish insonified within 21 deg of dorsal aspect
(Love 1977).

1 A table of factors for converting U.S. customary units of measure to metric (Sl) can be
found on page xii.



Sampling the PSC

Two different approaches were used to sample smolt passage at the PSC units
(1-6). Thefirst was based upon in-turbine deployments and sampling with
single-beam transducers and the second relied on split-beam deployments and
sampling in the forebay immediately upstream of the PSC dot entrances.

In each of 18 intakes downstream of the PSC, one 7 deg single-beam
transducer was mounted at the top of trash rack 1 and aimed straight down 11 deg
off the plane of the trash racks. Fish passing through the beam above an eevation
located 0.5 m below the top of the PSC floor were classified as collected by the
PSC and those passing through the beam at greater ranges were classified as
passing under the PSC. The down-looking beams had a blanking distance of 1 m,
limited detectability in the first 3 m, and could not sample the sluice opening
inside the center dot of every PSC unit.

Slot entrances at center intakes of PSC Units 1, 2, 4, 5, and 6 were sampled
with 6 deg split-beam transducers. A team of PNNL researchers sampled the dot
entrance at Unit 3. Opposing split-beam transducers were mounted at the top and
bottom of the 45-ft tall frame. Thelatera position of the transducer pair on the
frame was chosen at random so that the pair would sample the north, center, or
south third of the 20-ft dot entrance. The frames were deployed by crane and
rested on horizontal crossbeams that tied the front of the A and C modules of the
PSC together at several elevations. At each sot entrance, one transducer was
aimed 6 deg upstream of the plane of dot entrance to count fish near the upper
half of the dot. The other transducer was aimed downward 6 deg upstream of the
lane of the entrance to count fish entering the bottom half of the slot. Fish
passage estimates through every slot were based on counts of traces with
trgjectories into the PSC, each with an average displacement 3 1 cm/ping.

Counts from the PSC dots were considered to be guided fish as an dternative
to the guided counts derived from the upper portion of the single-beam
transducers within each turbine slot. Thus, there were two competing estimators
of collection efficiency depending on the source of the estimate of guided
numbers. Unguided numbers were always obtained from counts of fish passing
through the deep portion of the in-turbine beams. Vertical distribution estimates
in the forebay were obtained by counting fish within 1-m strata in the upper
portion of the up-looking split-beam > 6.5 m from that transducer and in 1-m
strata in the down-looking split-beam from 6.5 to 25 m from the down-looking
transducer. All split-beam transducers had a pul se repetition rate of 10 pings per
second and sampled 20 1-minute intervals per hour.

Sampling Units 7, 9, and 10

At turbine Units 7, 9, and 10, hydroacoustic sampling was performed within
one of three randomly selected intake slots per turbine. In Units7 and 9, 7 deg
single-beam transducers, one upward- and one downward-angled, were placed in
the selected slots to monitor guided and unguided passage, respectively. An
identical deployment was made in Unit 10, except that the transducers were 6 deg
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split-beams. Sampling was for 20 1-minute intervals per hour per transducer
location, and the pulse repetition rate was 14 pings per second for each transducer.

Sampling Unit 8

At Unit 8, the center dot with an ESBS was sampled with an upward- and a
downward-angled, 6 deg split-beam transducer to estimate guided and unguided
numbers, respectively. Sampling was continuous, 60 minutes per hour, and the
pulse repetition rate was 16.7 pings per second for each transducer.

Sampling the Spillway

Spillway Bays 2, 4, 6, 8, 10, 12, 14, and 16 were each sampled with one
down-looking, 10 deg single-beam transducer, and Spill Bay 17 was sampled with
one down-looking, 12 deg split-beam transducer. Bayswere selected to allow
interpolation of fish passage to bays that were not sampled and to emphasize
sampling at gates that would pass the most water according to the 1999 Fish
Passage Plan. Transducers were mounted 28 ft below the tops of spill gates and
aimed 8 deg upstream. Transducers were at elevation (EL) 56.5 ft when the gate
was closed and at EL 69 ft when the gate was opened 12.5 ft (7 dogs). Maximum
ranges from the transducer to the ogee were about 44.7 ft (10 deg beam diameter
= 7.9 ft) when a gate was opened 12.5 ft above the ogee and 32.5 ft (10 deg beam
diameter = 5.7 ft) when a gate was closed. Dam operations data were used to
determine spill gate positions and to estimate range to the ogee for automated
processing of data. Based upon fish trgjectories and speeds through the split-
beam deployed at Spill Bay 17, most fish passed down through the hydroacoustic
beam at ranges 8-25 ft from transducers at speeds of 6-12 feet per second (fps)
and would have been committed to passing by the time they were detected. Fish
approaching at the elevation of the ogee were traveling 13-15 fps as they passed
through the beam. Transducers transmitted at 30 pings per second for 12
1-minute periods per hour.

Sampling Powerhouse 2

At Powerhouse 2, one of three intakes at every turbine unit was randomly
selected for sampling. A pair of transducers was mounted on the downstream side
of trash racks 1 and 4 at each sampled intake. One transducer of each pair was
mounted near the top of the uppermost trash rack and aimed downward to sample
unguided fish passing below the tip of the traveling screen. The second
transducer of each pair was mounted near the bottom of the fourth trash rack from
the top and aimed upward to sample fish passing above the tip of the screen. Each
transducer transmitted sound pulses at 14 pings per second, and pairs of
transducers were fast multiplexed so that each pair sampled 15 1-minute periods
per hour, 23 hours per day. The two transducers deployed in Unit 18 were split
beams. Three transceivers and computers were used to control the 16 transducers.
The locations of transducers within intakes also were randomized among north,
center, and south locations. Vertical distributions of fish upstream of Units 14
and 17 at Powerhouse 2 were also sampled. At each unit, an up-looking 6 deg



single-beam transducer was deployed on a clump anchor 100 ft upstream of the
turbine intake extensions (TIEs), and apair of up- and down-looking 6 deg
split-beam transducers were used on a pier adjacent to the upstream side of intake
trash racks.

Fish Tracking

Since the hydroacoustic sampling effort on Bonneville Dam was so extensive
and generated such alarge volume of data (156 Gigabytes) in 2000, it was
impossible to manually track enough data to make reliable fish-passage estimates
with available staff. Therefore, autotracking software developed over the last
3 years by the Fisheries Field Unit and ERDC was relied upon to process raw data
into tracked fish observations. Although the autotracker was a very efficient
analysistoal, its performance had to be continually verified with respect to trained
human trackers. Five human trackers were employed. They received extensive
training on raw hydroacoustic data from previous years before the 2000 tracking
season began. The autotracker was evaluated by comparing its counts to those of
several human trackers who all processed the same sample data sets. This
approach was used because fish counts, even for the samefiles, can vary widely
among human trackers.

To evauate inter-tracker differences, all of the human trackers tracked the
same daily samples of all systems from five different days scattered throughout
the passage seasons, three in spring and two in summer. Human and autotracked
counts were compared for each transducer (channel) because there are important
differences in passage characteristics, ranges of interest, trace slopes and lengths,
and noise conditions for each deployment site and aiming.

Dam Operations and Fish Passage

All data on project operations and total spill and powerhouse discharge were
entered into a data set and integrated with fish passage data. Fish passage was set
to zero when passage routes were closed. Turbine discharge at Powerhouse 1 was
estimated from megawatts (MW) and head (the difference between the forebay
and tailwater elevations) using multiple regression equations. Data fileswere
obtained listing MW, head, and other operations data by 5-minute intervals
throughout the season. Another equation was used to estimate discharge through
the PSC dot from PSC unit discharge and forebay elevation.

Missing Data

All hydroacoustic systems were operated continuously (> 23 hourg/day),
except for a 15-45 minute period every morning when data were copied from the
acquisition computers, or when equipment failed and data from the affected routes
were not collected. Short equipment failures lasting up to 45 minutes were not a
problem because fish counts and associated variances could still be estimated
from the remaining within-hour samples. Computer lock ups usually were fixed
within an hour because staff were on duty from 0800 to 1700 hours and
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contractors monitored systems from 1700 to 0800 hours. Missing hourly data that
resulted from equipment outages > 45 minutes were estimated by temporal linear
interpolation for periods < 6 hours and by spatial interpolation or linear regression
for periods > 6 hours.

Detectability Modeling and Spatial Expansions

The count of every fish was expanded based upon the ratio of the opening
width to beam diameter at the range of detection:

EXP _NUM = ow “EA 1
[MID _R™TAN (=07)" 2]

where OW is opening width in meters, MID_R is the mid-point range of atracein
meters, TAN isthe tangent, and EBA is effective beam angle in degrees.

Effective beam angle depends upon the detectahility of fish of different sizes
in the acoustic beam and is a function of nominal beam width, ping rate, trace
criteria, and fish size, aspect, tragjectory, velocity, and range. Detectability for
every transducer deployment was modeled to determine effective beam angle asa
function of range from atransducer. Target-strength estimates were obtained
from the average split-beam transducers and flow data by 1-m depth stratafrom a
physical or computational fluid design (CFD) model. These data and other
hydroacoustic-acquisition data were entered into a stochastic detectability model.
Model output consisted of effective beam angle as a function of range from a
transducer. Polynomials fitted to those data were substituted for EBA in Equa
tion 1 to correct for differences in detectability by range among transducers and
locations.

Statistical Estimators and Comparisons

Detailed statistical methods are presented under Materials and Methods in the
body of the report.

Results and Discussion

Hydroacoustic Detectability

In spring, most deployments had effective beam angles > 4 deg for the ranges
that were sampled. Exceptions included deployments where sampling had to
begin at relatively short ranges < 4 m (e.g., those at Unit 8 and up-looking beams
on clump anchors 100 ft upstream of TIES) or where fish and flow moved rapidly
through the relatively narrow portions of hydroacoustic beams (e.g., 4-5 m from
up-looking transducersin Units 11-18). In summer, curves for effective-beam



angle by range had similar shapes to those modeled in spring, although angles at
all ranges tended to be narrower because target strength based upon the average
backscattering cross section of summer-run juvenile fish were lower than those of
spring-run fish.

The driving force behind efforts to improve detectability modeling is the
desire to provide hydroacoustic estimates that are quantitative as well asreliable
relative indices to fish passage. Ratio estimators like the FGE of the PSC, ESBSs,
and submerged traveling screens (STSs) only require that hydroacoustic beams
sampling guided and unguided fish have equal detectability so that ratios of
counts, not necessarily the counts themselves, are accurate. Similarly, combining
counts from different locations such as powerhouses and a spillway also requires
equalization of detectability so that counts from different locations are
comparable, although the counts themselves may not be accurate. Nevertheless,
accurate counts estimated by proper expansion of detected fish in known sample
volumes has the potential to provide estimates with inherent quantitative value as
well as providing acceptable relative estimates.

Quality Control on Automated Processing

The autotracker count for each transducer channel proved to be a reasonably
good predictor of the mean human count, with the autotracker count explaining
about 81 percent of the variation in the mean human tracker count for the 222
transducer channel samples. Different individuals were found to have a tendency
toward characteristic biases that manifest themselves in different counts of fish
from the same hydroacoustic data sets. Consequently, it is recommended that the
data are distributed in such away that the bias-induced differences are averaged
over time.

Project and Powerhouse FPE, Spill Efficiency, and Spill Effectiveness

The proportion of all fish to pass the dam by non-turbine routes (Project FPE)
was estimated to be 0.79 in both spring and summer. Although Project FPE was
the same in spring and summer, Powerhouse FPE declined by about 6 percent at
Powerhouse 1 and by about 19 percent at Powerhouse 2 from the spring estimate
to the summer estimate. For Project FPE, the seasonal declinein fish passage
efficiency at the screened units (Units 7-18) was offset by increased spillway
passage and continued high PSC guidance efficiency through summer, when
screen guidance efficiencies were much lower.

In both seasons, fish passage through the spillway was the largest component
of project passage (44 percent in spring, 49 percent in summer). Whereas total
and daily volumes of water spilled were lower in summer than in spring, the
proportion of the total project discharge alotted to spill was lower in spring
(average = 33 percent for spring days) than in summer (average = 49 percent for
summer days), which explains summer’s lower spill effectiveness (1.03 compared
to 1.36 in spring). Closing off most of Powerhouse 2 in summer allowed a higher
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fraction of total flow for spill and reduced fish passage by the ST S-equipped
turbines at Powerhouse 2.

The PSC played amajor role in improving Project FPE over what it might
have been with screened units alone. Adjusting FPE based on the calculated
guided passage for Units 1-6 using each day’s mean FGE for the three STSs on
Powerhouse 1 instead of the mean for the PSC would reduce FPE an average of
6 percent in spring and about 12 percent in summer. Using the daily FGE values
from Unit 8's ESBS dightly improves the project-wide FPE in late spring dightly
(Unit 8 FGE average = 0.73 for spring days) but the ESBS performs nearly as
poorly as the STSs in summer (Unit 8 FGE average = 0.50 for summer days).

Adjustment of PSC efficiency in spring and summer to compensate for not
having sampled sluiceways inside the PSC would mean that the PSC really
increased Project FPE by 21 percent in spring and 27 percent in summer.
According to radio telemetry results, about 50 percent of tagged fish in the PSC
passed through the sluice gates of the center intake where hydroacoustics could
not sample. If that percentage held for run-of-the-river (untagged) fish, thenin-
turbine sampling with hydroacoustics would have underestimated PSC efficiency
by 15 percent, which would put spring and summer PSC efficiencies at 83 and
84 percent, respectively.

Conservative estimates of PSC performance indicate that it was a highly used
route in 2000. The PSC guided an estimated 18 percent of the total Bonneville
Dam passage (guided, unguided, and spilled fish combined) in spring and
21 percent of the total detected passage in summer.

Effect of Spill Volume on Major Fish Passage Metrics

Increasesin Project FPE and spill efficiency and decreasesin spill
effectiveness with increasing spill volume were consistent but small. Statistically
significant positive relationships were found between Project FPE and spill
volume in spring and summer; between spill efficiency and spill in spring but not
in summer (although the slope was positive). The sope of the relation between
spill effectiveness and spill volume was negative and significant in summer but
not in spring. The hypothesis tests on the equality of means of the same metrics
detected significant differences between “high spill” and “low spill” means for
Project FPE in spring but not summer. Additionally, significant differences were
detected for spill efficiency in both spring and summer, but not for spill
effectivenessin either season. It isimportant to note that, whether statistically
significant or not, the difference between “high spill” and “low spill” mean daily
Project FPE in spring was only about 5 percent and the difference between “high
spill” and “low spill” spill efficiency in spring was 7.3 percent. The related mean
daily spill volumes associated with those daily FPE improvements involved an
increase of 45 percent from the “low spill” mean of about 86,000 ft¥/second to the
“high spill” mean of 125,000 ft*/second. Similarly, the significant differencein
summer daily spill efficiency means was 8 percent and associated with a“low
spill” mean to “high spill” mean increase of 25 percent (84,500 to
106,000 ft*/second).



The relationship between estimated passage and spill bay discharge through
the same spillway through both seasons showed that a wide range of fish passage
estimates were associated with the same discharge level during the day or at night.
This result led us to conclude that higher passage is likely afunction of some
factor other than discharge. In fact, rather than higher spill correlating well with
higher passage through single spill bays, it seems that the highest discharge values
that are near 15,000 ft*/second for any spill bay are never associated with the
highest passage estimates.

Horizontal Distribution

Relative proportional discharge through the primary passage routes was
generally apoor indicator for relative proportiona passage among those same
routes. The overall latera distribution of fish passage through Bonneville Dam
during the spring was not consistently related to project flow patterns except that
about 35 percent of the fish and 32 percent of the water that passed the project
passed through Powerhouse 1. Fish passage through Powerhouse 2 and the
spillway, by contrast, were not closely related to the flow through each respective
structure. Powerhouse 2 passed 21 percent of the fish with 36 percent of the flow,
and the spillway passed 44 percent of the fish with only 32 percent of the flow in

spring.

Fish passage by spill bay was not entirely afunction of discharge by spill bay.
Although both fish passage and discharge were lowest through Spill Bays 5-7, the
bays that passed the most water did not pass the most fish. More water was
spilled through Bays 2-4, relative to other sections of the spill bay, yet the density
of fish passage was highest at Bays 11-14 during both spring and summer.

Vertical Distribution

The vertical distribution of fish in front of the PSC at Powerhouse 1 serves
well the concept of surface collection. Sample volumes upstream of the PSC were
located only about 1-3 m from the face of the PSC. At this distance, from 92 to
99 percent of fish detected upstream of the PSC during the spring and from 85 to
96 percent of summer fish were above the elevation of the PSC floor.

The great majority of fish 100 ft upstream of Powerhouse 2 were distributed
above the elevation of the top of the turbine intakes during both spring and
summer. Immediately upstream of the trash racks at intakes 14B and 17C,
summertime fish distributions were lower in the water column than those
observed 100 ft upstream, but most fish were still in afavorable position for
diversion by the submerged traveling screens. From 66 to 72 percent of al fish
were detected above the elevation of the top of the intake, and from 85 to
93 percent of detected fish were higher in the water column than the tip of the
screens.
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Temporal Trends in Fish Passage

Perhaps the most significant finding of this study was the summer declinein
FGE of turbines with screens while the efficiency of the PSC remained high and
relatively stable. Even the efficiency of the ESBS in Unit 8 was as poor as that of
STSsin other turbines in late summer. Two factors may contribute to the
continued success of the PSC in summer. Firgt, the interception location of the
PSC was upstream of the Powerhouse, and second; the PSC was open to the sky
and passed relatively more fish during the day than at night. The success of the
PSC also probably has alot to do with depth (45 ft), entrance velocities, and
upstream hydraulics. In contrast, most fish passage through Powerhouse 1
turbines occurred at night. The diel pattern of smolt passage through
Powerhouse 2 turbines was more corpuscular in spring and summer than
nocturnal.

Project FPE did not decline precipitously in summer like the FGE of turbines
with screens (Units 7-18) likely due to the following factors: First, Powerhouse 2
with poor FGE in summer was only operating at 25-38 percent of capacity
because 5-6 of the units were off most of thetime. Second, the efficiency of the
PSC did not decline in summer and contributed more to Project FPE in late spring
and summer than it did for most of spring. Third, on some days in summer, spill
efficiency accounted for a greater proportion of FPE than it did in spring, although
overall seasonal trendsin both Project FPE and spill efficiency were relatively
stable throughout both seasons. Fourth, the proportion of fish relative to the
proportion of water passed was relatively constant in spring and summer at the
PSC, although spill the effectiveness declined slightly during summer.

Fish Guidance Efficiencies

The STSs performed worse than either the ESBS at Unit 8 or the PSC on
Units 1-6 in spring. The FGE of the STSs on Powerhouse 2 averaged only
52 percent in spring although most of the interior units on that powerhouse were
somewhat higher. Unit 11's STS performed most poorly. On Powerhouse 1 the
PSC and the ESBS performed equally well in spring with estimated FGES of
72 percent. The southernmost two units of the PSC performed best with FGEs of
over 80 percent.

In summer, Powerhouse 2 was largely idle but when interior units were
operated their STSs produced rdatively high FGEs. Unit 11 again performed
poorly but Unit 18 at the southern end did better with an FGE of about 50 percent.
STS performance was also lower at Powerhouse 1 (except for Unit 7, which
improved dlightly), with Units 9 and 10 scoring well below 50 percent. Unit 8's
ESBS also performed much more poorly. It went from spring’s 72 to 50 percent,
or about the same as Unit 77s STS, in summer. In stark contrast, the PSC
continued to guide an estimated 72 percent of the fish that passed south of the
wing wall, with Units 5 and 6 guiding with over 80 percent efficiency. In-turbine
sampling shows that the PSC performed as well asthe ESBS did in spring and
much better than the ESBS in summer.



Comparing FGE Sampling Methods for the PSC and Unit 8

No significant correlations were found for fish countsin turbine intakes
downstream of the PSC with fish counts upstream of 20-ft wide PSC dlots, unlike
in 1999 when a significant correlation was observed for the 5-ft wide PSC slot
treatments. Although counts from split-beam sampling upstream from the PSC
were not correlated with the in-turbine single-beam counts, those data can still be
used to evaluate the availability of fish for collection. Expanded counts showed
that there were twice as many fish above the level of the floor at night and an even
higher proportion above the floor during the daytime hours.

The correlation of hydroacoustic and netting estimates of FGE at Unit 8
(r*=0.65) was better than those for guided and unguided components of FGE. The
assumption of equal detectability of guided and unguided smolts must have been
reasonable most of the time given correlations between hydroacoustic and netting
estimates of FGE with a correlation slope approaching 1. A near 1.1 ratio was
found for numbers of guided fish netted in the gatewell to hydroacoustic counts
above the ESBS and of numbers of unguided, fyke-netted fish to hydroacoustic
counts below the ESBS. Paired t-tests indicated that mean estimates of FGE by
the two sampling methods did not differ significantly in spring, and, although
differences were significant for both seasons combined, means only differed by
3 percent and probably were biologically meaningless. In summer, the mean
hydroacoustic estimate was 6 percent higher than the mean netting estimate.

PSC Guidance Efficiency by Different Methods

Average collection efficiency of the PSC, adjusted by radio telemetry
estimates of the proportion of smoltsin the PSC that used the center-slot
duicewaysin the PSC instead of entering the turbine, averaged 83 percent in
spring and 84 percent in summer. Radio telemetry data indicated that
approximately half of al radio tagged fish in the PSC passed through the
sluiceway. Accordingly, hydroacoustic estimates of total passage at the PSC
would have been 15 percent low in 2000. Radio-telemetry and acoustic-telemetry
estimates of PSC efficiency for all species combined in spring 2000 were
83 percent and 92 percent, respectively, and those estimates agree with an 83-

84 percent hydroacoustic estimate corrected for sluiceway passage. 1n 1998,
hydroacoustic estimates of PSC collection efficiency for 20-ft slot openingsin
PSC Units 3 and 5 were 87.8 percent in spring and 92 percent in summer. A
radio telemetry estimate for 1998 was 97.5 percent for the 20-ft dot treatment. In
1999, hydroacoustic estimates for a 20-ft slot entrance at Unit 5 were 84.4 percent
in spring and 75.2 percent in summer. Radio telemetry studiesin 1999 estimated
20-ft dot efficiency at 65 percent, the lowest of any estimates by any method.

The PSC was more efficient than a prototype ESBS based upon 1998 and
2000 studies using hydroacoustics and radio telemetry at the PSC and
hydroacoustics and netting at Unit 8, and the PSC was clearly more efficient than
existing STSs. In spring 1998, PSC collection efficiency for a 20-ft wide slot was
estimated as 87.8 percent by hydroacoustics and as 97.5 percent by radio
telemetry compared with estimates of about 72 percent FGE for the ESBS
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according to National Marine Fisheries Service (NMFS) netting and 80 percent
FGE according to hydroacoustics. In summer 1998, the hydroacoustic estimate of
PSC FGE was 92 percent compared with 40 and 50 percent for the ESBS by
NMFS netting and hydroacoustic sampling. In spring 2000, PSC collection
efficiency was estimated to be 83 percent by radio telemetry, 92 percent by
acoustic telemetry, and 83-84 percent by hydroacoustic sampling with aradio
telemetry adjustment for sluiceway passage compared with an estimate of

69.6 percent and 72.0 percent for the ESBS by NMFS netting and hydroacoustics,
respectively. In summer, NMFS netting provided an average ESBS efficiency of
47.6 percent (which was close to the hydroacoustic estimate of 50 percent)
compared with a PSC efficiency of 83-84 percent by hydroacoustic sampling.



1 Introduction

Background

The U.S. Army Engineer District, Portland (CENWP) is striving to meet the
goal, set in the Biological Opinion, of maximizing fish passage efficiency (FPE)
and obtaining 95 percent survival for juvenile salmon passing the Bonneville
Project. Project FPE isthe percent of all juvenile salmon passing the project by
non-turbine routes. To estimate project FPE and survival, the proportions of
juvenile salmon that pass through all major routes must be estimated.

The goa of maximizing FPE largely influences operation of the project.
Large volumes of spill are presumed to be necessary to compensate for the low
fish guidance efficiency (FGE) of screens at both powerhouses, particularly in
summer. However, spill volumes are limited to between 50,000 and 75,000 ft¥/
second during the day and up to 120 percent of the gas cap set to control total
dissolved gas supersaturation. Spill under 50,000 ft¥/second creates eddies and
dack water areas. Excessive predation is assumed in the tailrace where currents
do not quickly carry fish downstream. Spill levels above 75,000 ft¥/second during
the day can lead to high numbers of adult salmon falling back through the
spillway, as adults exit the Bradford Island ladder and follow the shoreline around
to the forebay of the spillway. Adult sdlmon do not pass through the ladder at
night; therefore, spill can beincreased in an attempt to reach 80 percent FPE for a
24-hour period. However, spill above 120,000 ft¥/second typically causes total
dissolved gas (TDG) levels to exceed 120 percent saturation. State water-quality
standard wavers allow supersaturation up to 120 percent. TDG above thislevel
may result in greater fish mortality than would occur if spill was reduced and
more fish were passed through the turbines.

Giorgi and Stevenson (1995) indicated that available biological information
was inadequate to design and locate successful surface collector prototypes at
Bonneville Dam. They found that information on the vertical and lateral
distributions of juvenile salmon in the forebay areas of both powerhouses and the
spillway was very limited. No mobile hydroacoustic sampling had been collected
before 1996, and the proportion of juvenile salmon approaching Powerhouse 1,
the spillway, and Powerhouse 2 had not been estimated.
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The Portland District acquired mobile hydroacoustic data on fish distributions
in both forebaysin 1996 (Ploskey et al. 1998) and 1997 (BioSonics, |ncorporated
1998). For Powerhouse 1, these data indicated that higher average fish densities
occurred upstream of Units4-6 in spring and upstream of Units4-6, 8, and 9in
summer. For Powerhouse 2, average fish densities were highest upstream of
Units 11-13 adjacent to the south eddy and dluice chute in spring and in summer.
Fish densities also were high upstream of Unit 18 in 1996 but not in 1997.
Vertical distribution data showed that most fish were in the upper 15 m of the
water column. The low FGE of many submerged traveling screens (STSs) at
Bonneville Dam would not be expected from an examination of the vertical
distribution data collected within 10 m of the dam. If fish did not alter their
vertical distribution from what was observed in forebay areas, data from 1996 and
1997 would suggest that FGE usually would exceed 80 percent.

Didl (24-hour) patterns of smolt passage are not uniform regardless of
whether passage is estimated in sluiceways (Uremovich et al. 1980; Willis and
Uremovich 1981) or the juvenile bypass system (JBS), Hawkes et al. 1991; Wood
et a. 1994). Diel passage through the JBS often has a bimodal distribution with a
major peak occurring just after dark and a minor peak after sunrise. In contrast,
passage through sluiceways usualy is higher during the day than at night (Willis
and Uremovich 1981). However, patterns apparently are influenced by the
operation of duice gates (Uremovich et al. 1980), flow, unit outages, and species
(Willis and Uremovich 1981). Netting required to estimate FGE is intensive but
limited to afew hours per day and therefore does not provide diel information.
Diel patterns of passage have important implications for statistical designs to
estimate FPE for al three structures at Bonneville. Diel patterns of turbine
passage above and below screens were estimated in spring and summer 1996 for
randomly selected intakes of every turbine at Powerhouse 2 and every intake of
Units 3 and 5 at Powerhouse 1.

Available data indicate that the horizontal distribution of smolt passage
among intakes is not uniform. Gatewell sampling has indicated that the number
and location of operating units and sluice gates as well as the species of smolt
determine lateral distributions of juvenile salmon at Powerhouse 1 (Willis and
Uremovich 1981). Interactions among factors may account for alack of
consistency in measures of horizontal patterns by Uremovich et al. (1980), who
found fish concentrated at Units 6, 7, and 10; Willis and Uremovich (1981), who
found variable patterns depending on operations; and Krcma et al. (1982), who
observed most passage at Units 4-6. Considerable amount of FGE data collected
at Powerhouse 2 with in-turbine hydroacoustics (e.g., Magne et a. 1989; Stansdll
et al. 1990) and netting (Gessdl et al. 1988; Muir et al. 1989) are of limited value
for evaluating the horizontal distribution of passage because they typically focus
on one or two units at atime. The Fishery Field Unit attempted hydroacoustic
sampling of juvenile salmon passing through several spillway gatesin the mid-
1980s. Transducers were mounted on the bottom of gates and aimed upward and
out from the gate. Apparently, noise generated by sound echoing off of vortices at
some gates masked echoes from juvenile salmon and prevented equalized
sampling effort among gates. BioSonics tested several methods for sampling
spillway passage in 1997 (BioSonics, Incorporated 1998). Their best approach
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was to mount transducers on piers and aim them toward the ogee just upstream of
the gates. BioSonics also designed a mount to deploy transducers and estimate
passage through the second powerhouse sluice chute. Transducers were placed at
the bottom center of the upstream bulkhead slot and aimed vertically and dightly
upstream.

Vertical distributions of juvenile salmon sampled by fixed-aspect hydro-
acoustics also vary seasonally and daily but this information has not been
considered for improving juvenile fish passage at Powerhouse 2. For example,
late spring and summer operations at Powerhouse 2 now prioritize the use of
Turbines 11 and 18 for adult salmon attraction. However, previous studies clearly
showed that these units have the lowest FGE for juveniles passing downstream
and that juvenile passage through Unit 11 is exceptionally high relative to other
units at Powerhouse 2. The FGE of traveling screens was highest at units near the
center of the second powerhouse. If Units 11 and 18 did not have turbines, or had
turbines with much more benign passage conditions than current turbines have,
the current operations would benefit both adults and juveniles. Given the low
FGE at Units 11 and 18 in summer, however, 85-90 percent of the juvenile fish
passing Powerhouse 2 are passing through turbines rather than the bypass.

Hydroacoustics a so has been used on limited spatial and temporal scalesto
evaluate sampling potentia or relative passage among afew routes. Thorne and
Kuehl (1989) evaluated the effects of noise on hydroacoustic assessment of
passage within several turbines of Powerhouse 1. Results showed that acoustic
sampling is feasible at the units they tested. Magne et a. (1986, 1989), Magne
(1987), and Stansell et al. (1990) compared smolt passage through turbine
Units 11 and 17 with passage estimates obtained by fyke netting.

A corner collector is being designed for the south end of the second power-
house. Ploskey et a. (1998) and BioSonics, Incorporated (1998) found high
densities of fish upstream of Units 11-13, and Unit 11 had the highest passage of
any intake sampled in 1996. Like Fish Farmers Union (FFU) in previous years,
BioSonics found that large numbers of fish passed through the sluice chute when
that route was available. However, it is not known what contribution the sluice
chute or a corner collector could make to Powerhouse 2 or project-wide FPE.
Datafrom Ploskey et al. (1998) indicated that the combined FGE of Units 11, 12,
and 13 was only 35 percent. However, operation of the chute increased the com-
bined FGE to 87 percent after sluice passage was added to the guided fish terms.
Thisfinding could be significant because 1996 mobile hydroacoustic sampling
indicated that there was a 2:1 skew in the distribution of passage toward the south
end of Powerhouse 2. An important factor contributing to successful fish passage
in 1998 was removal of one-half of the turbine intake extensions (TIEs) which
reduce lateral flowsthat carry juvenile migrants toward the sluice chute.

Estimates of FPE can be made by radio telemetry, but only for tagged fish and
under the assumption that tagged fish behave like untagged fish in the run at large.
Radio telemetry provides species-specific information that hydroacoustics cannot,
but it cannot provide the robust horizontal and vertical distribution information
that is critical for assessing changesin fish passage or for suggesting improve-
ments in interception facilities. Telemetry sample sizes are too small when
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divided among 18 turbine units and 16 spill bays or among vertical depth strata.
Hydroacoustic sampling not only provides overall measures of project
performance, but also can indicate where improvements can be made and what
kind and how much of a change might be required. For example, vertical
distribution data of fish passing through turbines can provide estimates of FGE for
existing screens or for proposed screens assuming that the interception point was
lower in the water column. The ability to ask such “what if” questions for run-of-
river fish is a unique strength of hydroacoustic sampling. In addition, continuous
hydroacoustic sampling alows for regression of performance measures (such as
spill efficiency) on continuous operations data such as spill volume. These types
of regressions can suggest project operations to optimize juvenile fish passage at a
project. Continuous sampling of alarge percentage of the out-migrating fish is
unique to hydroacoustic sampling.

Site Description

Estimation of FPE and quantification of any enhancement by surface collec-
tors or intake screens is difficult because the Bonneville Project is among the most
complex on the Columbia River. From the Oregon shore north toward Washing-
ton, the project is composed of a navigation lock, 10-unit Powerhouse 1, Bradford
Island, an 18-gate spillway, Cascades |dand, and 8-unit Powerhouse 2 (Figure 1).
Principal passage routes include the spillway and two powerhouses, but within
each powerhouse, fish passage can be through ice/trash sluiceways, turbines, or
the JBS. Smolts enter the JBS after they encounter screensin the upper part of
turbine intakes and are diverted to gatewell slots and orifices opening to a bypass
channel. In 2000, Units 1-6 at Powerhouse 1 were modified to create a prototype
surface collector (PSC) for testing the efficacy of deep-dlot surface collection.

The PSC tested in 2000 was not designed to bypass fish from turbines, and most
fish passing into the PSC ultimately passed into turbines or the sluiceway.

0
%
O

Powerhouse 2
Unit No.

Spillway

Navigation Inset
Lock 3

Ll L. L.L.L.J——

Figure 1. Plan view of the Bonneville Dam Project. The inset shows the
Prototype Surface Collector (PSC) that was present in 2000
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2000 Research

This study was one of many investigations of the CENWP involving
monitoring and assessment of juvenile fish passage at Bonneville Dam. The
program is described in detail in a comprehensive Monitoring and Evaluation Plan
developed by the Digtrict. Other research effortsin 2000 included ajoint study by
the Engineer Research and Development Center (ERDC), Environmental
Laboratory (EL), and the Pacific Northwest National Laboratory (PNNL) to
evauate the performance of a PSC and the FGE of the extended submersible bar
screen (ESBS) at Unit 8. The U.S. Geologica Survey (USGS) used radio
telemetry to study the passage of tagged yearling chinook and steelhead. PNNL
evaluated approach behavior and fish distributions using multi-beam and split-
beam sonar techniquesin front of the PSC entrance at Unit 5. A joint effort by
PNNL, USGS, and EL investigated behavior of tagged yearling chinook as they
approached the project using acoustic tags (i.e., acoustic telemetry).

Goal

The goal of this study was to report the first project-wide estimates of FPE,
spill efficiency, and spill effectiveness for run-of-river juvenile salmon at the
Bonneville Project. These data provide a valuable baseline for evaluating the
performance of future management efforts to improve juvenile fish passage.
Other fish-passage measures include FPE by powerhouse, FGE by turbine, and
horizontal and vertical distributions of fish passage at both powerhouses and the

spillway.

Objectives

a. Estimate the proportion of juvenile salmon that pass the project by non-
turbine routes, including the proportion of fish that pass at the spillway,
above screens or above the floor of the PSC at Powerhouse 1.

b. Determine whether spill efficiency and effectiveness measures differ
significantly between two levels of spill that occur during the day and at
night.

c. Characterize the vertical and lateral distribution of fish passing through
the powerhouses and the spillway.

d. Characterize diel changesin the rate of passage of smolt-sized fish
passing the powerhouses and the spillway.

e. Determinethe vertical distribution of fish at two locations (3-15 ft and
100 ft upstream of Units 14 and 17 at Powerhouse 2) and compare the
distributions among locations.
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2 Materials and Methods

Equipment

Samples were taken from PSC Units 1-6 and Turbines 7-10 with nine
hydroacoustic systems, the spillway with three systems, and Powerhouse 2
turbines and forebay with four systems. Each system consisted of an echo-
sounder, cables, transducers, an oscilloscope, and a computer system. Each
echosounder and computer was plugged into an uninterruptible power supply. An
echosounder generates electric signals of specific amplitude and at the required
pulse repetition rates, and cables conduct those transmit signals from the echo-
sounder to transducers and return data signals from transducers. Transducers
convert voltages into sound on transmission and sound into voltages after echoes
return to the transducer. The oscilloscopes were used to display echo voltages and
calibration tones as a function of time, and the computer system controlled
echosounder activity and recorded datato a hard disk. The 420 kHz, circular,
single- or split-beam Precision Acoustic Systems (PAS) transducers were con-
trolled by PAS 103 echosounders and Hydroacoustic Assessments’ HARP
software running on Pentium-class computers.

Calibrations

Before deployment, all hydroacoustic equipment was transported to Seattle,
WA, where PAS dectronically checked the echosounders and transducers and
calibrated the transducers using a standard transducer from the U.S. Navy. After
calibration, receiver gains were calculated to equalize the output voltages among
transducers for on-axis targets ranging in hydroacoustic size from —56 to —36 dB ||
4p m?* (Tables 1-5). Lengths of fish corresponding to that acoustic size range
would be about 1.3 and 15 inches, respectively, for fish insonified within 21 deg
of dorsal aspect (Love 1977). Inputsfor receiver-gain calculations included cali-
bration data[i.e., echosounder source levels and 40 log (range) receiver sensitive-
ities for specific transducers and cable lengths] and acquisition equipment data
and settings (installed cable lengths, maximum output voltage, and on-axis target
strengths of the smallest and largest fish of interest). In most instances, calibrated
and installed cable lengths were identical. When those cable lengths proved to be
different because cable was insufficient for a deployment, an empirically derived
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correction factor was used to compensate for cable length effects on source levels,
receiver sensitivity, and receiver gain settings.

Transducer Deployments and Sampling

This section describes hydroacoustic deployments and sampling schemes.
Table 6 provides details of transducer locations and aiming angles for sampling to
estimate guided and unguided numbers of fish passing the PSC, Units 7, 9, and 10
with STSs, and Unit 8 with an extended-length submerged bar screen (ESBS).
Spillway and Powerhouse 2 transducer locations and aiming angles are presented

in Table7.
Table 6
Transducer Locations at Bonneville Powerhouse 1
Description of Eley- Aiming
Sys- Trans- Lateral Struc- Location ation Angle’
tem ducer Unit Intake Position ture on Structure E-coord” H-coord (ft) AimMm (Deg.)

—
—

& Morth Rack 1 4.4 frhelow top, 88 ft Sof M Side 16302511 7225051 837 Dowm DD
Center FRack1l 4.4 fibelowtop; 11 ft 5 of M Sde 16302805 7225276 637 Deown 0D
Center  Fack 1 44 ftbalowtop, L1 ft S of M 81de 16302710 7225517 637 Dewn O(D)
South  Rack 1 4.4 ftbelow top, 132 £t 5 of M 81de 16302817 7225788 837 Down O(D)
Maorth  FRackl 44 fibelowtop; 88 £ S of H Side 16302835 7226048 &37 Down O(D)
South  Rack 1 4.4 fibelow top; 132 £t 5 of M Side 16303026 7226250 637 Down 0O(D)
Morth Fackl 44fibelowtop, 88 ftSof M Side 16303160 7226558 637 Down O(IN
Center  Fack 1 4.4 ftbelowrtop; 11 £t 5 of M Side: 163053256 7226781 637 Dewn O(D)
Morth FRackl 44 ftbelowrtop: 3.8 ft Sof M Side 163053659 7227044 637 Down  O(D]
South Rack 1l 4.4 fibelowtop; 132 £t 5 of M 51de 16303462 7227271 637 Deown 0D
South  FRack 1 4.4'ftbelow top, [32ft 5 of M 8ide 16303572 7227514 637 Dewn O(D)
Center Fack 1 d44ftbelowr top; 1115 of M 5de: 16303828 7227776 637 Deown 0O(D)
Center  Fack 1 44 fi below top; 11 ft Sof M S1de. 16305201 7228043 &37 Down  O(D)
Morth FRack1l 4.4 fibelow top, 88 fi 5 of H Side 16303215 7228306 637 Down 0O(D)

e i SR, WO R NP I M O, Y SN S St SN N S I T P T T Y
]
= o
M OMIG0 00Tl 1O DR Oh LA La LA s s LD LD L RS RY B =

B
C
A
B
C
i
B
C
i
B
C
S
B
22 c Center  Rack 1 d4.4'ftbalow top, 11 £1 5 of M 81de  1630401.1 7228528 637 Down O(IN
23 A Morth Fackl 44 ftbelowrtop; 88 ft 5of M 5ide 16304136 7358817 &37 Dewn 0O(D)
26 B South  FRack 1l 44 firbelow top; 152 ft S of M 5ide 16304223 7229019 &£37 Deown 0O(D)
27 C South Rack 1l 4.4 fibelow top; 132 £t 5 of M Side 16304327 7229261 &37 Deown 0D
31 & Center  Fack 5 44 ftbalow top, 228 15 of M Side 18304540 7228511 110 Up 290(D0
32 A Center Rack 1 d44ftbelowr top; 1115 of M Bude: 18304452 7228957.00 637 Down 200D
413 E Center  Fack 5 44 fibelow top; 11 ft Sof M 5ude.. 18304371 7230506 140 Up  Z8(D)
412 B Center  ESBES 2 ft belowr pivot; 13 ft S of M Sude. 163048246 7230577 32.18 Down 150100
30 c South Rack 1 4.4'ft below top, 132 ft 5 of M §ide 1630530:2 7231518 637 Down %(IN
33 c Morth Fack3 4.4 ftbelowrtop; 8.8 ft 5of M Side 16305408 7231520 110 Tp Z%(I0
53 10 B Maorth FRack1l 44 ftbelowtop; 38 ft Sof M Side 16305540 7252071 &37 Deown 50D
105 10 B Maorth Fack 5 4.4 fibelowtop, 88 £ 5 of M Side 16305830 7252032 110 Up 29I
21 400 1 B Morth  Frame® 3.5 fi 5 of Hside of slot 2t EL-25 16303015 7225178 250 TUp 51D
21 401 1 E Marth Frame S5£t5of M side of slot ot EL 700 16302831 7225214 700 Dewn: 1710
21 402 2 E Center  Frame 10 5 of M side of slot at EL 25' 18303314 7225871 250 TUp 5(In
21 403 2 B Center TFrame 10£t5of M side of slot at EL 70 16303231 7225208 700 Doen 17 (1)
a2 405 4 B Center  Frame 10ft 5 of M side of slot at EL 25' 16303865 7229307 250 TUp b 5]
22 404. 4 B Center  Frams 10t 5 of M side of slot at EL 70 16303881 7227413 700 Dowm 17 (1)
23 408 5 B Horth  Frame 35ft8of M side of'slot at EL 25 18304316 7228182 250 Up 3
23 408 5 B Maorth Frame 35115 of Hside of slot ot EL 700 16304232 7228226 700 Down 17(10) I
23 411 & B South Frame 351t 5 of Msde of slot at EL 25° 18304841 72285942 250 Tp 51
23 410 & B Somth  Frame 35115 of Mside of slot ot EL 700 16304557 7228978 700 Down 17(10)

"Meamred in degees off of a vertical plane separating upstream and dowmstream divections

? Geozraphical Coordinates were provided by Marshall Richmond's team at PHHL

3 Rack refers to a trash rack, six of which are stacked in an intake slot. Racks are mmiber from top to bottom.
1 ESES refers to an extended length abhmerged har soreen

# 410 transducers on frames at FSC slot entrances were located 3.5 ft upstream of the slot entrance
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Sampling the Prototype Surface Collector

Two different approaches were used to sample smolt passage at the PSC units
(1 - 6). Thefirst was based upon in-turbine deployments and sampling with
single-beam transducers and the second relied on split-beam deployments and
sampling in the forebay immediately upstream of the PSC dot entrances.

In each of 18 intakes downstream of the PSC, one 7 deg single-beam
transducer was mounted at the top of trash rack 1 and aimed straight down 11 deg
off the plane of the trash racks (Figure 2). Fish passing through the beam above
an elevation located 0.5 m below the top of the PSC floor were classified as
collected by the PSC. This elevation was selected based upon flow trgjectories
from the PSC floor to the center of the hydroacoustic beam. The down-looking
beams had a blanking distance of 1 m and limited detectability in the first 3 m and
they also could not sample the shallow sluice opening (mean depth = 2 ft) inside
the center dot of every PSC unit. The loss of the uppermost 1 m may not have
been significant asit accounted for only 1.4 percent of the fish passage sampled
with six up-looking beamsin 1999. The in-turbine transducer in the B slot of
every PSC unit also could not count fish passing into the sluice opening at those
locations. Sluice gates at A and C intakes were always closed. Fish passing
through a down-looking beam > 0.5 m below the PSC floor were classified as

passing under the PSC.

In-turbine Sampling at
units 1-6 (every slot)

.

sLeT

INTAKE BULKHEAD GATE

Forebay Sampling at
units 1, 2, 4, 5, and 6 (B slots)

WALKWAY

EL 78.54
v 765
-

A\ [ 2115

N T TS

Figure 2. Cross sectional view through the center slot of a Powerhouse 1
turbine unit with the PSC attached to the upstream side. Numbers of
guided fish were estimated from counts in shaded areas of
hydroacoustic beams downstream or upstream of the PSC. The deep
portion of the in-turbine beam was used to estimate unguided fish

numbers
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The upper portion of a down-looking beam covered 10 percent of the cross
sectional areain the upper one-half of the intake, and the lower portion covered
30.5 percent of the bottom half of the intake. Therefore, the down-looking in-
turbine transducers provided excellent spatial coverage for estimating numbers of
fish passing under the PSC and adeguate coverage for fish passing through the
PSC. All in-turbine transducers had a pul se-repetition rate of 14 pings per second
and sampled 20 1-minute periods per hour.

Slot entrances at center intakes of PSC Units 1, 2, 4, 5, and 6 were sampled
with 6 deg split-beam transducers (Figure 2). A team of PNNL researchers
sampled the slot entrance at Unit 3. Opposing split-beam transducers were
mounted at the top and bottom of 45-ft tall frame (Figure 3). The lateral position
of the transducer pair on the frame was chosen at random so that the pair would
sample the north, center, or south third of the 20-ft dlot entrance. The frameswere
deployed by crane and rested on horizontal crossbeams that tied the front of the A
and C modules of the PSC together at several elevations. At each dot entrance,
the deep transducer was aimed upward 6 deg upstream of the plane of dot
entrance to count fish near the upper half of the dot. The shallow transducer was
aimed downward 6 deg upstream of the plane of the entrance to count fish
entering the bottom half of the dot. Fish passage estimates through every slot
were based on counts of fish traces with trgjectories into the PSC and average
displacements 3 1 cm/ping.

Figure 3. Installation of a 45-ft tall frame with split-beam transducers at the top
and bottom center

Chapter 2 Materials and Methods 15



Fish passage estimates through every slot were based on counts of traces with
trgjectories into the PSC, each with an average displacement 3 1 cm/ping. Counts
from the PSC dlots were considered as guided fish as an alternative to the guided
counts derived from the upper portion of the single-beam transducers within each
turbine slot. Thus, there were two competing estimators of collection efficiency
depending on the source of the estimate of guided numbers. Unguided numbers
were aways obtained from counts of fish passing through the deep portion of the
in-turbine beams. Vertical distribution estimatesin the forebay were obtained by
counting fish within 1-m strata in the upper portion of the up-looking split-beam
> 6.5 m from that transducer and in 1-m strata in the down-looking split-beam
from 6.5 to 25 m from the down-looking transducer. All split-beam transducers
had a pul se repetition rate of 10 pings per second and sampled 20 1-minute
intervals per hour.

In-turbine Sampling at

slots 7a, 9¢c, and 10b Sampling Units 7, 9, and 10

At turbine Units 7, 9, and 10, hydroacoustic

EL 90ft
EL 82ft

sampling was performed within one of three
randomly selected intake slots per turbine. In

L 721t Units 7 and 9, one upward- and one downward-
angled, 7 deg single-beam transducers were
placed in the selected slots to monitor guided
and unguided passage, respectively (Figure 4).
Anidentical deployment was made in Unit 10,
except that the transducers were 6 deg split-
beams. Sampling was for 20 1-minuteintervals
per hour per transducer location, and the pulse
repetition rate was 14 pings per second for each
transducer.

EL 68ft

Sampling Unit 8

At Unit 8, the center ot with an ESBS was
sampled with an upward- and a downward-
angled, 6 deg split-beam transducer to estimate
guided and unguided numbers, respectively
(Figure 5). Sampling was continuous,

60 minutes per hour, and the pul se repetition rate

was 16.7 pings per second for each transducer.

16

Cross sectional view
through an intake like
those sampled at Units 7,
9, and 10 showing up-
and down-looking
hydroacoustic beams
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In-turbine sampling at Intake 8b
I EL 90 ft

%

SR SRR A A

Figure 5. Cross sectional view through Intake 8b where up- and down-looking
split-beam transducers were used to sample guided and unguided

fish, respectively

Sampling the Spillway

Spillway bays 2, 4, 6, 8, 10, 12, 14, and 16 were each sampled with one
down-looking, 10 deg single-beam transducer, and Spill Bay 17 was sampled with
one down-looking, 12 deg split-beam transducer. Bays were selected to allow
interpolation of fish passage to bays that were not sampled and to emphasize
sampling at gates that would pass the most water according to the 1999 Fish
Passage Plan. Transducers were mounted 28 ft below the tops of spill gates and
aimed 8 deg upstream (Figure 6; Table 7). Transducers were at €l 56.5 ft when
the gate was closed and at el 69 ft when the gate was opened 12.5 ft (7 dogs).
Maximum ranges from the transducer to the ogee were about 44.7 ft when a gate

Chapter 2 Materials and Methods
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| EL 741t

EL 69 ft

60'-0

w
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&
N %
o *Q |
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Figure 6. Cross sectional view through a spill bay at Bonneville Dam. The
diagram shows a transducer mount on the upstream side of a spill
gate and the orientation of the hydroacoustic beam. Flow was from
right to left through the beam

was opened 12.5 ft above the ogee and 32.5 ft when a gate was closed. Dam
operations data were used to determine spill gate positions and to estimate range
to the ogee for automated processing of data. Based upon fish trgjectories and
speeds through the split beam deployed at Spill Bay 17, most fish 8-25 ft from
transducers passed down through the beam at speeds of 6-12 ft per second and
would have been committed to passing by the time they were detected. Fish
approaching at the elevation of the ogee were traveling 13-15 fps as they passed
through the beam. Transducers transmitted at 30 pings per second for 12
1-minute periods per hour.

Sampling at Powerhouse 2

At Powerhouse 2, one of three intakes at every turbine unit was randomly
selected for sampling. A pair of transducers was mounted on the downstream side
of trash racks 1 and 4 (Table 7; Figure 7) at each sampled intake. One transducer
of each pair was mounted near the top of the uppermost trash rack and aimed
downward to sample unguided fish passing below the tip of the traveling screen.

Chapter 2 Materials and Methods



The second transducer of each pair was mounted near the bottom of the fourth
trash rack from the top and aimed upward to sample fish passing above the tip of
the screen. Each transducer transmitted sound pulses at 14 pings per second, and
pairs of transducers were fast multiplexed so that each pair sasmpled 15 1-minute
periods per hour, 23 hours per day. The two transducers deployed in Unit 18
were split beams. Three transceivers and computers were used to control the 16
transducers. The locations of transducers within intakes also were randomized
among north, center, and south locations (Table 7).

Figure 7. Cross sectional view through a Powerhouse 2 turbine showing up- and
down-looking transducer beams for sampling guided and unguided
fish respectively

Vertical distributions of fish were also sampled upstream of Units 14 and 17
at Powerhouse 2. At each unit, an up-looking 6 deg single-beam transducer was
deployed on a clump anchor 100 ft upstream of the TIEs and a pair of up- and
down-looking 6 deg split-beam transducers were used on a pier adjacent to the
upstream side of intake trash racks (Figure 8).

Chapter 2 Materials and Methods
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Forebay Sampling at
Intakes 14c and 17b

TURESNE.
INTAKE EXTEMSION

. L 100 ft

Figure 8. Cross sectional view through intake 14c or 17b at Bonneville Dam
Powerhouse 2 in spring 2000 showing an up-looking hydroacoustic
beam 100 ft upstream of the turbine intake extension and up- and
down-looking beams immediately upstream of intake trashracks

Fish Tracking and Filtering Criteria

The criteria used to accept or reject echo patterns as fish and to filter tracked
fish observations are presented in Tables 8 and 9. The greatest differencesin
criteriawere between sampling in forebay areas and inside turbine units because
fish were not entrained through beams in the forebay, except at the spillway.
Criteriafor sampling turbine units were consistent or, if different (e.g., range),
were corrected for in spatial expansions by results of detectability modeling,
which is described below.

Since the hydroacoustic sampling effort on Bonneville Dam was so extensive
and generated such alarge volume of data (156 Gigabytes) in 2000, it was
impossible to manually track enough data to make reliabl e fish-passage estimates
with available staff. Therefore, we relied on autotracking software developed over

Chapter 2 Materials and Methods
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the last 3 years by the Fisheries Field Unit and the EL to process raw datainto
tracked fish observations. The autotracker software tells the computer to:

a. ldentify and remove echoes at constant range from structure.
b. Identify and remove echoes at constant range from structure.
c. Find seed echoes for candidate tracks.

(1) Goto every echo.

(2) Define a 10 ping by 1-m window centered on that echo.

(3) Place dl echoesin the window into 5-degree angle bins.

(4) If any bin-count >3, flag the center echo as a candidate seed.

d. Re-examine candidate seed echoes.

(1) Go to every seed-echo window.

(2) Count echoesin all possible line features (Hough transform).

(3) If no echoesin the window are part of a strong line feature, then drop
the seed echo (to distinguish between dense noise and dense fish
tracks).

e. Initiate alpha-betatracking.

(1) Track forward starting at each seed echo.

(2) Track backward from the same seed echo after forward tracking has
ended.

(3) Check the track segment against criteria (core criterion; minimum and
maximum gap). Link track segments that are collinear into single
tracks, (i.e., project track segments forward and backward and link
them if the ping gap < 6 pings and forward and backward projections
of two track segmentsline up).

f. Write out track statistics (echo statistics optional).

For several months in spring, samples of the autotracker’ s performance for
every deployment were reviewed on a fish-by-fish basis to evaluate and fine-tune
the autotracker. Researchers rel eased the autotracker to process datafor a given
deployment only after they determined that it was tracking the same echo patterns
that the researchers would track most of the time.

Although the autotracker was a very efficient analysistool, its performance
had to be continually verified with respect to trained human trackers. Five human
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trackers were employed who received extensive training on raw hydroacoustic
data from previous years before the 2000 tracking season began. The autotracker
was evaluated by comparing its counts to those of several human trackers who all
processed the same sample data sets. This approach was used because fish
counts, even for the samefiles, can vary widely among human trackers (Ploskey
et al. 2001). The hope wasthat the autotracker would perform like an average
human tracker rather than like trackers at either extreme.

In order to evaluate inter-tracker differences, al of the human trackers tracked
the same daily samples of all systems from five different days. These “calibration
days’ were scattered throughout the passage seasons, three in spring and two in
summer. For each “calibration day” asingle file was selected for each of the
hydroacoustic systems from every hour between downloads on consecutive days.
The“calibration days’ were: Early spring, Julian Day 111-112; Middle spring,
Julian Day 152-153; Late spring, Julian Day 157-158; Early summer, Julian Day
176-177, and Late summer, Julian Day 196-197. This arrangement was devised
to evaluate inter-tracker differences under seasonally changing conditions of fish
passage and fish size. The autotracker also processed the same samples from all
5 days.

Human and autotracked counts for each transducer (channel) were compared
because there are important differences in passage characteristics, ranges of
interest, trace slopes and lengths, and noise conditions for each deployment site
and aiming. Although tracker performance has previously been compared by
system (including several transducer channels), it was decided that comparing
transducer channels gives the best measure of human and autotracker differences
because it removes site and aiming differences within comparisons and evaluates
performance across the greatest possible range of different tracking conditions
among comparisons. For each of the 5 days, the fish count output files from each
human or automatic tracker were post processed identically. Post processing
included deployment-specific “filtering” for trace length, trace dope, echo or
target strength, structure and other regular noise, and other characteristics
described in Table 3. The resulting filtered fish counts for each tracker (human or
automatic) on each day were then summed separately for each transducer channel.

Counts from five human trackers on all of the “calibration days’ were
compared by examining scatter plots and correlation statistics and by plotting the
cumulative count of the human trackers and the autotracker over time to examine
cumulative tempora deviations.

Dam Operations and Fish Passage

Project operations data, including discharge by spill bay and turbine unit were
entered into a data set and integrated with fish passage data. Fish passage was set
to zero when passage routes were closed. Turbine discharge at Powerhouse 1 was
estimated from megawatts (MW) and head (the difference between the forebay
and tailwater elevations) using multiple regression equations.
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Standard units with STSs (Units 1-3, 5, and 7-10):

CFS=9396.49+ 257.43( MW) - 173.27( HEAD)
@

Minimum gap runner with STSs (Units 4 and 6):

CFS=9396.49 + 257.43(MW) - 173.27(HEAD)
2

The data used to derive these equations were obtained from the Hydroelectric
Design Center (HDC), Portland District, through Karen Kuhn, a District
Hydraulic Engineer. Thefirst equation had an r? of 0.96 (N = 3,269) and the
second had an r? of 0.94 (N =2,502). Datafileswere obtained that listed MW,
head, and other operations data by 5-minute intervals throughout the season from
Rod Hurst at HDC. Daryl Hunt, Chief of Operations at Bonneville Dam and his
staff of operators supplied data that were missing from the electronic files.
Another equation was used to estimate discharge through the PSC dlot from PSC
unit discharge and forebay elevation, as follows:

CFS = - 4405.429+ 45.667 el ) +0.445(Q)
©)

where CFS was discharge through the PSC slot in cubic feet per second, €l is
forebay elevation in feet, and Q was the discharge in cubic feet per second
through the same turbine. This equation had an r? of 0.75; N=12.

Missing Data

A specia effort was made to make certain that missing samples were
accounted for in the spring and summer data sets. First, a data set was created
consisting of al possible sample locations and times each season and an expanded
fish variable was set to missing in every observation. Second, the missing data set
was merged with the acquired data set and counts of expanded fish, if present in
the acquired data, overwrote missing counts. When a sample had not been
collected, there was nothing in the acquired data set to overwrite the missing value
for expanded fish; therefore, that observation was appropriately designated as
missing and could be addressed as follows before data analysis.

All hydroacoustic systems were operated continuously (> 23 hours/day),
except for a 15-45 minute period every morning when data were copied from the
acquisition computer onto removable Jaz disks, or when equipment failed and
data from the affected routes were not collected. Short equipment failures lasting
up to 45 minutes were not a problem because fish counts and associated variances
could gtill be estimated from the remaining within-hour samples. Computer lock
ups usualy were fixed within an hour because staff were on duty from 0800 to
1700 hours and contractors monitored systems from 1700 to 0800 hours.
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Transducer cables that failed once at Unit 6, twice at Unit 8, and once at Unit 10
were repaired within afew days as soon as project support or divers became
available.

Missing hourly data that resulted from equipment outages > 45 minutes were
estimated by temporal linear interpolation for periods < 6 hours and by spatial
interpolation or linear regression for periods > 6 hours. When an up-looking
beam for counting fish guided by an STS failed, the upper portion of the paired
down-looking beam was sometimes used to estimate those numbers. Occasionally
the ratio of guided to unguided numbers at adjacent turbines with similar screens
was useful for interpolating estimates of guided or unguided numbers. Regression
equations relating hourly variances with hourly sums were sometimes used to
estimate missing variance estimates.

Detectability Modeling and Spatial Expansions

The count of every fish was expanded based upon the ratio of the opening
width to beam diameter at the range of detection:

ow

o

EXP_NUM =— .
- &EBAG,
2

e ,
MID_R’ TAN 2 (4)
e

(SH
ooC

where

OW = opening width in meters

MID_R = mid-point range of atrace in meters
TAN = tangent

EBA = effective beam angle in degrees

Effective beam angle depends upon the detectability of fish of different sizes
in the acoustic beam and is a function of nominal beam width, ping rate, trace
criteria, and fish size, aspect, tragjectory, velocity, and range. Detectability was
modeled for every transducer deployment to determine effective beam angleasa
function of range from atransducer. Target-strength estimates were obtained
from the average backscattering cross section of fish detected by split-beam
transducers and flow-velocity data by 1-m depth strata from a physical or
computational fluid design (CFD) model. These data and other hydroacoustic-
acquisition data (e.g., beam tilt, ping rate, target-strength threshold, number of
echoes, and maximum ping gaps) were entered into a stochastic detectability
model. Model inputs are described in Tables 10 and 11. Model output consisted
of effective beam angle as a function of range from a transducer. Polynomials
fitted to those data were substituted for EBA in Equation 4 to correct for
differences in detectability by range among transducers and locations.
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Table 10
Values of Variable Inputs to the Detectability Model for Every Type of
Deployment Used in 2000

Transducer
-3dB Beam Tiltfrom Blanking Pings/ Standard 5 Min Ping Maximum
Deployment Angle Vertical Range Second Mean TS Deviation Threshold Echoes Gap  Range
Spring
Ui 1.5 Totekiay dossng 5 ] 1 13 450 42 =6 4 4 17
looking
Units 1-6; forebay, up-looking E 4 1 13 -45.0 42 -56 4 4 17
Hris: 1B il go: 5 a 1 14 450 42 =6 4 4 21
looking
L7 5l S, In-tbie; g 20 1 19 450 42 56 4 " 22
dovyn-looking
H ke & aiel 3 TritrinG - 5 29 1 14 457 40 =6 4 4 15
looking
Hnit A0 Instreirie; oo & 20 1 14 -450 42 =6 4 4 22
looking
Urit 10; in-turbine; up-looking 5] 28 1 14 -457 4.0 -56 4 4 15
i BETHAROTE ddn: B 18 1 17 450 40 56 4 4 15
looking
Unit 8; ir-turbine, up-looking B 28 1 T -44 9 43 -56 4 4 15
S el BRERRAR o 10 E: a 30 435 44 =6 4 4 13
looking
Shill bay 17, down-looking 10 -15 o 30 -43.5 4.9 -56 4 4 13
Unﬂ§ 11-17; in-turbine; dowen- & 16 1 14 4TE 33 5 4 4 20
looking
Lnits:A 147 RN Her- g 0 1 10 454 28 56 4 4 25
looking
Uit £, Titarir ety & 16 1 14 AT 33 =6 4 4 20
looking
Unit 18; in-turkine; up-looking B 20 1 14 -46.4 28 -56 4 4 13
U817, 3100 SHosi B ] 1 10 454 28 56 4 4 25
of TIE; up-lnoking
Summer
il e g i q 13 493 13 56 4 4 7
looking
Units 1-6; forebay, up-looking 5] 4 1 13 433 Hifh -56 4 4 17
Unﬂ§ 1-6; in-turbine; down- & o 1 14 49 15 5 4 4 34
looking
Linits 7 and 3 fh-obing; g 20 1 14 493 19 =6 4 4 72
chowyn-|looking
L 7 st 2 IR 5 23 1 14 504 23 =6 4 4 15
looking
Link A B R hine. Gov - g 20 1 14 4973 14 =8 i 4 22
looking
Unit 10; in-turking,; up-looking E 29 1 14 =501 23 -5k 4 4 19
Lipit 5 AU down; B A5 1 17 A7 19 =6 4 4 15
looking
Unit &; in-turbine; wp-looking G 25 1 17 -48.0 22 -56 4 4 15
=hill b SXOsRE Y] Hown- 10 & o 30 4g0 19 &g i 4 13
looking
Spill bay 17, down-laoking 10 -15 1] 30 -43.0 14 -56 4 4 13
Unrt_s 1117, in-turkine, dowen- g 18 1 14 539 23 56 4 4 20
looking
LIt 1A, dnetathineg e 5 o q 10 495 18 =5 4 4 75
looking
U1, Tt i, B¢ B 186 1 14 5232 23 56 4 4 20
looking
Unit 18; in-turbine; wp-looking B 20 1 14 -49.5 16 -56 4 4 13
Hnits 4217 forsbey: beeh & 16 1 10 522 23 =6 4 4 28
racks; doven-looking
LIty e By f0mshy it g 16 1 10 495 18 56 4 4 21
racks; up-laoking
Urits 14817, 100 ft upstream & a q 10 495 1B 5 4 4 55

of TIE; up-looking
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Table 11

Polynomials Used to Describe Transducer Beam Shapes and Flow Trajectory and Speed
as a Function of Range From Transducers. The variable X in polynomials is half-beam
angle (degrees) for beam shape and midrange for trajectory and speed. B is the beam-
pattern factor; plunge is degrees below horizontal and mps is m/second

Deployment Input Polynomial or Constants
Wariable
Units 1-6; Forebay; down- Eeam Shape B = 011708320625 - 1557264831250 + 2319142846357 - BI0MS32 3179999 + 056468461552
looking Trajectory  plunge=11
Speed mps = 107

Units 1-8; Forebay; up-looking Beam Shape B = OMTOGI2053K - IBSTHE4G31255" « 2319143846357 - BI0MIS3 231799993 + 056466461552
Trajectory  plunge =11

Speed mps= 107
Units 1-6;in-turbing; down-  Beam Shape B = - 0033302266861 + 07474539544 - HOMZE0EE2THT + 0I67EIRESIATY - 004 243E014E5
Iocking Trajectary  plunge = - 0012816032445 + 043052933499%7 . BIGSN223796: + 1519635260046 - 16.59383269705
Spesd mps = - 00M0RBO055EX! + 00472133786% - DFTETERI0219%® + BRIGEATII22EY - 17987330301
Units 7 and 3; in-turbine; Beam Shape B = - 0033302265861 « 01747539545 - 101425085277 + 0307538683975 - 004549602465
down-looking Trajectory  plunge = 023737646205 - 127367FRI6EE! « 1 BROTEOTEIREX? - £ R03ZABSTIETER +« 36 8RBA04201695
Speed mps = 0000186239515 - O0127034 324857 + 02530426524 35° - 03042996658X « ETTTIITETOS
Units 7 and 3 in-turbine; EeamShape B = - 0033302265865 « MT4THE39545T - 3101425055274 « 035THIEE8397H - 004549602465
up-locking Trajectory  plunge = - DON30S7TI0Z 7R + D0G53040495%7 + 2THERS0Z06G7R - 5.2269 76328 - 11964286714
Spesd mps = 000000000001-" » 00021396396 - DOIG0ITTESITHT - 051568234978 + 1362591428571
Uit 105 in-turbine; Eeam Shape B = - 007382218485 « D40217634082%7 - 4044 38802016%% « N3ETF0S17 387 - 0052995463
dawn-lacking Trajectony  plungs = O023TITE4580%" - N2TISTTHEEH « LEG0TROTEAGIHT - GE03ZATH1ETE + 36.505504201695
Speed mps = 000018623951" - 0012703432485+ 025384 2652425° - 102042996652 + BETTTII7E4708

Unit 10 in-turbine; up-looking Beam Shape B = - 007382216450+ 4021763455247 - 4044388020165° » 03G1T0HITIETH - 00152995463
Trajectory  plunge = - B0030S77I0274" + 0015535404885 + 27EEE202065747 - 5.22EITEA1328R - 41964285714

Spesd mps = QO00G000A00TEY « D00Z913HG 396K - D0IBMTTEEITH - OSISEE23407EH « LIG2E0H2E5T1
Unit 2; in-turbine; Eeam Shape B = 0MTOEI2053K" - 158764831260+ 2319143846357 - HI0MIS3231799995 + 056486461582
downclooking Trajgctany  plunge = - 0000SE0TE347H" + DIB0IEE19208:T - BETITTE2EE02:T « 1IZTI2H4GTHN2H - BE.013240624 335
Speed mps = - 000E07R? + 03F8228H7 - 201837H + 8758629

Unit 2; in-turbine; up-locking  Beam Shape B = OMTOGI20562K! - I0STHE4331255" + 2219143846757 - HI0MFI2HTII9H « 056466461552
Trajectory  plunge = -26

Spead mps = 0000134004351 - 0017024274074 + 045297G500447 - 4350402057735 « 22608

Spill bays except 1T down- Beam Shape B = - 0004 TA254 3810 « O0BS1E07161252 - 17EEIIEE2 2652 + I080BTETTARTY - OOIBTITEO223

Inoking Trajectony  plunge = - 03Z24067999R" « ZOBTIZETEEE2R" - 1720679427027 « BO.EEE03EI0 7405 - 1010999939330
Spesd mps = - 00052E205128HY+ 0SHTTISE2H? - IG06S46TI6ERT + BITOON0T 226 « 5129833333279993

Spill bay 17; down-ooking. Beam Shape B = - 000530808092 + DOE3S6I7IISZEX - 0.09439529135199999:° « 0282902624374 - D0452Z0576609
Trajectory  plunge = - 052240675338" + 2 0R1326728025" - 17 20672342702 +« B0 BES0IEA0TAEE - 110.109553393350

Speed mps = - 00052E205128%" + . 0BNFFISE2R" - IB0ES4ETIEERT + BIVOON0T 226K + BIZ9833333279993
Units 11-17; in-turbine; down- - Beam Shape B = - 0033302265365 « 0IT4THEII54:! - 20142805527 + 035753683970 - 004549601465
lacking Trajectony  plunge = - 00F36036183H" + 1457232920127 - 200410545545} + F.3816643099095 « 2E.ET2ZE95617129
Spesd mps = 0000435300325 - 00544587 36 + DI20920687924% « OTHEI2423018 « SN22724455
Units 11-17; in-turkine; up- EeamShape B = - 0033302265861 + 74714529547 - 3101426065271" + 03675868397 - 004549601465
laoking Trajectory  plunge=-26
Speed mps = - 000499129625 + 0010750294557 - 0724034990595 + 1344630026855 + 1254298151216
Uniit 18; in-turbine; down- Eeam Shape B = -L00S2216774590000015" + 04 3194535636)" - 3HITE000726457 + 0512154443141 - 005343451204
laaking Trajectory  plunge = - O032E03EHEIN"+ 72529201257 - 2.0104 10848545+ 7 3518543099038 + 2667 2858617129
Speed mps = 000049630032 H y' - 0ISS1445873 5 7 » 012092068792 ¥ + 7453243300 Hy « 81122724455

Unit 12; in-turbing; up-looking Beam Shape B = -000822467 78830000014 0431348368361 - 381758397264 « 051218444 3040 - 006343481204
Trajectory  plunge = -26
Spesd mps = - 0004331296255 + 0101075029467 - 0724034990635 + 1344620026351 + 1254298121318
Units 14817, 100 frupstream  Beam Shape B = - 0033302265865« 01747539545 - 3101420055275 « DIG7538683975 - D0454 9601465

of TIE; up-looking Trajectory  plunge =10
Speed mps = - 0004331296254 « 00107053455 - 0724034330595+ 1944630025855 « 1254295121816
Units 148 17; forebay trash  Beam Shape B = 0.0MT06320535" - 0ISSTE6483125 5" « 02313143846 35%° - 0LHINNE32315K « 0056466451552
racks; down-looking Trajectory  plunge = - D0Z3E03ES3R" + E723292012%7 - 2004108455457 + 7381654309909 « 26 BV 2055617129
Spesd mps = 0000496300325 - D0I5E144587 367+ DI2092068792H° « 0714532433018 « SN22T24458
Unitz 14 & 17; forebay trash  Beam Shape B = 0.0M70E920535" - 0LIBSTEE483125H7 + L3194 38463557 - 0.50MIBF2 318K + 0056466461682
racks; up-laoking Trajectany  plunge = -26
Spesd mps = - 0004331296255 « D010TE05945y° - 0T240349905907 « 1944630025555 + 1,254 295151816
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Statistical Estimators and Comparisons

The following sections describe how the estimate of smolt passage was
calculated at the various locations at Powerhouse 1.

Estimating In-Turbine PSC Unguided Passage

The estimate of unguided numbers at the PSC was cal cul ated according to the
formula
d 23 18 .., ik
~ O O O ijk 3
PU=a a a n,—,Ja Uijid
i=1 j=1k=1 "1k |=1 (5)

where uq = expanded unguided fish count in the Ith sampling unit (I = 1, ... )
of the kth intake dot (k=1, ..., 18) of thejth hour (j = 1, ..., 23) of
theithday (i=1, ..., d).

Based on simple random sampling (SRS) of minutes within the hour, the
variance of PU can be estimated by

d 8188 x p ps2 U
~f{a,\_©6 o o A 2 Nijk 9 Uk
var(PU)=3 A a aVfigl i

=1 j=1k=1 g ik g Mik g (6)

"y —\2
a (uijkl - Uijk)
where s> =121

Uijic (nijk . 1)
ryk
a Uijki

Ujk ==

: Mijk

and where N, = possible number of sample units within an hour (i.e.,
nominaly N, = 60)

Ny, = actual number of samples drawn within the jth hour (j =1,...,23) of the kth
intake (k =1,...,8) of theithday (i =1,...,d) (i.e, nominaly n, = 20).
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Estimating In-Turbine PSC Guided Passage

The estimates of guided passage within the single-beam transducer beams are
anal ogous to the estimates of unguided passage within the single-beam transducer
beam. The estimate of guided numbers was calculated according to the formula

o 8 BB N Y
PG =a a a ——aViju
i=1 j=1 k=1 Mijk =1 (7

where V;, = expanded number of guided fish count in the Ith sampling unit
(I = L...,nijk) of the kth intake dlot (k =1,...,18) of the jth hour
(j =1...,23) of theithday (i =1,...,d).

Again, based on an SRS of minutes within the hour, the variance of I5G1 can be

estimated by
d 318 ¢ o oS\,
_98 o o @ hijk 9 Vi u
Var(PGl)_a a a gV § e
i=1 j=1 k=1 é I]k ﬂ Jk H (8)
Mijk 2
(Vukl - ij)
where ¢ =1L ,
Vi (i - 1)
rli;’k
o a Vi
and where v = 1=
Mijk

Estimating PSC-Guided Passage From Forebay Sampling

The sampling within the PSC slots can be envisioned as stratified sampling of
two distinct strata composed of top and bottom positions of each of the five
surface collector dots sampled. In which case, PSC-guided passage can aso be

estimated as
d 23 6 2 M m"ujk
~ O O O O hiik
P=gaaa—> a i
h=1i=1 j=1 k=1 ThiK |=1 (9)
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where Yy, = expanded number of guided fish in the Ith sampling unit

(I =L...,mh”k) of the kth vertical stratum (k =1,2) of thejth
PSCdot (j =1,...,6) intheith hour (i =1,...,23) of the hth day

(h=1,...,d);

M« = possible number of sampling units within an hour (i.e., nominally

Mhijk = 60);

My = actual number of samples drawn within theith hour (i =1,..
at thejthintakeslot (j =1,...,6) and kth vertical stratum
(k=12) of thehthday (h=1,...,d) (i.e., nominaly m,,

The variance of I5G2 can be estimated by the formula

2
d 23 6 2 .
~[a _ 0 o o o I’Th”k Yh|k
Var(PGz)—aaaaM,J %1 y th
h=1i=1 j=1 k=1 hllk;a ijk
mo"lijk 2
a (yhijkl - yhijk)
where 2 ==L
Yhijk (n-hijk _ 1)
mhijk
a Yhijki

and where yiix =
! mnljk

Estimating Unit 8 Fish Guidance Efficiency

Background. At turbineintake slot 8b at Powerhouse 1, an ESBS was

.23)

= 20).

(10)

deployed. The goal of the statistical analysis wasto estimate FGE at intake 8B

using hydroacoustic data and to compare those estimates with FGE estimates

collected using netting. The following describes estimators for FGE and
associated variance estimates and statistical tests of FGE comparison.

Estimating unguided numbers. Using the single continuously sampled

split-beam transducer, total unguided smolts numbers ( N) were estimated using

the formula
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N

3

D

0
Wik

Qo
Qo

U=3a

i=1

1

=
1l

1

where W, = expanded number of unguided smolts entering the turbine intake
dot during the kth minute (k =1,...,60) of the jth hour
(j =1,...,23) of theithday (i =1,...,d).

The value of W, was the expanded number of smolt detections across the

intake slot during a 1-minute time interval. The above estimate was compared
directly to fyke-net estimates by the NMFS but was expanded by afactor of three
to estimate unguided passage for all intakes at Unit 8 in comparisons with PSC
estimates.

Unlike many previous hydroacoustic investigations, sampling was continuous
over time, precluding the use of finite sampling methods to estimate the variance
of U. Nevertheless, there was measurement error associated with the
interpretation of acoustic signals and the spatial expansion of the counts to the
entire intake. For convenience and to extract estimates of hydroacoustic sampling
error empirically, estimates of error variance were calculated on an hourly basis

during the duration of estimation. Hence, the variance of 0 was expressed as

NS o T
var(U)=4 & var ()
i=1 j=1
.9
Whereij—avv,]k
k=1

Methods for estimating the hourly measurement error associated with \7\/ij will

be discussed below. The variance estimate was expanded by afactor of nine to
estimate the variance of all three intakes at Unit 8 for comparison with PSC
estimates.

Estimating guided numbers. Using the single continuously sampled split-
beam transducer, an estimate of total guided smolts (é) can be estimated

according to the formula

N
w
()]
o

G= Xk
1

~

1

Qoo
T Qo
1 Qo

1

where $<ijk = expanded number of guided smolts bypassed during the kth minute
(k=1,...,60) of thejth hour (j =1,...,23) of theith day
(i=1....d).
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Thevalue of X, was the expanded number of smolts detected across the

intake slot during a 1-minute time interval. The above estimate was compared
directly to gatewell dipping estimates but was expanded by afactor of three to
estimate guided passage for all intakes at Unit 8 in comparisons with the PSC
estimates.

The variance of G was expressed on an hourly basis as

d 23

a(6)-4 Bva )
i=1j=1
gO
where )’Z” =a )’lek .
k=1

Methods for estimating the hourly measurement error associated with f(ij will

be discussed in a subsequent section. This variance estimate was expanded by a
factor of nine to estimate the variance of all three intakes at Unit 8 for
comparisons with PSC estimates.

Fish guidance efficiency estimate. Using the independent estimates of
guided (é) and unguided (U) fish numbersfor atimeinterval of interest, FGE
was estimated according to the formula

. G

FGE =~
G+U

with associated variance estimator

var (FGE|) = FGE2 (1- FéE)2 ?ﬁr(z )+VAr(2A)
8

Asymptotic (1- a) 100% confidence intervals for FGE were calculated as

FGEZ , ér(FéE)

2

Comparing methods. The National Marine Fisheries Service (NMFS)
sampled the center slot of Unit 8 to calculate FGE using netting and gatewell data
concurrent with this study. Paired hydroacoustic and fyke-net estimates of FGE
were calculated for each NMFStrial and compared using apaired t-test. The
paired t-test tested the null hypothesis of equal mean FGE estimates for the two
estimation techniques at asignificance level of a= 0.05 two-tailed. When
numbers of fish detected by hydroacoustics during concurrent sampling with
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netting were low, hydroacoustic FGE was calculated from estimates of guided and
unguided fish for a4-hour sampling period instead of the concurrent sampling
period. The extended hydroacoustic sampling period was used to collect
additional smolt counts and to dampen the binomial sampling variance associated
with the hydroacoustic FGE estimates.

Estimating hydr oacoustic measurement error. Because of the continuous
within-hour sampling, sampling error was eliminated from the estimates of guided
and unguided numbers. Nevertheless, measurement error persisted and needed to
be estimated. The approach to estimating measurement error was an extension of
a compound-Poisson process Skalski and Robson (1992) used to model
abundance in continuous intervals.

The estimate of measurement error was based on the assumptions:
a. Per-minute measurement error (S ﬁ,,E) was constant within an hour.

b. Within an hour, smolt passage has a constant mean and variance.

c.  Within aminute, smolt counts were Poisson-distributed with mean and
variancel , (k=1,...,60).

d. Within an hour, the Poisson parameters | |, were distributed with mean I
and variance s %

e. Thel , wereauto-correlated with afunction of distance between the
1-minute intervals.

Based on the above assumptions, the variance for the estimated smolt count in a
1-minute interval (%, ) can be calculated to be

) v 29 - o 5 294

+ E3{ E, g\/arl(fq( |2,3)E}

where 1, 2, and 3 denote

1 = stage 1 of hydroacoustic measurement error of X, about X, with variance

2
S ME?

2 = stage 2 of x, Poisson-distributed with mean | ,

3=gage3of |, distributed with mean i and variance s * within the hour.
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Then
Var (%) :VarggEz(xk|3)H+ Egg\/arz(xk|3)ﬂ+ E3gE2(S%/IE|3)g
=Varg(l )+ Es(! k)+Ea(S§AE) (11)

Var (%) =s % +m+s {

If an additional assumption was that the variance s ? isinsignificantly small

between consecutive 1-minute intervals (i.e., s 2 = 0), then Equation (1) reduces
to

Var(>“<k):m+s§,|E

(12)
Equation (2) suggested the method of moment estimator
2 A~ ~
Siie =Var (%) - ik
(13)
PR Y:
Als - X
WhereVar(Xk) :w’
i = e eon) +2Xk+1) .
If s ? isnot zero, then S 5, overestimatesthesizeof S 5.
The within-hour measurement error associated with X;; was expressed as
59 €% - %V (%o 4+ 5nir )Y
A 60 3 é(xijk - Xijk+1) (Xijk +Xijk+1)l]
Var (X” ) =— - -
59,2 5 2 2 u
18 g (24)

If Vér(fgj ) <0, it was set equal to zero for theijth hour. The variance of G was
then a sum of the within-hour measurement errors where

N
w

var (%)
1 (15)

Qoo
Qo

Var (G) =

i=1

An analogous procedure for estimating the variance of U wasused. Variance
estimator (Equation 14) was used whenever the complete hour was acoustically
monitored. It was applied when unintentional losses of data occurred such as an
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equipment outage or data downloading. In these events, the variance was
calculated according to the formula

- - 2 . - U
(Xijk - Xijk+1) (Xijk + Xijk+1)lj

2 2

a
Véf(%i)=6£él

@D> D> > D~

(16)

(oY e}

where a isthe number of intervals with two successive 1-minute samplesintact.

It should be noted that if s * in Equation 11 was zero, then Equation 14 could
be aternatively estimated by the formula

2
60><sxijk
where
60
. . \2
601 (Xijk - Xij)
D —
Xk (60- 1)

becausein this case,
2 0_ 2
Eg%OSXijk 2=60s e
the same expected value asthat of Equation 14. Any difference in magnitude
between Equation 14 and Equation 16 is an estimate of the within-hour value of

s %. Equations 14 and 16 provide similar results for asituation with little
temporal variability in smolt counts.

Estimating Unguided Passage at Units 7, 9, and 10

The unguided passage into Units 7, 9, and 10 can be estimated by the formula

'I:U—3g 323 Hijk $0
=sa aad i ZjK
i=1 j=1 k=1 "Wk |=1 17)

where z;,, = expanded unguided fish counts in the Ith sampling unit
(I =1,. ..,hijk) at the kth turbine intake (k =1,2,3) in the jth hour
(j =1...,23) of theithday (i =1,...,d);

Hijk = possible number of sampling units within an hour (i.e., nominally
Hijk = 60);

36 Chapter 2 Materials and Methods



hjk = actual number of samples drawn within the jth hour (j =1,...,23)
at the kth turbine unit (k =1,2,3) ontheithday (i =1,...,d) (i.e,
nominally hy, = 20).

Here, the z;,, are countsin only the single intake slots that were actually

monitored. The estimator (Equation 17) expands these counts by a factor of three
to estimate total unguided passage through Units 7, 9, and 10.

To account for the dot-to-slot variance within turbine units, the sampling
scheme for Units 7, 9, and 10 was viewed as sampling of three of nine intakes
with STSs. The second stage of sampling was the sampling of time intervals
within the slot-hour. So, instead of using a variance estimator based upon simple
random sampling, the following formula was used:

& 1,0 e | N

o gl 92 engv:;\r(ugk)q

ar () = & g Lgbug s € " ya u

var(Hu)=§ | +3 e | G
g=1 g g=1g g 3 (18)

é G

where
L, = number of turbine intake slotsin the gth stratum (g =1) (here,

l, =9);

|, = number of turbine intake slots sampled in the gth stratum (g =1)

(here, |, =3);
I
3 [~ 2 \2
a [Ugc- Us)
2 —ka
Ug (Ig-l)
o .
ang
O —k=
g |g
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e & iy O u
2 ijgk T2
Sla s 1- - u
~ 3 g éRJgkg Rijgk E,Sqigk a
Vaf(ng)=a aé . a
i=1 j=1 & fijgk ¥
€ u
e ¢!
and where
lig« = actua number of timeintervals sampled in the jth hour
(j=1...,23) of theithday (i =1,...,d) a thekth intake slot
(k=L...,Ig) in the gth stratum (g =1) (i.e,, nominally 15 1-
minute samples);
R« = number of possible time intervals that could be sampled in the

jthhour (j =1,...,23) of theithday (i =1...,d) at the kth intake
slot(kziL...,Ig
minute samples);

) in the gth stratum (g =1) (i.e,, nominally 60 1-

b = estimated unguided fish passagein the lth sample (1 =1,..., 1, ) in

jthhour (j =1,...,23) of theithday (i =1...,d) at the kth intake
dot (k =IL...,Ig) in the gth stratum (g =1);

.
|6gk —\2
, IF:l (Bjgw - Byge)
_ 1=l .
r',
bgk
. a Bjgki
Bjgk =—
fijgk

Estimating Guided Passage at Units 7, 9, and 10
The estimation scheme for the guided passage at sampled intake dots at

Units 7, 9, and 10 is anal ogous to the estimation of unguided numbers at Units 7,
9, and 10. An estimate of guided numbers at these turbine units is then
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TG=3aaa Qg
i=1 j=1 k=1 'hk 1=2 (19

where g, = expanded guided fish countsin the Ith sampling unit (I =1. ..,hjk)
at the kth turbine intake (k =1,2,3) in the jth hour (j =1,...,23) of
theithday (i =1,...,d).

The same two-stage sampling scheme that was used for estimating unguided
passage also was used in analyzing the guided fish passage in order to calculate a
conservative variance estimator, as follows:

, & é | .U
é 3 a
r (%1 £ S Vvar(Gy o
A o] gg 9 ~ k= -
Var =a +a e i u
=l lg =% 9 u
g g g U (20
g 8]
lg A \2
a (ng - Gg)
2 _k=l
S. = )
Gy (Ig - 1)
|
J .
~ a ng
S _ k=l
g~ | ’
g
d 23 R lijgk
~ _ 9o o© jgk
Gg =a a = —a Gigd ;
i=1j=1 'ligk |=1
er2 &= Rk %2
SNjgk 5. U
. P KE g 5o 0
Var (Gg)=8 8 & i
i=1j=1€ ijgk u
e u
e u
riJ)gk 2
a (Cijgkl - ngk)
2 -1 ;
Gigk lijgk
where g
a Gijgk
— _ =1
Cigk =
ijgk
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and where

Ggu = estimated guided fish passagein the Ith sample (1 =1,..., 1, ) inthe

jthhour (j =1,...,23) of theithday (i =1...,d) at the kth intake
dot (k ::L...,Ig) in the gth stratum (g =1...,5) .

Estimating PSC Performance

The PSC performance was evaluated on a unit-by-unit basis and for the entire
structure using two performance measures. The PSC efficiency was estimated by

PE&CE= 2 _
PG, + PU 1)
with associated variance estimator
. 5 .| Var(PG,) Var(PU
Var(PSCE) = PSCE?(1- PSCE) ( - ) + ( - )
PG, PU
(22)
using the variances of PU and IE’G2 calculated using Equations 6 and 9,
respectively.
The PSC performance can also be estimated by the formula
P&CE= "
PG, + PU 23)

In this case, IsG1 and PU are correlated because the sampling data was coming

from the same single-beam downward-angled transducers (Figure 1). The
variance of PSCE was estimated by

Vér (PSCE) =(PCE)(1- Ps:E)ZS/ér(PQL) +Véi(PU) . sz(PGllPU)g (24)
¢ P A2 PG XU 4
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and where

.. d 23 18 n. ) Cov(v,,u.
CﬁV(PGl,PU): é é é Nijzk[l' uk] ( jk Jk)’
ijk

My

1l
iy

!
iy
=~

1l

j 1

é (uijkl - uijk)(vijkl - \E)
=1
(M- 2)

The PSC effectiveness was estimated by the quantity

=

C()V(Vijk’uijk) =

)

P&CF = <) = pErEx i (25)
PG +PU Vere
)

where Vg, = water volume entering SPC dlots,
V; = total water volume entering the PSC and turbine slots 1-6

and associated variance estimator

VT

SPC

Var(PSCF) = [ JZ 2/ar(SPCE). (26)

The genera forms of Equations 17 and 19 allow PSC efficiency and effectiveness
to be calculated over any temporal and spatial scale of interest. It should also be

noted that PSC effectiveness could be estimated using either guided numbers IsG1
(Equation 7) or Ist (Equation 9).

Asymptotic (1- a) 100 percent confidence intervals were cal cul ated
according to the general formula

q+ zl_% Vér(a)

for any parameter esti matea :
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Estimating FGE for Units 7-10

The FGE for Units 7-10 was estimated according to the formula

R TG
FGE=—+——+— (27)
TG+TU
with associated variance estimator

. ) . w&ar(Te) var(tu)u

Vér(FGE)zFGEz(l- FGE) é ( )+ ( )U.

é 2 2 q

¢ TG TU %
e u (28)

Asymptotic (1- a) 100 percent confidence intervals were cal cul ated
according to the general formula

q+Z ,Var (a)
2

for either FGE. It should be noted that variance formula (Equation 28)

underestimates the variance of FGE estimates when making inferencesto al of

Unit 8. However, the variance formulais appropriate when making inferences to

the specific intake slots sampled (e.g., dot 8b with the ESBS). The FGE variance

estimate for Units 7, 9, and 10 should be conservative because of the conservative
variance estimator for those units.

Comparing Fish Passage Performance at Powerhouse 1

Comparison of FPE at the PSC, turbine Units 7, 9, and 10 or turbine Unit 8
was based on inspection of the (1- @) 100 percent confidence intervals.
Overlapping intervals suggested no significant difference; non-overlapping
intervals suggested a statistically significant difference at a .

Comparing Guided Fish Passage at the PSC

The two estimates of guided fish passage at the PSC were compared by
regressing the single-beam counts on split-beam counts. It was anticipated that
the data would fit aregression line with a zero intercept and a slope of oneif the
sampling approaches were equivalent. This regression analysis was based on
daily estimates of guided fish numbers by each method. We aso compared the
two estimates by examining for overlap between (1- a) 100 percent confidence
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interval estimates of PG, and PG, and by calculatinga (1- a) 100 percent
confidence interval for the difference:

(PG, - If’Gz)iZl_i\/Vér(IsGl)+Vér(|§>Gz).

The above comparisons can be performed on any timeintervals of interest such as
daily, weekly, or seasonally.

Estimating Spillway Fish Passage

The sampling at the Bonneville spillway was designed as a stratified two-
stage sampling regime. The spill bays were assigned to five longitudinal strata
corresponding to spillways 2-4, 5-7, 8-10, 11-14, and 15-17 (Table 12). Within
strata, spillways were randomly selected with varying levels of within-strata effort.
The second stage of sampling was arandom sample of time intervals with a
spillway-hour.

Table 12
Sampling Strata Established at Bonneville Spillway With Sampled Bays
Denoted With an Asterisk (*). The variables H; and hgare the maximum

number of operational spill bays and sampled spill bays, respectively,
in a stratum

Spillway Strata

Total spillway passage was estimated by the formula

s S|H 38 BTy
S=a|-‘aaa-%an 29)

g=1 h; i=1 j=1k=1 tgijk I=1

where Py, = expanded fish passage in the Ith sampling interval
(I =L...,tgik)during the kth hour (k =1,...,23) in thejth day
(j=1....d) atheith spillway (i =1,...,h,) in the gth stratum
(9=1....5);
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Tgijk = possible number of sampling units within an hour (i.e., nominally

Tgijk = 60);

t... = actual number of samples drawn within the kth hour (k =1,...,23)
inthejthday (j =1,...,d) at theith spillway (i =1,...,h,) inthe
gth stratum (g =1,...,5) (i.e, nominaly tyi = 12);

H_ = number of operating (open) spill bays within the gth spillway
stratum

h, = number of operating (open) spill bays actually sampled within the
gth spillway stratum

Table 12 shows maximum sizes of H and hg by stratum. When a spill bay was
closed, fish passage there was set to zero and Hg and hgwas decreased by 1 for

that stratum. In choosing spill bays for sampling, the ones selected were most
likely to be open according to the spill pattern outlined in the Fish Passage Plan.

The variance of S was estimated by the quantity

: é¢ Ny U
® o) < A\ Y
2 hi»i; éH. A Va(s. |
N 5%, s o ar(§)) (30)
~ _ 9 gg o ~ =1 .
Var(S)—a g +a ¢ y u
_ e u
9= olg 7
é u
& v
hg A2
oA
(5-S)
where s =12 ,
(hg B 1)
g a
. 4§
§ =
h,
. & BT e
S =a at_ Pgijia »
i=1 k=1 lgijk 1=1
and where
Vér(ég)—éd § T2 [1- tg—’kji
i =1 k=1 o Tgijk Ly ’
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tgi o,
lazl(pgijkl - pgijk)

2

S =
Pgij
o (tgiik ) 1)
tgjk
A Py
Pyiik = =
Ly

Note that, in the case of stratum #4, all spill bays were sampled (i.e., H; = h,),

such that stratum #4 will contribute only to the second term of the variance
formula (Equation 30).

Estimating Powerhouse 2 Unguided Passage

Using the fish counts from the down-looking transducers, total unguided fish
passage at Powerhouse 2 was estimated by the quantity

(31)

where b, = estimated fish passage in the Ith sampling unit (| =L...,rijk) in the
jthhour (j =1,...,23) at the kth turbine unit (k =1,...,8) intheith
day (i=1,...,d);

Rj« = number of possible sampling unitsin thejth hour (j =1,...,23) a
the kth turbine unit (k =1,...,8) intheithday (i =1,...,d) (i.e,
nominally 60 1-minute samples);

I = actual number of time intervals sampled in the jth hour
(j =1,...,23) at the kth turbine unit (k =1,...,8) in theith day
(i=1...,d) (i.e, nominaly 15 1-minute samples).

To account for the dot-to-slot variance within turbine units, the sampling
scheme at Powerhouse 2 was viewed as a stratified random sampling scheme.
Using pairs of consecutive turbine units (11 and 12, 13 and 14, 15 and 16, 17 and
18) as strata, it was assumed that two of six intake slots were randomly selected
for monitoring within each stratum. The second stage of sampling was the
sampling of time intervals within the slot-hour. This two-stage stratified sampling
scheme is analogous to the model used for the analysis of passage data from
spillways. The conservative variance estimator (Equation 20) was as follows:
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& 0 6 | ~ U

Lg =S eLavan(l,)u
var(AU)=§ 10 488 G (32)

g1 I g:1g I a

& b

where

L, = number of turbine intake lotsin the gth stratum (g =1,...,5) (here,

g

>

<
=)

and where

lijgk =

R]gk =

l,=6);

number of turbine intake slots sampled in the gth stratum (g =1,...,5)
(here, |, =2);

g, =
[¢] -
(1;-1)
b .
2 ng
— k=1
Ug = ;
g
d 23 R r&gk
— 2 R Vg .
Ug=aa a by ;
i=1 j=1 ljge 121
é & u
AD?2 ijok 2 -
L SR gl S, U
_o & € Rjgk g u,
(Uy)=aae 0
=1 j=1g Fijok U
é 1]
e u

actual number of time intervals sampled in the jth hour
(j=1...,23) of theithday (i =1,...,d) a thekth intake slot

(k =L...,Ig) in the gth stratum (g =1,...,5) (i.e,, nominally 15 1-
minute samples);

number of possible time intervals that could be sampled in the jth

hour (j =1,...,23) of theithday (i =1,...,d) at the kth intake slot
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(k=L...,Ig) in the gth stratum (g =1,...,5) (i.e,, nominally 60

1-minute samples);

b, = estimated unguided fish passage in the Ith sample (I =:L...,rijgk) in
jthhour (j =1,...,23) of theithday (i =1...,d) at the kth intake

dot (k=l...,lg) in the gth stratum (g =1,...,5) ;
rg>gk o
X Ia:l (ngkl - ngk)
Sngk (rijgk _ 1) !
'g;k
__ abg
By ==

rijgk
Estimating Powerhouse 2 Guided Passage

Using the fish counted by the up-looking transducers, the estimate of total
guided fish passage at Powerhouse 2 was estimated by the quantity

" 3 8 R fijk
HG = é é é _Jka Cljk|:| (33)
i=1 j=1 k=1 | M 1=1

where C;,, = estimated fish passage in the Ith sampling unit (I = :L...,rijk) at the
kth turbine unit (k =1,...,8) inthe jthhour (j =1,...,23) inthe
ithday (i =1,...,d).
The same two-stage stratified sampling scheme used in estimating unguided

passage was also used in analyzing the guided fish passage in order to calculate a
conservative variance estimator. The variance estimator was as follows:

Ly élv& (G )

ey e

S

I-]- O:
G N

Ig :
I—g : g (34)

N

Var(

1201
. 59§
HG)=§ |

g=1 g |

+
T Qo

==Y
a M D> D D> D> D

g

[co Y ey ey e e
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where

I
Jd [~ 2~ \?
[64-6,)
2 _ k=l .
S =
G )
’ (lg ) 1)
s .
A ng
~ _ k=1 .
G, = ,
g
~ d 23 R rE)gk
_ ] [¢] Jgk .
gk a a C|jgk| '
i=1 j=1 Mg 1=1
g 2 ai__ Rjgk(_) 2 lil
d 23 gRigk r :qugk H
~ (A Y_o & ik @ )
var(Gy)=a a s i
=l j=l g rijgk G
rﬂ,gk - 2
a (Cljgkl - ngk)
2 _ =1
Gj |
jok rijgk
fggk
a Cljgkl
— 121 .
Cige =
ig r

and where

Gigu = estimated guided fish passagein the Ith sample (1 =1,....,1;,, ) inthejth
hour (j =1,...,23) of theithday (i =1,...,d) at the kth intake slot

(k ::L...,Ig) in the gth stratum (g =1...,5) .

Estimating Spill Efficiency
The spill efficiency at the Bonneville project was estimated by the quotient

A

S S
(35)

<= 000> 00000000 -2
[PU+PG+TU+TG+EU+EG+HU+HG+S] NS+S
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where the numerator was the estimated fish passage at the spillway and the

denominator was total fish passage through the project. The variance of SE was
be estimated by

N . _o| Var(§) var(Ns
var(§) = &°(1- &) 82( )+ N(52 ) (36)

where NS=PU +PG+TU + TG+ EU + EG+ HU + HG,

and where

var (Ns) =var (P

Estimating Spill Effectiveness

The spill effectiveness at the Bonneville project was estimated by the quantity

Sy = # — & (37)
(Ns+ s) VA
VT

where Vg = volume of water spilled,
V; = total volume of water passing the dam during the period of inference.
The variance of SY can be estimated by

Vér(év):(éjz var &) -

S

Estimating Project FPE
The project-wide FPE was estimated by the quotient
) S+PG+TG+EG+HAG|
FPE = +— — — — — — — — —
[PU+PG+TU+TG+EU +EG+HAU +AG +§

(39)
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where the numerator was the estimated spillway and bypass guided passage and
the denominator was total project passage as expressed as

A

G

FPE =
G+U0 (40)

where G = S+ PG+ TG+ EG+ HG
U=PU+TU+EU+HU.
The variance of FPE was expressed as

var(FPE) = FPE?(1- FPE) Vaf( ) a;(z )

GZ

(41)

where

Vér(é)=var(é)+var(ﬁ>e)+var(fe)+var( +Var(HG)
V. VAl

ar(HU).
Estimating Powerhouse 1 FPE

Considering only the fish that pass through Bonneville Powerhouse 1, the
Powerhouse 1 FGE was estimated by

[ﬁ’G+fU+EU]
[ﬁ>U+ﬁ>G+fu +TG+EU +EG]

FPE, = (42)

where the numerator is the estimated fish passage through the PSC at Units 1-6
and screen-guided fish at Units 7-10. Inturn, FPE, can be expressed as

A

6
PR TE 0 “3)

Whereél= IsG+'i'G+IAEG,

U =PU+TU+EU.
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The variance of FI5E1 was estimated by

Var(FPE,) = FPEZ(1- FFDE)2 Vaé(fel) i LrJ(ZU ), (44)
1

where Var (G, ) = Var(PG) +Var(TG) + Var(EG)

and Var (U, ) = Var(PU ) +Var(TU ) +Var(EU).

Estimating Powerhouse 2 FPE
The FPE at Powerhouse 2 is essentially the powerhouse-wide FGE where
A A HG
FPE, =FGE, = ——
R eIy (45)

with associated variance estimator

Vér(FﬁEz)z FI5E22(1- FI5E2)2 Vag(CI;-IZG)JrVa';(LIJ-IZU)

(46)

Evaluating Effect of Spill Volume

Two kinds of statistical tests were conducted to evaluate the effect of spill
discharge on Project FPE, spill efficiency, and spill effectiveness. Those metrics
on spill discharge were also regressed to determine if the slopes of those lines
were significantly (a = 0.05) different from zero. Each season was divided into
“high spill” and “low spill” days, and the null hypothesis that mean values for
each metric did not differ between the “high spill” and “low spill” groups was
tested (a = 0.05; two tailed).
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3 Results

Hydroacoustic Detectability

Comparison of counts of guided and unguided fish by netting and hydro-
acoustic methods at Unit 8 provided valuable feedback for modeling detectability.
After the final round of detectability modeling, the average ratio of net countsto
hydroacoustic counts was close to unity for guided fish (0.85) and unguided fish
(0.93). Preliminary estimates based upon models using average target strength
instead of target strength converted from the average backscattering cross section
produced ratios as low as 0.2-0.3 netted fish for every acoustically detected fish.

In spring, most deployments had effective beam angles > 4 deg for the ranges
that were sampled (Figure 9). Examplesinclude all transducersin and upstream of
PSC units, transducersin Units 7, 9, and 10, and those at spill bays. Exceptions
included deployments where sampling had to begin at relatively short ranges< 4 m
(e.g., near transducers at Unit 8 and up-looking beams on clump anchors 100 ft
upstream of TIES) or where fish and flow moved rapidly through the relatively
narrow portions of hydroacoustic beams (e.g., 4-5 m from up-looking transducersin
Units 11-18).

In summer, curves for effective-beam angle by range had similar shapesto
those modeled in spring, although angles at al ranges tended to be narrower
because the average backscattering cross section of summer-run juvenile fish was
lower than that of spring-run fish (compare Figure 9 with Figure 10).

Polynomial regressions were used to describe the relationships between
effecttive beam angle and range from a transducer for every type of deployment
(Tables 13 and 14). Those equations and passage width data were used to expand
the count of each detected fish and to equalize detectability among sample ranges
and deployments. The coding solved a deployment-specific polynomial equation
for effective beam angle based upon the range of detection of each individual fish,
calculated the corresponding beam diameter at the same range, and multiplied the
fish’s count (i.e., one) by the ratio of the passage width to the beam diameter. The
coefficientsin Tables 13 and 14 and the general form of the polynomial described
in the tabletitles can be used to generate detectability curves. Sampling ranges
that were used to solve for effective beam angle truncated the polynomial curves
to what can be seenin Figures 9 and 10.
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Figure 9. Effective beam angles (EBA) as a function of range from transducers
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Table 13

Coefficients of Polynomials Used to Calculate EBA as a Function of Range From
Transducers in Spring. Polynomials had the general form: C1°MID_R® +

C2" MID_R® + C3 MID_R*+ C4" MID_R®+ C5 MID_R? + C6” MID_R + Intercept,
where MID_R is the midrange in m and C1-C6 are coefficients tabled below

Deployments C1 Cc2 C3 Cc4 C5 C6 Intercept
Units 1-6; in-turbine; dow n-looking -0.00010460 0.00596750 -0.12321500 1.14541490  3.14384480
Units 1-6; forebay; dow n-looking -0.00000139 0.00012693 -0.00463897 0.08693833 -0.88115638 4.66015682 -3.41897700
Units 1-6; forebay; up-looking -0.00058528 0.02686938 -0.44858892  3.29629804 -2.30062783
Units 7 and 9; in-turbine; dow n-looking -0.00004197 0.00248778 -0.05594245 0.54575503  6.02326031
Units 7 and 9; in-turbine; up-looking -0.00074997 0.03215253 -0.51095676  3.65846029 -2.95698551
Unit 10; in-turbine; dow n-looking -0.00003746 0.00224213 -0.05136822 0.51389289  5.43770666
Unit 10; in-turbine; up-looking -0.00056837 0.02536726 -0.42282105 3.19867651 -2.78378372
Unit 8; in-turbine; dow n-looking 0.00047591 -0.02087290 0.35843872 -3.02830542 12.75503641 -13.35659091
Unit 8; in-turbine; up-looking -0.00086156 0.03043435 -0.38695604 2.01558838  6.36559538
Spill bays except 17; dow n-looking -0.00065967 0.02294640 -0.27063404 1.26439126  8.52500500
Spill bay 17; dow n-looking -0.00039674 0.01455617 -0.18133403 0.91941736 11.57919081
Units 11-17; in-turbine; dow n-looking -0.00018152 0.00870374 -0.14752616 1.07862469  2.78287926
Units 11-17; in-turbine; up-looking -0.00048201 0.02140863 -0.36322865 2.91713221 -2.82701798
Unit 18; in-turbine; dow n-looking -0.00018466 0.00887122 -0.15064093 1.10116490  2.42932921
Unit 18; in-turbine; up-looking -0.00012238 0.00967754 -0.22608974  2.24774670 -2.06484848
Units 14&17; 100 ft upstream of TIE; up-looking -0.00001265 0.00156043 -0.06468929  1.12904748 -0.11028066

Table 14

Coefficients of Polynomials Used to Calculate EBA as a Function of Range From
Transducers in Summer. Polynomials had the general form: C1° MID_R® +
C2"MID_R® + C3 MID_R*+ C4" MID_R®+ C5 MID_R? + C6” MID_R + Intercept,
where MID_R is the midrange in m and C1-C6 are coefficients tabled below

Deployments C1l c2 C3 C4 C5 C6 Intercept
Units 1-6; in-turbine; dow n-looking -0.00002311 0.00179565 -0.05022499 0.66291092  1.52344757
Units 1-6; forebay; dow n-looking -0.00000084 0.00007684 -0.00282981 0.05400850 -0.56855929 3.25169059 -3.53600354
Units 1-6; forebay; up-looking -0.00015967 0.00917805 -0.19370849  1.84148302 -1.99990339
Units 7 and 9; in-turbine; dow n-looking -0.00001918 0.00164578 -0.04850403 0.56513353  3.39818253
Units 7 and 9; in-turbine; up-looking -0.00026631 0.01265691 -0.23135520 2.01057298 -2.35716284
Unit 10; in-turbine; dow n-looking -0.00004427 0.00270207 -0.06250497 0.62710147  2.81344475
Unit 10; in-turbine; up-looking -0.00011848 0.00698898 -0.15391561 1.56429786 -1.90202298
Unit 8; in-turbine; dow n-looking -0.00044235 0.01913834 -0.29089364 1.76470548  1.69683566
Unit 8; in-turbine; up-looking -0.00059890 0.02668098 -0.44457592 3.32571662 -4.40953047
Spill bays except 17; dow n-looking -0.00083016 0.02934492 -0.35254396 1.69108715  3.80524975
Spill bay 17; dow n-looking -0.00061652 0.02283748 -0.28611425 1.45669549  6.79296703
Units 11-17; in-turbine; dow n-looking -0.00005527 0.00336898 -0.07301651 0.68140569  0.58181818
Units 11-17; in-turbine; up-looking 0.00017483 -0.00108003 -0.08136364 1.40681430 -1.90893939
Unit 18; in-turbine; dow n-looking -0.00013707 0.00646929 -0.10806726 0.78675568  0.46986326
Unit 18; in-turbine; up-looking 0.00051719 -0.01219794 0.04794435 0.77555458 -1.12242424
Units 14&17; forebay trash racks; dow n-looking -0.00003378 0.00265049 -0.07498884 0.94188402 -1.03711843
Units 14&17; forebay trash racks; up-looking -0.00006047 0.00458235 -0.12812512 1.59000269 -2.39205051
Units 14&17; 100 ft upstream of TIE; up-looking -0.00003765 0.00321830 -0.10204666 1.46173652 -2.98680859
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Validation of Autotracking Hydroacoustic Data

For the five “tracker calibration days’ (early, middle, and late spring; early
and late summer), there was good agreement between autotracker mean counts
and autotracker counts. For most transducer channels, the variation among human
trackers, as indicated by the 80 percent confidence intervals, was a small fraction
of the mean count (Figure 11). Exceptions were transducer channels with very
low counts so that very small differences (one to afew fish) among individual
counts produced relatively large confidence intervals.

400 400
Day 1- Early Spring Day 2- Middle Spring

- =0.649x + 12.627 y =0.6811x + 8.6727
£ 3004 ! 12 = 0.8498 3004 r2=0.847
3 . .
o
j =
g 200 - 3 200
>
I
j =
S 100 A 100 -
=

0 100 200 300 400 0 100 200 300 400

Autotracker Count Autotracker Count
80 150
Day 3- Middle Spring Day 4 - Early Sur:i\-mer
125
go |  ¥=06425x+4.7556 y = 0.8768x + 0.5354
r*=058 100 12207141

75 A I

50 -

Mean Human Count

25 4

0 20 40 60 80 0 25 50 75 100 125 150
Autotracker Count Autotracker Count

160

y = 0.8093x + 6.6427

Day 5- Late Summe
r2=0.6393 T

Mean Human Count
-

o] N

o o

N
o
L

0 40 80 120 160
Autotracker Count

Figure 11. Means of fish counts made by different trained technicians plotted
against autotracker counts on the same hydroacoustic data sets taken
from five different days in early, middle, and late spring and early and
late summer. Vertical error bars indicate 80 percent confidence limits
on the human count means
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Figures 12 and 13 show the differences in cumulative fish counts among
individual humans, the human means, and the autotracker counts for each of the
5 days. These arethe same data asin Figure 11, with the addition of the
individual counts rather than just their means, but al are expressed as cumulative
sums. Figure 12 presents the data for the three spring tracker calibration days and
Figure 13 presents the data for the two summer tracker calibration days.
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Figure 12. Spring cumulative counts by human trackers (lines are individuals; open squares
are the mean) and by the autotracker (dots)
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Figure 13. Summer cumulative counts by human trackers (lines are individuals;
open squares are the mean) and by the autotracker (dots)
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It can be seen that the human error increases from left to right as new
transducer channels are added to the sums. It isalso clear that the differences
among humans are cumulative over the different samples but that the autotracker
fairly closely approximates the human mean.

The time sampled for each day ranged from just over 7 hours (Day 4) to
nearly 11 hours (Day 1, see Table 15). The cumulative differences between the
extreme human (highest or lowest, whichever is more different from the mean
human value) and the mean human, and the differences between the autotracker
and the mean human value are al so presented in Table 15, along with the percent
difference in each case.

Table 15

Total Time Sampled (the Summed Time of All Transducer Channel
Samples) Contributing to the 5 Calibration Days, the Cumulative
Difference and Percent Difference Between the Extreme Human
(High or Low, Whichever was Greater) and the Mean Human
Tracker, and the Cumulative Difference and Percent Difference
Between the Autotracker and the Mean Human Tracker

Difference

between Difference

extreme human between
Calibration Total Hours and mean autotracker and
Day Season Represented human mean human
Day 1 Early Spring 10.87 478.4 (28%) 205.4 (12%)
Day 2 Middle Spring 9.98 547.8 (34%) 108.8 (7%)
Day 3 Late Spring 8.07 388.8 (66%) 17.2 (2%)
Day 4 Early Summer 7.32 645.2 (67%) 107.2 (11%)
Day 5 Late Summer 7.95 331.7 (33%) 85.75 (7%)

Figure 14 presents a regression graph of the same datain Figure 11 except
that all 5 days are included in one plot, and the 80 percent confidence bounds on
the human means are omitted. The autotracker count for each transducer channel
proved to be areasonably good predictor of the mean human count for that
transducer channel sample, the autotracker count explaining about 81 percent of
the variation in the mean human tracker count for the 222 transducer channel
samples over the 5 days.

Chapter 3 Results




350
200 | ¥ = 0.6986x + 7.0059

> =0.81; N =222

250

Mean Human Count

0 50 100 150 200 250 300 350
Autotracker Count

Figure 14. Correlation of mean human tracker counts with autotracker counts
based upon five data sets

Major Passage Metrics

Estimates of FPE for the Project and Powerhouses in Spring and
Summer

The spring proj ect-wide FPE was estimated to be 0.79 with a confidence
interval (Cl) of 0.004 in spring. In summer the estimate was also 0.79 (Cl =
0.002). The FPE estimate for Powerhouse 1 declined from 0.67 (Cl = 0.004) in
spring to 0.61 (CI = 0.002) in summer. Powerhouse 2 had FPE estimates of 0.54
in spring (Cl = 0.008) and only 0.35 (Cl = 0.022) in summer, when most of the
turbine units were inactive most of the time.

Estimates of Spill Efficiency and Spill Effectiveness in Spring and
Summer

Spill efficiency was estimated to be 0.44 (Cl = .004) in spring and 0.49 (CI =
0.004) in summer and spill effectivenessto be 1.36 (Cl < 0.005) in spring and
1.03 (Cl < 0.005) in summer.
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Effects of Spill Level on Project FPE, Spill Efficiency, and Spill
Effectiveness in Spring and Summer

In order to evaluate the effects, if any, on project-wide FPE and spill passage,
total spill discharge was plotted against FPE, spill efficiency, and spill

effectiveness for different days in each season (Figure 15). In generdl, it was
found that the trend lines for project FPE and spill efficiency vs. spill level had
very slight positive slopes, suggesting that higher spill level may be associated

with slightly higher spill passage (Figure 15, a-d). Those slopes were significantly
different from zero for spill level vs. Project FPE in both spring (P < 0.0001) and
summer (P = 0.0054), and for spill efficiency vs. spill level in spring (P = 0.0007)

but not in summer (P =0.0700). The plots of spill level vs. spill effectiveness

produced trend lines with dightly negative slopesin each season (Figure 15, e and
f). The spring trend was not significantly different from zero (P = 0.139), but the

summer trend was significant (P = 0.012). The fits of the points to the trend lines
are rather loose, the best being that for Project FPE in spring (Figure 15, &), which
has an r? value of just over 0.5.

To further evaluate the strength of the effects that spill volume may have on
Project FPE and spill efficiency and effectiveness, hypothesis tests were
conducted on the data. Inspection of Figure 15 reveals that there is arather clear
break between higher and lower spill days. That is, there are no daily total
spillway discharge levels (plotted on the horizontal axes) between about 100,000-

110,000 ft*/second in spring and between about 91,000-100,000 ft¥/second in

summer. The six data sets were divided into two samples, “high spill” days and
“low spill” days using those gaps to define the two groups. Two-tailed t-tests (on
unequal sample sizes and assuming unequal variances) were used to test the null

hypotheses that there is no difference between the means of project FPE, spill
efficiency, and spill effectiveness for “high spill” vs. “low spill” daysin each

season. Table 16 shows results of those hypothesis tests.

Table 16
Results of Two-tailed t-Tests Performed on Daily Sums of Three
Passage Metrics (Project FPE, Spill Efficiency, and Spill
Effectiveness). The degrees of freedom (df) and the p-values are
given in the right hand column

Effects of Spill Level on Project FPE and Spill Metrics

“Low Spill” | “High Difference 2-tailed P-value

Season | Variable Tested Mean Spill” Mean | in Means (df)

Spring Project FPE 0.773 0.823 0.050 0.0001 (11)
Spring Spill Efficiency 0.431 0.504 0.073 0.002 (9)
Spring Spill Effectiveness | 1.370 1.334 0.036 0.242 (24)
Summer | Project FPE 0.778 0.807 0.029 0.187 (14)
Summer | Spill Efficiency 0.469 0.549 0.080 0.042 (13)
Summer | Spill Effectiveness | 1.095 0.934 0.161 0.088 (23)
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Figure 15. Plots of total daily spill level against project FPE, spill efficiency, and
spill effectiveness in each season

Significant differences were found at a = 0.05 in Project FPE and spill
efficiency in spring and in spill efficiency in summer. For spill effectivenessin
summer the p-valueisrather low, although greater than 0.5. Aswould be
expected, the differences were in the direction of increase of Project FPE and spill
efficiency and of reduction in spill effectiveness with higher spill level. However,
the actual differences between the “High Spill” and “Low Spill” means are small
(from 5 to 8 percent for the ratio metrics) considering that the ranges of spill were
fairly large (the highest spill was about 1.75 times the lowest in spring and about
1.5 times the lowest in summer).

The highest fish passage by spill bay occurred at intermediate levels of spill
athough the variation in fish passage was high at al spill levels (Figures 16-19).
Therefore, at the individual spill-bay level, higher discharge does not trandate into
higher fish passage. Since the relationship between spill volume and Project FPE,
spill efficiency, and spill effectiveness seemed rather weak, the relationship was
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Figure 16. Hourly fish passage as a function of hourly spill bay
discharge during spring daytime hours (0700-2000)
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Figure 17. Hourly fish passage as a function of hourly spill bay
discharge during spring nighttime hours (2200-0400)
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Figure 18. Hourly fish passage as a function of hourly spill bay
discharge during summer daytime hours (0600-2000)
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Figure 19. Hourly fish passage as a function of hourly spill bay
discharge during spring nighttime hours (2100-0600)

investigated between spill discharge at individual spill bays and the estimates of
fish passed at those spill bays. Since there were essentialy two different spill
regimes during daytime and nighttime at the dam, and the fish have different
vertical distributions and may have different behavioral patterns as afunction of
time of day, the effects of diurnality were removed by doing separate comparisons
for day and night. To remove any ambiguity due to crepuscular differencesin the
fish, the 2 hours nearest sunrise and sunset were thrown out.

Wesk positive correlations were found between total spillway fish passage
and spill volume during the day and night hour in spring and during night hoursin
summer (Figures 20-22). During daylight hours in spring and summer, fish
passage increased significantly with increased spill, but there was alot of
variation, and spill volume explained only 10 percent or less of the variation in
fish passage. At night in summer, total spill volume explained 21 percent of the
variation in spillway fish passage, but no significant relation was found for
daytime hoursin summer (Figure 23).
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Figure 20. Scatter plot of fish passage through the spillway as
a function of spill discharge during daytime hours
in spring 2000
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a function of spill discharge during daytime hours
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Figure 22. Scatter plot of fish passage through the spillway
as a function of spill discharge during nighttime
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Figure 23. Scatter plot of fish passage through the spillway
as a function of spill discharge during nighttime
hours in summer 2000

Spatial Aspects of Fish Passage

Horizontal Distributions of Fish Passage, Flow, and Fish Density

Horizontal Distribution of Fish Passage. The horizontal distribution of fish
passage at each of the main passage routes was examined. Figures 24 and 25
show the total estimated fish passage across the entire project in spring and
summer, respectively. The spillway passage estimates, graphed in the center as
they occur at the dam, were grouped in sections of either three or four spill bays
each and so account for greater horizontal distances across the face of the dam and
greater total flows than do the individual turbine units.
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Figure 24. Horizontal distribution of total fish passage at turbines and spillway
sections in spring
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Figure 25. Horizontal distribution of total fish passage at turbines spillway
sections in summer

In spring, it was estimated that just over 48.45 M fish passed the project
during the 43 days that were sampled, with nearly half (44 percent or 21.32 M
fish) passing by spill, over one-third (35 percent or 16.92 M fish) passing
Powerhouse 1, and about one-fifth (21 percent or 10.26 M fish) passing
Powerhouse 2 (Figure 24). Just over 70 percent of the total 16.9 M fish that
passed at Powerhouse 1 passed south of the wing wall through Units 1-6 (the PSC
units). Of the remaining 4.75 M fish passing Units 7-10, over half (2.68 M)
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passed Unit 9, which was the turbine unit with the highest estimated total fish
passage in spring.

The eight turbine units at Powerhouse 2 passed an estimated 10.26 M fish,
about 21 percent of the dam total. Of the eight Powerhouse 2 turbine units the
highest passages were at Unit 15 (2.25 M fish) and Unit 13 (1.84 M fish), each
very roughly one-fifth of the powerhouse total. The other six units passed around
1M (760,000 to 1.25 M) fish each, with dlightly higher passage at the units
towards the southern end of the powerhouse.

Each of the spillway sections, except the one comprising Spill Bays 5-7,
passed more fish in spring than did any single turbine unit. Passage was
distributed very unevenly across the spillway with Bays 2-4 passing the most fish
of all the spill bay sections (estimated passage of over 7.27 M fish). In decreasing
order, Bays 11-14 passed an estimated 5.77 M fish, Bays 8-10 passed an estimated
4.25 M fish, Bays 17-15 passed an estimated 2.99 M fish, and Bays 5-7 were by
far the lowest with an estimated passage of just over 1 M fish, lower than most of
theindividua turbine units.

In summer, it was estimated that about 31.80 M fish passed the project during
the 26 day period sampled, giving summer a dightly higher daily rate of passage.
Asin spring, summer spillway passage accounted for about half of the season’s
total, i.e., 49 percent or 15.71 M fish (Figure 25).

Thetotal passage at Powerhouse 1 was estimated to be about 13.8 M fish, or
about 43 percent of the entire dam’s summer passage. The horizontal distribution
of passage at Powerhouse 1 was very similar to that in spring, with about 68 per-
cent (9.4 M fish) passing south of the wing wall and through Units 1-6. Of the
remaining 32 percent (4.4 M fish) that passed to the north of the wing wall,
passage was divided almost equally between Unit 9 and the other three units
combined (Units 7, 8, and 10). Unit 9 passed about 2.2 M fish and the other three
units shared about the same number roughly equally. In summer asin spring,
Unit 9 passed more fish than did any other turbine unit at the project.

The primary seasonal difference in dam operations was that Powerhouse 2
was mostly inactive in summer, passing only about 2.29 M fish or 7.2 percent of
the project total. The most passage was at the end units (Unit 11 at the south end
and Unit 18 at the north end), which are operated in summer to supply attraction
flow for adult migrant sailmon. Unit 11 passed about 742,000 fish (30 percent of
Powerhouse 2 passage) and Unit 18 passed just over 1 M fish (45 percent of
Powerhouse 2 passage). The remaining 23 percent (about 520,000 fish) was
passed across the rest of the powerhouse, mostly at Units 15 and 16. Unit 12 did
not operate at al in summer.

The horizontal distribution of passage across the spillway was dightly less
varied than in spring. Spill Bays 11-14 passed the most fish with an estimated
4.69 M, followed by Bays 8-10 and Bays 2-4, which passed about 4.05 and
4.14 M fish, respectively. Asin spring, Bays 5-7 passed the fewest fish with just
over 7,800 fish.
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Horizontal distribution of flow in spring. Figures 26 and 27 show the total
estimated flow across the entire project in spring and summer, respectively. As
with the fish passage figures, it should be noted that the spillway is graphed in
sections of either three or four spill bays each and so account for greater
horizontal distances across the face of the dam and greater total flows than do the

individual turbine units.
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Bonneville Dam passed almost 29,500 x 10° m® of water in spring and the
horizontal distribution of flow, even on the scale of the three major structures
(powerhouses and spillway), provided informative contrasts with the distribution
of fish passage (Figure 24). It was estimated that Powerhouse 1 passed about
44 percent of the spring fish in about 32 percent of the water. Powerhouse 2
passed its 21 percent of the total spring fish in 36 percent of the total project flow.
The spillway passed just under one-third of the water (33 percent) in spring, but
passed an estimated 44 percent of the total spring fish run.

On afiner scale, that of specific turbine units and spill bay sections, thereis
again no clear relationship between the horizontal distribution of flow and that of
fish passage. Except for Unit 10, which ran only about half as much as the others,
flow through all of the Powerhouse 1 turbine units was approximately equal. But
fish passage (Figure 24) was highest at Unit 9 and was also high at Unit 6 and the
rest of the units south of the wing wall (the PSC units). Fish passage was notably
low at Units 7, 8, and 10.

For the entire spring, the spillway sections that passed the most (Bays 2-4)
and least (Bays 5-7) water also passed the most and least fish, respectively (but
recall hourly results presented above). The association between flow and fish
passage was not as clear for the other three sections. The section with the second
highest flow (Bays 15-17) had the second lowest fish passage and the two
remaining sections had very similar flows (within 10 percent). Of the sections
with similar flows, the one with the greater flow of the two (Bays 8-10) passed
30 percent more fish than did the one with the lesser flow (Bays 11-14).

The dam passed about 12,900 x 10° m® of water during the 26 days sampled
in summer (Figure 27). Powerhouse 2 was largely inactive in summer,
contributing only about 11 percent of the dam’ s total discharge. The spillway
passed about half (48 percent) of the water in summer with the remaining
41 percent passing Powerhouse 1.

Asin spring, the summer discharge across Powerhouse 1 was fairly uniform,
ranging from 463 million m? through Unit 7 to 650 million m® through Unit 10.
A gain flow did not closely mirror fish passage. Unit 9 again passed more fish
than any other unit and Units 7, 8, and 10 passed fewer fish than their proportion
of flow would predict. At Powerhouse 2, Unit 12 did not pass any water and
Units 13-16 operated very little (although Units 15 and 16 had fairly high fish
passage those times when they did operate). Unit 17 was especially surprising in
that it passed very nearly as much water as did Unit 18 but had only about
5 percent of Unit 18 fish passage (compare Figures 25 and 27).

The same comparisons for flow and fish passage made with regard to the
spring figures (Figures 24 and 26), indicating that the turbine units and spill bays
that pass the most water do not pass the most fish, also hold for summer
(Figures 25 and 27). In fact, except for the inactivity of Powerhouse 2 in summer,
the horizontal distributions of flow or fish passage between seasons are much
more similar than are the horizontal distributions of water and fish passage within
Seasons.
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Horizontal distribution of fish passage density. Turbine units and spill bay
sections are very different structures passing very different flows on very different
schedules. Thereis considerable operational variation among individual turbine
units or spill bay sections. To avoid the complexity inherent in different turbine
units and spill bay sections having different dimensions and operating schedules,
fish passage densities (the ratio of total fish passage to total discharge at each
turbine unit or spill bay section) were calculated for both spring and summer.
Figures 28 and 29 present those data.
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Figure 28. Horizontal distribution of fish density through turbines and five spillway
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Overall spring fish passage density was 1,643 fish per million m®of water
passed. The highest fish passage densities were, in descending order, at Bays 8-
10, Unit 15 at Powerhouse 2, and Unit 4 at Powerhouse 1 (Figure 28). It should
be understood that the values from the turbine units represent both guided and
unguided fish. Units 1-6 and 9 at Powerhouse 1, Bays 11-14, 8-10, and 2-4 at the
spillway, and Units 12-15 at Powerhouse 2 had generally high fish passage
densitiesin spring.

In summer fish passage density was about 2,465 fish per million m®, or about
150 percent higher than it was in spring (Figure 29). Except that Unit 9 had a
higher fish passage density than did Unit 4, which was the highest on Powerhouse
1in spring, the general horizontal distribution of fish passage density is very
similar between the two seasons. It should be noted, however, that the high
values for the interior units on Powerhouse 2 are from very brief samples and,
conversely, the very low value for Unit 17 represents an equivalent discharge to
the much higher fish passage density at Unit 18.

To better understand spill and passage, the proportions of total fish passage,
total volume of water spilled, and fish passage density were compared at the five
different spill bay sectionsin spring (Figure 30) and summer (Figure 31).

In spring the spillway section that spilled the most water (Bays 2-4) passed the
most fish but did so with relatively low fish passage density as compared with a
spillway section (Bays 11-14), which spilled dightly over half (53 percent) as
much water and passed over 79 percent as many fish (Figure 30). Directly south
of the relatively effective (in terms of water) Bays 11-14, Bays 15-17 used over
154 percent as much water to pass half (52 percent) as many fish.
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Figure 30. Horizontal distribution of total fish passed, total water spilled, and
total fish density spilled through five spillway sections in spring
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Spillway Sections in Summer
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Figure 31. Horizontal distribution of total fish passed, total water spilled, and
total fish density spilled through five spillway sections in summer

In summer the highest spilling spillway section that passed the most water
(again Bays 2-4) passed only about 88 percent as many fish as did Bays 11-14,
which used just less than half (49 percent) as much water to do so (Figure 31).
Bays 15-17 were again much less effective, in terms of water, than were Bays 11-
14 in that they used 72 percent more water to pass 44 percent fewer fish.

Vertical Distribution of Fish Passage

Powerhouse 1. At thefirst powerhouse, most fish were detected high in the
water column. Upstream of the PSC, from 92 to 99 percent of all fish detected at
each unit during the spring were above the elevation of the floor of the PSC. Fish
were highest in the water column at Unit 6, and were lowest at Units 2 and 5. For
all five PSC dots that were sampled, 95 percent of all detected fish were above
the elevation of the floor of the PSC (Figure 32).
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Figure 32. Vertical distribution of fish upstream of PSC slots sampled in this

study in spring 2000

At thefirst powerhouse, most fish detected during summer also were high in

the water column, and the overall vertical distribution of fish was only dlightly
lower than it was during the spring. Upstream of the PSC, from 85 to 96 percent
of al fish detected at each unit during the summer were above the elevation of the
floor of the PSC. For al five sampled PSC slots combined, 93 percent of al
detected fish were above the elevation of the floor of the PSC (Figure 33).
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Figure 33. Vertical distribution of fish upstream of PSC slots sampled in this

study in summer 2000

In spring and upstream of each of the sampled PSC slots, a higher proportion

of fish were detected deeper in the water column at night than during the day.

From 93 to 99 percent of fish detected during the day and from 77 to 98 percent

of fish at night were detected above the elevation of the floor of the PSC (at
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e 30.5ft). Overall, 97 percent of daytime fish and 88 percent of nighttime fish
were detected above the elevation of the floor of the PSC (Figure 34; Table 17).

PSC Slots 1, 2,4, 5, and 6 in Spring
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Figure 34. Day and night vertical distributions of fish upstream of sampled PSC
slots in spring and summer. The horizontal line indicates the PSC
floor elevation

Table 17
Percentage of Fish Detected Above the Floor of the Sampled PSC
Slots. The floor was located at elevation 30.5 ft mean sea level

Spring Summer
Location Day Night Overall Day Night Overall
ALL 97 88 95 95 90 93
Slot 1 97 93 97 96 93 96
Slot 2 93 77 92 95 85 94
Slot 4 98 97 98 95 93 95
Slot 5 94 82 92 86 80 85
Slot 6 99 98 99 96 92 95
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In summer and upstream of the sampled PSC dlots, a higher proportion of fish
were detected deeper in the water column at night than during the day. From 86
to 96 percent of fish detected during the day and from 80 to 93 percent of fish at
night were detected above the elevation of the floor of the PSC. Overall,

95 percent of daytime fish and 90 percent of nighttime fish were detected above
the elevation of the floor of the PSC (Figure 34; Table 17).

Powerhouse 2. In spring the vertical distribution of fish also was surface
oriented at Powerhouse 2. Eighty percent of the fish detected 100 ft upstream of
Intake 14b and 97 percent of the fish detected upstream of Intake 17c were higher
in the water column than the top of the intake openings (Figure 35). In summer
the vertical distribution of fish also was surface-oriented at Powerhouse 2.
Ninety-seven percent of the fish detected 100 ft upstream of Intake 14b and
96 percent of the fish detected upstream of Intake 17c were higher in the water
column than the top of the intake openings (Figure 35).
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Figure 35. Vertical distribution of fish detected 100 ft upstream of Intakes 14b
and 17c at Powerhouse 2 in spring and summer. The elevation of the
top of the turbine intake is indicated by a horizontal line

Diel differences were found in the vertical distribution of fish in the forebay
of Powerhouse 2 during the spring. At night 80 percent of the fish detected at
both clump anchor positions were higher in the water column than the top of the
intake openings. During the day, 85 percent of the fish detected 100 ft upstream
of Intake 14b and 99 percent of fish detected upstream of Intake 17c were higher
in the water column than the top of the intake openings (Figure 36, Table 18).
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Figure 36. Day and night vertical distribution of fish detected 100 ft upstream of
Intakes 14b and 17c at Powerhouse 2 in spring. The elevation of the
top of the turbine intake is indicated by a horizontal line

Table 18
Percentage of Fish Detected 100 feet Upstream of Powerhouse 2
That Were Above the Elevation of the Top of the Turbine Intake

Season Location Day Night Overall

Spring Intake 14b 85 80 80
Intake 17c 99 80 97

Summer Intake 14c 98 95 97
Intake 17c 97 95 96

Only small differences were found in the diel patterns of vertical distribution
of fish in the forebay of Powerhouse 2 during the summer. At night 95 percent of
the fish detected at both clump anchor positions were higher in the water column
than the top of the intake openings. During the day, 98 percent of the fish
detected 100 ft upstream of Intake 14b and 97 percent of fish detected upstream of
Intake 17c were higher in the water column than the top of the intake openings
(Figure 37, Table 18).
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Intake 14B in Summer Intake 17C in Summer
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Figure 37. Vertical distribution of fish detected 100 ft upstream of Intakes 14b
and 17c at Powerhouse 2 in summer. The elevation of the top of the
turbine intake is noted

Also examined were the vertical distributions of fish immediately upstream of
the trash racks at Intakes 14b and 17c during the summer. It is estimated that
66 percent of the passing fish detected at Intake 14b and 72 percent of the passing
fish detected at Intake 17¢ were above the elevation of the tops of the intake
openings. Additionally, 85 percent of the fish detected at Intake 14b and
93 percent of the fish detected at Intake 17c were above the elevation of the tips of
the STSs (Figure 38).

Diel differencesin vertical distribution were observed immediately upstream
of the trash racks in the summer. At Intake 14b, 74 percent of daytime fish and
59 percent of nighttime fish were detected above the elevation of the top of the
intake. At Intake 17c, 78 percent of daytime fish and 68 percent of night fish
were detected above the elevation of the top of theintake. At Intake 14b,

89 percent of day fish and 79 percent of night fish were found, and 96 percent of
day fish and 88 percent of night fish at Intake 17c were found above the dightly
lower elevation of thetip of the screens (Figure 39).
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Figure 38. Vertical distribution of all fish detected immediately upstream of trash
racks at Intakes 14b and 17c in summer 2000
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Figure 39. Day and night vertical distribution of all fish detected immediately
upstream of trash racks at Intakes 14b and 17c in summer 2000
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Temporal Trends in Fish Passage

Seasonal Trends

Spring hydroacoustic sampling at the Bonneville Project and JBS sampling at
Powerhouse 2 by the NMFS both indicated that peaks in the spring run occurred
near 22 April and sometime during the later part of May (Figure 40).
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Figure 40. General pattern of spring run timing estimated by hydroacoustics and
by sampling with a smolt trap in the Powerhouse 2 JBS

In summer two peaksin fish passage were detected by both sampling methods
(Figure 41), with the first occurring around Julian Day 159 (7 June) and another
occurring around Julian Day 166 (14 June). A third peak in fish passage detected
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by hydroacoustics from Julian Day 178-181 (26-29 June) was not in the JBS
sampling.
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Figure 41. Summer run timing as determined by hydroacoustic sampling and by
NMFS sampling of a smolt-trap at Powerhouse 2

Spill efficiency contributed significantly to Project FPE in spring and
summer, and the difference between FPE and spill efficiency narrowed in late
spring and early summer (Julian days 141-170; Figure 42).

The efficiency of fish passage at Powerhouse 1 declined significantly from

early spring through mid-summer, but not as precipitously as the efficiency for
Powerhouse 2 (Figure 43). Fish guidance structures at Powerhouse 1 included the
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PSC at Units 1-6, an ESBS at Unit 8 and STSs at Units 7, 9, and 10, whereas
Powerhouse 2 had only STSs.
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Figure 42. Seasonal trends in project FPE and spill efficiency
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Figure 43. Plot of the average FPE of Powerhouse 1 and Powerhouse 2 from

spring through summer
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Unlike the efficiency of the ESBS and STSs, which declined significantly
from spring through summer, the efficiency of the PSC remained high in both
seasons (Figure 44).

i
e O
-
¥ bl L=
".. ]
rocd
-
. i L2
L -
L
{I-I:IJ I"-" 3 :'ﬂ
L] [ =]
=1 "‘.-'_.. B=
| — =t =
£ - wip -
. . ——t |
w g ——— " a | =
n fr —
|
e . L &
'i’!'" = 3 =
o =Lk | o
=
=
L=}
™
o
e
=
=P o1
ol g e 2 o
= P
—¥— F':'..-'H L = rC‘
=
el i - 2 = B
Ly a4 i n'ﬁ ?:1 Lt L i ﬁ
L B u EJ E =
m| !ijfﬂh g L L= .?i-
{ - = o ot
O etiR g € |l 3
| o Ml . O = -
o :r1§b| = o ;
*}i‘e = T = L&
L L] -] '] )
5 P
L~
=
{ =
: =
B
i
[ B =
o nt ¥ L @
’ "% T
n -.- "!':
wy * L D
[ & E
E. :'" - 'E
{ - =
L) el 1 E
ol ", o
1 i
o o » i
-. i
& e
L=
. o
=
-
| ! 4 4 : (=]
= m w = o [ ]
o = = = = (=]
fousiowmg

Figure 44. Plot of the FPE of the PSC, the ESBS at Unit 8, and the STS at
Units 7, 9, and 10, and spill efficiency by Julian Day in spring and
summer

The contribution of our conservative estimate of the PSC efficiency to Project
FPE averaged about 6 percent in spring before Julian Day 142 (21 May) and
about 12 percent thereafter (Figure 45).

Chapter 3 Results



The average effectiveness of the PSC at Powerhouse 1 was significantly
higher than that of the project spill effectiveness (Figure 46), where effectiveness
isthe proportion of fish passed by aroute divided by the proportion of water
passed.

‘ —e— FPE with PSC —o— FPE without PSC ‘

Project FPE

Spring Summer

E Increase
o
o
[Ge]
L

= 0.06 -

110 125 140 155 170 185
Julian Day

Figure 45. Plot of FPE of the Bonneville Project with and without the PSC (top)
and increase in FPE due to the PSC (bottom) over STSs
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Figure 46. Plot of average PSC and spill effectiveness by Julian Day in spring
and summer
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Diel Patterns

Some fish passage metrics had diel variation in spring, but Project FPE
remained fairly steady over the course of an average day (Figure 47). In contrast,
spill efficiency was 5-8 percent lower in spring and about 10 percent lower in
summer during the daytime than it was at night (Figure 48). Spill effectiveness
did not vary much among hours of the day in spring (Figure 49). In summer spill
effectiveness was about 27 percent lower than it wasin spring and it was about 8
percent lower from 1100 through 1500 hours than it was during other hours of the
day. At Powerhouse 1, the fish passage through turbines tended to be lowest
during the day from about 1000 to 1800 hours in spring, whereas it was
crepuscular in summer with a peak just after dark and another about sunrise
(Figure 50). In contrast to fish passage through turbines, passage through the PSC
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Figure 47. Diel patterns of FPE for Bonneville Dam during spring and summer
2000
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Figure 48. Diel patterns of spill efficiency for Bonneville Dam during spring and
summer 2000
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Spill Effectiveness
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Figure 49. Diel trends in spill effectiveness for spring and summer
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Figure 50. Diel patterns of fish passage through the PSC and turbines at

Powerhouse 1
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was highest during the day from about 0900 to 2100 hours in spring and between
1000 and 1700 hours in summer (Figure 50).

The hourly proportion of fish passing under the PSC varied little among hours
of the day in spring, whereas unguided passage under the PSC in summer and
under in-turbine screens in spring and summer peaked around the time of sunset
(Figure 51).
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Figure 51. Diel trends in fish passage under the PSC and screens located in
Turbines 7-10 at Powerhouse 1 in spring (top) and summer (bottom)

At Powerhouse 2, guided fish passage exhibited a crepuscular patternin
spring with peaks in passage occurring around sunrise and sunset, but in summer,
only an evening peak was evident (Figure 52). Little diel pattern was evident for
unguided fish at Powerhouse 2 in spring (Figure 53). However, for the few
operational turbines in summer, proportionally more fish passed under screens
during the day than at night (Figure 53).
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There was no overlap in 80 percent confidence limits for many night and

daytime hours, indicating that the mean hourly rate of fish passage through the
spillway tended to be higher at night than during the day in both seasons
(Figure 54). Spill volume also was higher at night than it was during the day. In
spring the mean hourly rate of fish passage during night hours (2030-0540) was
17 percent higher than the mean of day hours (0800-1900), and in summer the

mean hourly rate of passage during night hours (2130-0520) was 19 percent

higher than the mean of day hours (0800-2000).
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Fish Guidance Efficiencies

Background

Fish guidance efficiency istheratio of the estimated number of fish passing a
turbine by a non-turbine route (“guided” fish) to the estimated number of al of the
fish passing that turbine (“guided” + “unguided” fish). Fish passage efficiency is
the same calculation done on the scale of the PSC, a powerhouse, or the entire
project. Based upon historical information, FPE and FGE are expected to be
lower in summer than in spring. Results of the efficiency evaluations of fish
guidance structures are presented in the following order: PSC at Units 1-6, the
ESBS at Unit 8, and STS at Units 7 and 9-18.

Comparing Performance of Fish Guidance Structures

No significant correlations of hourly counts of fish were detected in turbine
intakes downstream of the PSC with hourly counts of fish detected immediately
upstream of corresponding 20-ft wide PSC slot entrances. Similarly, the sum of
hourly counts of fish detected in Turbines 1, 2, 4, 5, and 6 was not significantly
correlated with the sum of hourly counts of fish upstream of sot entrances (Fig-
ure 55). The number of fish detected upstream of PSC dots almost aways was
significantly higher than the number detected in turbines downstream of the PSC.

y = 0.0169x + 487.57
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Figure 55. Scatter plot of hourly in-turbine counts of fish downstream of the PSC
at Units 1, 2, 4, 5, and 6 as a function of counts upstream of the same
20-ft-wide PSC slot entrances
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The expected marked decline in FGE was observed at all of the turbine units
that are only equipped with screens (11 STSs or the one ESBS) for fish guidance,
but it was found that FGE of the PSC remained as high in summer asit wasin
spring (0.72, see Figure 40). The Powerhouse 1 turbine units with STSs (Units 7,
9, and 10) had an estimated average FGE of 0.48 in spring and 0.36 in summer.
FGE at the ESBS at Unit 8 in spring was 0.72, as good as the average PSC FGE,
but it was only 0.50 in summer. The eight Powerhouse 2 turbine units (all with
STSs) had an average FGE of 0.52 in spring and the seven turbines that operated
in summer (Unit 12 did not) averaged 0.38. High FGE values for turbine units
near the middle of Powerhouse 2 should be understood in light of the very brief
times that they were operated in summer as described bel ow.

Figures 56 and 57 present the mean FGEs for all of the turbine units at the
dam in spring and summer, respectively. 1n both seasons Units 5 and 6, next to
the Powerhouse 1 wing wall on the northern end of the PSC, had the highest
FGEs at the project with the only estimated values over 80 percent (Table 19). In
spring Unit 2 (PH-1 PSC), Unit 8 (ESBS), and Units 14 and 15 (near the center of
Powerhouse 2 with STSs), shared the next highest echelon of estimated FGE
values, between 0.70 and 0.80. Three PSC units (Units 1, 3, and 4) and Unit 12
(STS at south end of Powerhouse 2) had FGES between 0.6 and 0.7. Four STS
units (Units 9 and 10 on Powerhouse 1 and Units 13 and 17 on Powerhouse 2)
had FGEs of 0.50-0.60. Unit 7 (STS on Powerhouse 1) and Units 16 and 18
(STSs on Powerhouse 2) had FGEs between 0.40 and 0.50, and Unit 11 (STSon
the south end of Powerhouse 2) had the lowest spring FGE of 0.21. Unit 10 was
off line for part of the spring and ran only about half as much as did the other
turbine units.
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Figure 56. Estimated FGE by turbine unit in spring. Error bars are 95 percent confidence limits
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Figure 57. Estimated FGE by turbine unit in summer. Units 13-16 are shown in
white because they were rarely operated in summer (i.e., they passed
< 6 % of Powerhouse 2 discharge). Unit 12 did not run in summer

In summer the turbine units with the highest FGEs were again Units 5 and 6,
but the overall profile of FGE across the dam was considerably different from that
in spring (Figure 57). The average FGE at the PSC was the same (0.72) for
summer, although the FGEs of the individual PSC turbine units were less variable
than during spring. FGE estimates at Units 1-3 were similar and the lowest in the
PSC (0.63-0.64), Unit 4 was dightly higher (0.72%), and Units 5 and 6 had
estimated summer FGEs of 0.83 and 0.82, respectively.

Whereas the FGEs at the PSC held up well in summer, those from the
screened turbine units north of the wing wall had much lower values (Figure 56).
The most extreme decline from spring to summer was at Unit 10 (with an STS)
where the estimated FGE dropped 30 percent from 0.56 in spring to 0.26 in
summer. Unlike in spring, Unit 10 was on line about as much as were the other
turbine units at Powerhouse 1 in summer. The next most severe lossin FGE was
at Unit 8 (with the ESBS) where the estimate went from 0.72 in spring to 0.50 in
summer, a decrease of 22 percent. Unit 9 dropped from 0.50 in spring to 0.36 in
summer, but Unit 7 showed an increase of about 5 percent, from 0.43 to 0.48.

In summer, Powerhouse 2 operations were dramatically different from what
they werein spring. The most obvious difference was that most of the
Powerhouse 2 turbine units were operated very little or not at all (Unit 12) in
summer and so Powerhouse 2 passed only about 13.6 percent as much water in
summer asit did in spring. Also, about twice as much water was passed by
generation during daytime than at night at Powerhouse 2 in order to provide
attracting flow for upstream migrating adult salmon. The distribution of operation
across turbine units was also very different in summer, with about 32 percent of
Powerhouse 2' s water passing Unit 11, about 27 percent each passing Units 17
and 18, about 5.4 percent passing Unit 16, and the rest of the units passing less
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than 5 percent. For that reason it is of note that the rather high FGE estimates
from the middle turbine units (Units 13-16) are based upon very small samples
and are marked accordingly in Figure 57.

The Powerhouse 2 turbine units that ran for substantial periods (Units 11, 17,
and 18) had very different FGE estimates although they all have STSsfor fish
guidance. Unit 11, at the north end of Powerhouse 2, had the lowest FGE
estimate at the project, 0.07, whereas Unit 18 at the north end had an estimate of
0.49. Itisespecialy surprising that Unit 17, which ran almost the same amount of
water as did Unit 18 in summer, had an estimated FGE estimate 18 percent lower,
or 0.32 (Figure 57).

Table 19

FGEs at Both Powerhouses in Spring and Summer
FGE Range Spring Summer

> 80% Units 5 & 6 (PH-1; PSC) Units 5 & 6 (PH-1; PSC)

70-80% Unit 2 (PH-1; PSC)
Unit 8 (PH-1; ESBS)

Unit 14 (PH-2; STS)

Unit 4 (PH-1; PSC)

60-70%

Units 1, 3, & 4 (PH-1; PSC)
Unit 12 & 15 (PH-2; STS)

Units 1, 2, & 3 (PH-1; PSC)
Units 14 & 15 (PH-2; STS)

50-60%

Unit 9 & 10 (PH-1; STS)
Unit 13 & 17 (PH-2; STS)

Unit 8 (PH-1; ESBS)

40-50%

Unit 7 (PH-1; STS)
Units 16 & 18 (PH-2; STS)

Unit 7 (PH-1; STS)
Unit 18 (PH-2; STS)

30-40%

Unit 9 (PH-1; STS)
Units 16 & 17 (PH2; STS)

< 30%

Unit 11 (PH-1; STS)

Unit 10 (PH-1; STS)

Unit 11 & 13 (PH-2; STS)

Note: Turbine units are grouped in 10% bins according to their FGE estimates. Note that, in
summer, the FGE estimate for the ESBS on Unit 8 is just 50%, so it is on the line between the
40-50% and the 50-60% bins

Simultaneous examination of guided and unguided fish passage trends by
turbine (Figures 58 and 59) helps put the FGE estimates (Figures 56 and 57) into
perspective. In those figures, the horizontal axis at zero represents the dividing
elevation of the fish guidance structure (e.g., the floor eevation of at PSC
Units 1-6, the tip of the ESBS on Unit 8, or the tips of the STSs at Units 7, 9-10,
and 11-18. The negative numbers indicate unguided fish below the fish guidance
structures and the positive numbers indicate guided fish above that elevation.

In spring at Powerhouse 1, Unit 8's ESBS had as high an FGE estimate as the
mean for the PSC units (72 percent), but it is clear from Figure 58 that many
fewer fish passed at Unit 8 than passed at any of the PSC units. Also, whereas
more spring fish encountered Unit 9 than any other turbine unit, Unit 9 guided
only about 50 percent of them. At Powerhouse 2 the highest total (both guided
and unguided) passage was at Unit 15, which also had arather high FGE estimate
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in spring (68 percent), while its nearest neighbor unit to the south, Unit 14, had an
even higher estimated FGE but passed substantially fewer fish. There tended to
be more guided fish passing at Units 12-15 than at other unitsin spring.

In summer the PSC substantially outperformed the screened unitsin terms of
FGE estimates and was al so encountered by more fish (Figure 59). A surprisingly
high number of fish encountered Unit 9 in summer, as compared to the other
turbine units, but relatively few were guided (Unit 9 summer FGE estimate =
36 percent). At Powerhouse 2 around three quarters of amillion fish encountered
Unit 11 but very few were guided (Unit 11 FGE estimate = 7 percent), whereas at
the other end of the powerhouse about 1 M fish passed, about half of which were
guided. Whereas Unit 17 passed almost as much water and had alower FGE
(31 percent as compared to 49 percent) as did Unit 18 in summer, it evidently had
amuch lower overall encounter rate (Figure 59).
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Figure 58. Estimated total fish passage above and below fish guidance structures
(floor of PSC or screens) in spring. The horizontal axis at zero
represents the division between guided and unguided passage (PSC
floor, ESBS tip, or STS tip)
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Figure 59. Estimated total fish passage above and below fish guidance structures
(floor of PSC or screens) in summer. The horizontal axis at zero
represents the division between guided and unguided passage (PSC
floor, ESBS tip, or STS tip)

Comparing FGE Sampling Methods at Unit 8

The fish passage estimates from the up-looking and down-looking beams at
Unit 8 were compared with NMFS estimates based upon gatewell dipping of
guided fish and fyke netting of unguided fish. The NMFS samples were collected
on 40 eveningsin both spring and summer for about 2 hr each (starting at 2000 hr
and ending from 2205 to 2250 hr, the mean duration being 2 hr 31 min). Hydro-
acoustic samples were able to be paired up with netting samples from only 33 of
the 40 days sampling in spring and summer because of equipment problemsin
spring (see Materials and Methods).

Hydroacoustic estimates of the number of fish guided by the ESBS were
significantly correlated with the number of guided fish dipped from the gatewell
(Figure 60), as were hydroacoustic estimates of unguided fish with numbers of
unguided fish collected in fyke nets (Figure 61). The slopes of the correlation
lines for guided and unguided fish were 0.85 and 0.93, when the intercepts were
forced through zero. Only about 53 percent of the variation in netting estimates
was explained by the hydroacoustic estimates.
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Figure 60. Correlation of gatewell-dipping estimates of the number of fish guided
by the ESBS at Unit 8 with hydroacoustic estimates

Paired t-tests of paired observations indicated that hydroacoustic and netting
estimates of FGE did not differ significantly in spring, but differences were
significant in summer despite low sample sizes (Table 20). After pooling spring
and summer observations, at-test indicated that the means were significantly
different, although they only differed by 3 percent.

The correlation of netting and hydroacoustic estimates of FGE at Unit 8 also
were highly significant (Figure 62). A single point in the figure (x and y
coordinates 0.50, 0.24) seemed to be an obvious outlier for the correlation, but
dropping it from the analysis could not be justified. Excluding that point from the
correlation analysis increased the r? value by only 3 percent, from 0.65 to 0.68.
The r*for FGE estimates was 12 percent higher than corresponding statistics for
numbers of guided and unguided fish.
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Figure 61. Correlation of fyke netting estimates of the number of fish passing
under the ESBS at Unit 8 with hydroacoustic estimates

Table 20

Paired t-tests Comparing Mean Estimates of FGE by Hydroacoustics
and Netting for the ESBS at Unit 8 in Spring, Summer, and Both

Seasons
Season
Spring Summer Both

Statistics Acoustic Hetting Acoustic Hetting  Acoustic Hetting
hean 070093 069234 057441 051119 065493 062647
Variance 0.00412 0.00335 0.01362 001467 001103 0.01497
Cbzervations g ry 12 12 33 33
Hypothesized Mean Difference 0 ] 0
df 20 11 32
t Stat 07272 244805 2. 24067
PLT==t]tweo-tail 047852 0.03236 003212
1 Critical two-tail 2.09 2.20 2.04
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for the ESBS in Unit 8 (top) and of the correlation of netting estimates

of FGE at Unit 8 (bottom) with hydroacoustic estimates
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4 Discussion

Hydroacoustic Detectability

The motivating force behind efforts to improve detectability modeling is the
desire to provide hydroacoustic estimates that are quantitative as well asreliable
relative indices to fish passage. Ratio estimators such as the FGE of the PSC,
ESBSs, and STSs only require that hydroacoustic beams sampling guided and
unguided fish have equal detectability so that ratios of counts, not necessarily the
counts themselves, are accurate. Similarly, combining counts from different
locations such as powerhouses and a spillway also requires equalization of
detectability so that counts from different locations are comparable, although the
counts themselves may not be accurate. Nevertheless, accurate counts estimated
by proper expansion of detected fish have the potential to provide estimates with
inherent quantitative value as well as providing acceptable relative estimates.

Expanded hydroacoustic counts of guided and unguided fish at Unit 8 were
compared with estimates from netting by the NMFS to evaluate the
reasonableness of our detectability modeling and the resulting spatial expansion
factors. Preliminary hydroacoustic estimates of numbers of guided and unguided
fish at Unit 8 were 3-5 times higher than NMFS netting estimates, and this
suggested that the calculated effective beam angles were too narrow and spatial
expansion factors were too large. On reviewing preliminary modeling efforts, it
was found that average target strength had been input rather than a target strength
converted from the average backscattering cross section of detected fish. This
mistake caused the model to underestimate the hydroacoustic size of fish and
effective beam angles. Asaresult, spatial expansion factors derived from fish
detection ranges were overestimated. The use of revised target strength estimates
calculated from the average backscattering cross section provided ratios of
hydroacoustic and netting estimates that approached 1:1. These results
demonstrate the value of using multiple sampling methods for calibration
purposes. Ploskey and Carlson (1999) observed that hydroacoustic sampling only
provides arelative index to fish passage unless calibrated against unbiased
netting.

It was found that 25-47 percent increasesin spill rate were associated with

only modest increases in Project FPE (3-5 percent) and spill efficiency (7-8 per-
cent), and this result raised concerns about detectability of spilled fish at the
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higher spill levels that occurred at night. Maximum velocities of fish passing
through hydroacoustic beams were determined from both day and night samples
for every 1-m range stratum in our beams. Therefore, detectability curves, which
indicated high and uniform detectability (effective beam angle) throughout the
sampling range (Figures 9 and 10), were based upon worst-case velocity profiles.
Much of the high detectability observed can be attributed to the rapid ping rate of
30 pings per second for all spillway transducers. 1n addition, both night and day
samples had identical distribution statistics for the number of echoes per fish (i.e,,
mean = 10; median = 8; 25" percentile = 5). If detectability deteriorated with high
discharge at night, one would expect fewer echoes per fish in nighttime samples
than in daytime samples. Since echoes per fish did not decline at night, it was
determined that fish detectability was adequate at the spillway for al time periods;
therefore, the reduced spill effectiveness observed at night was a true observation
rather than a detectability problem.

Quality Control on Automated Fish Tracking

Variability in Human Counts of Fish Traces

It was found that different individuals tend to have characteristic biases that
manifest themselves in different counts of fish from the same hydroacoustic data
sets. Asin the last three seasons when the phenomenon of interpersonal biasin
echogram counts of fish traces was investigated, it was found that some people
tend to consistently track higher or lower numbers of fish traces than other people.
This problem occurs even with experienced trackers. Human trackers were hired
and trained as a group over about a month before the season started. Basic
hydroacoustic theory and practice was taught, deployments were described,
tracking criteria were carefully explained, data sets from previous years were
tracked by al individuals, results were compared, and then problematic data were
tracked again by the group. Considerable and consistent differences remained in
fish counts from different people (Figures 11-14). Interpersonal biasis considered
an important and persistent error that is often neglected in hydroacoustic data
processing. This source of error is especially problematic because the differences
among people tend to be consistently biased and are therefore additive over time
(Table 15). Whenever human trackers are used to produce fish passage estimates,
asis often done, or to calibrate an autotracker, as done here, this tendency for
human bias should be considered.

If human trackers are used to provide counts for passage estimates, then the
data should be distributed to them in such away that the bias-induced differences
are averaged over time. It is preferable that data are distributed so that each
person tracks all systems and deployments for a given day, rather than one person
specializing on a given system, deployment, or passage route. Persona biases will
then be controlled over many days that have been tracked by the several different
people. For example, ahigh tracking individual processing “guided” routesand a
low tracking individual processing “unguided” routes would produce FGE
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estimates that were too high, whereas the opposite arrangement would produce
incorrectly low FGE estimates.

Human vs. Autotracker Comparisons

The autotracker’ s performance is considered to be acceptably close to that of
the mean human tracker and a much better approximation of the mean human fish
count than are some of the more biased human trackers. The autotracker was
found to produce fish counts that were close to the means of individual human
fish counts on five “tracker calibration days’ (Figures 11, 12 and 13, Table 15),
and for all of the days there was a very strong correl ation between autotracker
counts and the mean count by human trackers (Figure 14).

Major Passage Metrics

Project and Powerhouse FPE, Spill Efficiency, and Spill Effectiveness

For Project FPE, the summer declinein FPE at the screened units (Units 7-18)
was offset by increased spillway passage and continued high PSC guidance
efficiency through summer. In thisfirst year of project-wide fish passage
sampling at Bonneville Dam, the proportion of al fish to pass the dam by non-
turbine routes (Project FPE) was estimated to be 0.79 in both spring and summer,
which is close to the goal of 80 percent set in the Biological Opinion. Although
Project FPE was the same in spring and summer, Powerhouse FPE declined by
about 6 percent at Powerhouse 1 and by about 19 percent at Powerhouse 2 from
the spring estimate to the summer estimate.

In both seasons, fish passage through the spillway was the largest component
of Project passage (44 percent in spring, 49 percent in summer). Whereas total
and daily volumes of water spilled were lower in summer than in spring (Figures
15 and 16), the proportion of the total Project discharge allotted to spill was lower
in spring (average = 33 percent for spring days) than in summer (average = 49
percent for summer days), which explains summer’s lower spill effectiveness
(2.03 compared to 1.36 in spring). Shut down of five or six of eight Powerhouse
2 turbines in summer allowed a higher fraction of total flow for spill and reduced
fish passage by the ST S-equipped turbines at Powerhouse 2.

The PSC played amajor role in increasing Project FPE by 6 percent in spring
and 12 percent in summer over a hypothetical Project FPE provided by a
combination of turbines with STSs and observed spill. The PSCs 12 percent
contribution to Project FPE in summer also was greater than the modest 3 percent
increase in FPE associated with the highest spill discharge rates. Figure 45
displays an adjustment of FPE based on the cal culated guided passage for
Units 1-6 using each day’s mean FGE for the three STSs on Powerhouse 1 instead
of the mean for the PSC. Under this hypothetical situation Project FPE would be
reduced an average of 6 percent in spring and would continuously degrade
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throughout summer until it was lowered by about 12 percent. The same exercise
using the daily FGE values from Unit 8's ESBS for Units 1-6 increases project-
wide FPE in late spring dlightly (Unit 8 FGE average = 0.73 for spring days), but
the ESBS performed nearly as poorly asthe STSsin summer (Unit 8 FGE average
= 0.50 for summer days).

Adjustment of PSC efficiency in spring and summer to compensate for not
sampling center dluiceways in PSC units would increase mean PSC guidance
efficiency to 87 percent and raise the PSC contribution to Project FPE over STS
contributions from 6 to 8 percent in spring and 12 to 15 percent in summer.
According to radio telemetry results, about 50 percent of tagged fish in the PSC
passed through sluice gates in the center intakes of PSC units (Scott Evans,
USGS, and Gary Johnson, BioAnalysts, Personal Communication) where they
could not be sampled with hydroacoustics. If that 50 percent estimate held for
run-of-the-river (untagged) fish, in-turbine sampling with hydroacoustics would
have underestimated PSC efficiency by 15 percent. A correction for sluice
passage would increase both spring and summer PSC efficiencies to about
87 percent. However, adding one half again as many fish to the PSC-guided
category would further increase the southern skew in the Powerhouse 1 fish
passage distribution (i.e., consider a 50 percent increase in the height of vertical
bars for guided fish at PSC Units 1-6 in Figures 58 and 59). Thereis no doubt
that many run-of-river fish passed through sluice openings at center PSC dots, but
it is difficult to imagine 500,000-700,000 fish passing over each 21-ft wide weir
with an average water depth of about 2 ft.

Conservative estimates of PSC performance indicate that it was a highly used
route in 2000. The PSC guided an estimated 18 percent of the total Bonneville
Dam passage (guided, unguided, and spilled fish combined) in spring and 21
percent of the total detected passage in summer (Table 21). These proportions are
conservative in that they do not alow for any increments of shallow PSC passage
that were undetected by our method, although radio telemetry studies, as
mentioned above, indicate that approximately 50 percent of radio-tagged fish
passed through the center sluicesinside PSC units.

Table 21
Proportions of All Fish Passing by Different Turbine and Non-
turbine Passage Routes in Spring and Summer

Non-turbine Routes Turbine Routes
Powerhouse 1 Powerhouse 2 | Spillway | Powerhousel | Powerhouse 2
Spring 23% (PSC 18%) | 12% 44% 12% 9%
Summer 27% (PSC 21%) 3% 49% 17% 4%
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Effect of Spill Rate on Major Fish Passage Metrics

Increases in Project FPE and spill efficiency and decreasesin spill
effectiveness with increasing spill rate were consistent but small, which made
difficult the detection of significant differences for all metricsin spring and
summer at a = 0.05. Statistically significant positive relationships were found
between Project FPE and spill rate in spring and summer, and between spill
efficiency and spill in spring but not in summer (although the slope was positive
and significant at a = 0.10). The slope of the relation between spill effectiveness
and spill rate was negative and significant in summer (P = 0.012) but not in spring
(P=0.139). Hypothesistests on the equality of means of the same metrics
detected significant differences between “high spill” and “low spill” means for
Project FPE in spring but not summer. Additionally, significant differences were
detected for spill efficiency in both spring and summer, but not for spill
effectivenessin either season, although the summer spill effectiveness P-value
was rather close to being significant (P = 0.088).

Table 22 is presented to clarify these two sets of results.

Table 22
Effect of Spill Rate on Project FPE, Spill Efficiency, and Spill
Effectiveness

Slope was significant Means were different

Spring Summer Spring Summer
Project FPE Yes Yes Yes No
Spill Efficiency Yes No Yes Yes
Spill Effectiveness | No Yes No No

Based upon observed relations, it is reasonable to conclude that higher spill
rates increased Project FPE and spill efficiency dightly, although not in direct
proportion to spill-rate increases. The fish contributing to increased Project FPE
and spill efficiency must have come from potentially guided fractions aswell as
potentially unguided fractions el sewhere at the Project. The difference between
“high spill” and “low spill” mean daily Project FPE in spring was only about 5
percent and the difference between “high spill” and “low spill” spill efficiency in
spring was 7.3 percent (Table 16). The related mean daily spill rates associated
with those daily FPE improvements involved an increase of 45 percent from the
“low spill” mean of about 86,000 ft3/second to the high spill” mean of 125,000
ft/second. Similarly, the significant differencein summer daily spill efficiency
means was 8 percent and associated with a*“low spill” mean to “high spill” mean
increase of 25 percent (84,500 ft¥/second to 106,000 ft*/second). The relationship
between daily spill rate and daily FPE or spill effectiveness probably is not linear
over the entire range of spill rates that could occur.

The case for increased spill at night resulting in increased fish passage, spill
efficiency, and Project FPE cannot be made with impunity since the two different
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spill levelsin each season were invariably confounded with different parts of the
diurnal cycle. There were essentially two different operational situations at
Bonneville Dam in the 2000 passage season: A higher nighttime spill level to
speed the down migration of smolts and alower daytime spill level to reduce adult
fallback. Sincethereisadlight increase in Project FPE and spill efficiency and
since spill passage was somewhat higher during high spill periods at night in both
spring and summer (Figure 46), it is tempting to assume that spill level was the
cause of increased spill passage. However, fish vertical distribution changes from
day to night (Tables 17 and 18) and other factors including orientation,
motivation, energetic or sensory limitations, or activity level may affect asmolt’'s
likelihood of passing by spill. Whereas fish are aware of changesin their body
acceleration viatheir otolith organs (reviewed extensively in Fay and Popper
1999), for relatively continuous motions and gradual accelerations, visual
orientation also isimportant. Mammals have irises that can rapidly adapt their
eyesto lower light levels, but fishes rely on the migration of sensory cells and
masking chemical s in the retina, a process that takes much longer than
mammalian adaptation. “In general,” states J.B.S. Blaxter, an internationally
known fish sensory physiologist, “the fall-off in behavioral performance matches
the onset of dark adaptation” (Blaxter 1988, p 205). Diel differencesin thefish’'s
distribution, condition, or behavior could affect their propensity to pass the

spillway.

Descent after sunset is a behavior pattern common to many fishes. In the case
of dam passage, fish that are deep are more available for turbine or spillway
passage. Didl differencesin smolt passage at turbine units are seen that are not a
function of increased flow there. Data from this study show that a pulse of smolt
passage occurs at turbines soon after sunset (Figures 42 through 45). At the
spillway, it seems clear that smolts are not passive migrants at the mercy of the
current (see Figures 24 and 25 that compare flow, fish passage, and fish passage
density at spillway sectionsin spring and summer). At The Dalles Dam in 1999 it
was found that spill passage increased in the evening in both 30 percent spill and
64 percent spill conditions (Ploskey et a., In Press).

Thisyear spill levels were not selected to provide information on the
relationship between spill level and spill passage. Evaluation of that relationship
will require a carefully constructed experimental design with an appropriately
wide range of spill levels and times so that reliable inferences can be made The
best that could be done this year was to evaluate effects of spill bay discharge on
hourly spill-bay passage and on total spillway passage for days and nights
separately. After removing data from hours that were near sunrise and sunset and
hours in which no discharge occurred for a given spill bay, estimated passage was
plotted against spill bay discharge through the same spillway for day and night
periods separately.

The highest estimated passage through individual spill bays rarely occurred at
the lowest or highest spill rates through those bays. Those results also showed
that, in either season, awide range of fish passage estimates were associated with
the same discharge level during the day or at night. That would argue for higher
passage actually being afunction of some factor other than discharge. In fact,
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rather than higher spill correlating well with higher passage through single spill
bays, it seems that the highest discharge values that are near 15,000 ft* / second
for any spill bay are never associated with the highest passage estimates. That is
consistent with our work at The Dalles Dam in 1999 (Ploskey et al., In Press) in
which the highest spill was found to be associated with lower passage estimates
than somewhat lower spill. It was realized then that, since higher spills produce
higher passage vel ocities, there could be detectability problems influencing our
estimates. For that reason, it was made certain that adequate detectability was
available for the spillway by using deployments and multiplexing sequences that
would permit increased pul se repetition rates (30 pings/second versus 24
pings/second at The Dalles Dam). It may be that increasing spill level beyond
some threshold, perhaps between 10,000 and 15,000 ft*/second per spill bay,
could actually reduce fish passage through those spill bays. Thisissue requires
more thoughtful investigation with a properly devised experimental design and
sampling scheme but for now the notion that higher spill passes more fish should
be viewed with some caution.

On abroader scale, managers would like to know if increasing total spill
increases fish passage through the spillway. The answer appears to be that thereis
asignificant but very modest increase in spillway fish passage from increased spill
during the day or at night in spring and at night in summer (Figures 20-23). The
high variation in spillway fish passage at any spill discharge resultsin a poor
correlation fit, and spill discharge explained only 1-23 percent of the variation in
spillway fish passage.

Spatial Aspect of Fish Passage Metrics

Horizontal Distribution

Relative proportional discharge through the primary passage routes was
generally apoor indicator of the relative proportion of fish passage among those
sameroutes. The overall lateral distribution of fish passage through Bonneville
Dam during the spring was not consistently related to project flow patterns except
that about 35 percent of the fish and 32 percent of the water that passed the
Project passed through Powerhouse 1. Fish passage through Powerhouse 2 and
the spillway, by contrast, was not closely related to the flow through each
respective structure. Powerhouse 2 passed 21 percent of the fish with 36 percent
of the flow, and the spillway passed 44 percent of the fish with only 32 percent of
the flow in spring.

Since fish passage more nearly matched project discharge patternsin summer
than during spring, it is possible that the higher spill discharge prevalent during
spring combined with channel morphology to divert a greater proportion of fish
away from Powerhouse 2 and to the spillway. It is also possible that behavioral
differences inherent in changing species compositions, sizes, and ages of spring
and summer smolt populations resulted in varying responses to project flow
patterns.
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Horizontal passage patterns at Powerhouse 1 were consistent between
seasons, although the horizontal distribution of fish passage for the entire project
varied between spring and summer. Fish passage by spill bay was not entirely a
function of discharge by spill bay. Although both fish passage and discharge were
lowest through Spill Bays 5-7, the bays that passed the most water did not pass the
most fish (Figures 24-27). More water was spilled through Bays 2-4, relative to
other sections of the spill bay, yet the density of fish passage was highest at
Bays 11-14 during both spring and summer.

Vertical Distribution

The vertical distribution of fish in front of the PSC at Powerhouse 1 was
conducive for successful surface collection with a deep dot configuration.
Sample volumes upstream of the PSC were located only about 1-3 m from the
face of the PSC. From 92 to 99 percent of fish detected immediately upstream of
the PSC in spring and from 85 to 96 percent of summer fish were above the
elevation of the PSC floor. Based on these fish distributions, a surface collector
located upstream of Units 1-6 at Powerhouse 1 would likely be highly effective.

Most of the fish 100 ft upstream of Powerhouse 2 were distributed above the
elevation of the top of the turbine intakes during both spring and summer. In
spring alarge eddy was observed extending from the north shoreline to upstream
of Intake 17c. This eddy would not influence vertical distributions of fish near the
north end of the powerhouse unless the probability of detecting a fish multiple
times was uniform with depth. In summer reduced discharge through Powerhouse
2 would permit even sub-yearling fish to swim anywhere in the forebay, and they
could have been detected multiple times by hydroacoustic beam. Multiple
detections at locations 100 ft upstream of TIEs would not affect vertical
distribution estimates unless the probability of obtaining multiple detections
varied with depth.

Immediately upstream of the trash racks at Intakes 14b and 17¢, summertime
fish distributions were lower in the water column than those observed 100 ft
upstream, but most fish were still in afavorable position for diversion by the
submerged traveling screens. From 66 to 72 percent of all fish were detected
above the elevation of the top of the intake, and from 85 to 93 percent of detected
fish were higher in the water column than the tip of the screens (Figure 38).
These observations are consistent with observations in 1996 and 1997 in mobile
hydroacoustic surveys (Ploskey et al. 1998; BioSonics 1998, respectively).
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Temporal Trends in Fish Passage

The temporal correspondence of major peaks in the proportion of fish passing
Bonneville Dam in spring and of two of three peaksin summer by hydroacoustic
sampling and Powerhouse 2 smolt sampling in the JBS by the NMFS was
reassuring. Some correspondence would be expected if most of the fish detected
by hydroacoustics were juvenile salmon. The third peak that was detected by
hydroacoustics but not by sampling in the JBS in late June could be explained in
one of two ways. First, the hydroacoustic sample was of all fish passing through
the project whereas the smolt-trap sample was only of guided fish passing 2-3
units operating at Powerhouse 2. Given the low percent guidance efficiency of
screens in late summer (mean hydroacoustic estimate = 0.16), one would not
expect JBS sampling to capture that peak. Second, the third summer peak
detected by hydroacoustics but not by JBS sampling may have been composed of
agreater proportion of shad than earlier peaks detected by both methods. Larger
fish werefiltered out in late summer by not counting any fish with echo or target
strengths > - 45 dB, but that filtering isless than perfect. Largefishlike
American shad can have an apparent acoustic size less than -45 dB when detected
off axis in the sample volume of a single-beam transducer. Adult shad have
greater swimming abilities and are less likely to be routed through the JBS than
are juvenile salmonids.

There are four reasons why Project FPE did not decline precipitously in
summer as did the FGE of turbines with screens (Units 7-18). First, Powerhouse
2 with poor FGE in summer was only operating at 25-38 percent of capacity
because 5-6 of the units were off most of thetime. Second, the efficiency of the
PSC did not decline in summer and contributed more to Project FPE in late spring
and summer than it did most of spring (Figure 45). Third, on some daysin
summer, spill efficiency accounted for a greater proportion of FPE than it did in
spring, although overall seasonal trends in both Project FPE and spill efficiency
were relatively stable throughout both seasons. Fourth, the proportion of fish
relative to the proportion of water passed was relatively constant in spring and
summer at the PSC, athough the spill effectiveness declined dightly during
summer (Figure 46).

Perhaps the most significant finding of this study was the summer declinein
FGE of turbines with screens while the efficiency of the PSC remained high and
relatively stable (Figure 44). Even the efficiency of the ESBSin Unit 8 was as
poor asthat of STSsin other turbinesin late summer. Two factors may contribute
to the continued success of the PSC in summer. First, the interception location of
the PSC was upstream of the powerhouse and, second, the PSC was open to the
sky and passed relatively more fish during the day than at night. In contrast, most
fish passage through Powerhouse 1 turbines occurred at night. 1t is assumed that
willingness of fish to enter a collector during the daytime would be greater when
ambient lighting does not change abruptly at the entrance. The success of the
PSC also probably has alot to do with depth (45 ft), entrance velocities, and
upstream hydraulics. The diel pattern of smolt passage through Powerhouse 2
turbines was more crepuscular in spring and summer than it was nocturnal. It has
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been speculated that the peak in fish passage through turbines around sunset
results from passage of individuals that have lost visual cues and the ability to
hold in the upper water column. The daytime dominated passage at the PSC
suggests that fish will readily enter the PSC during the day whereas they generally
resist passing into turbines during the day and end up passing more at sunset.

The problem with concluding that increased spill increased the number of fish
passing the spillway isthat spill rates and day-night effects were confounded in
2000 because increased spill usually occurred at night. For this reason, an
evaluation of spill rate on spill effectiveness and fish passage could provide
valuable information for optimizing spill a Bonneville Dam. Spilling more water
at night increased the proportion of fish passing the spillway, but the increase was
not directly proportional to spill rate (i.e., 26-47 percent more water passed only
17-19 percent more fish). In addition, spill effectiveness tended to be lower than
the effectiveness of the PSC in 2000 and of the sluice chute at Powerhouse 2
when it was last tested in 1998. Unfortunately, it is not known where benefits to
juvenile salmon are on the spill curve. The data acquired suggest that there may
be diminishing returns with increasing spill rate and that there may be more
effective waysto spill. However, only by purposefully manipulating spill over a
wide range of discharge can one hope to identify optimum spill patterns and rates.

Fish Guidance Efficiencies

The most important contribution from thiswork on FGEs at Bonneville Dam
isthe high level of performance of Powerhouse 1's PSC, especialy in summer.
Summer passage has proven to be a serious challenge for smolt guidance at lower
Columbia River dams, and thisfirst year of project-wide sampling shows that
Bonneville Dam is no exception.

The STSs performed worse than either the ESBS at Unit 8 or the PSC on
Units 1-6 in spring. The FGE of the STSs on Powerhouse 2 averaged only
52 percent in spring although most of the interior units on that powerhouse were
somewhat higher. Unit 11's STS performed most poorly. On Powerhouse 1 the
PSC and the ESBS performed equally well in spring with estimated FGEs of
72 percent. The southernmost two units of the PSC performed best with FGES of
over 80 percent.

The in-turbine sampling shows that the PSC performed as well asthe ESBS
did in spring and much better than the ESBS or STSsin summer. At Powerhouse
1, the PSC and the ESBS performed equally well in spring with estimated FGEs
of 72 percent. The two southernmost units of the PSC performed best with FGEs
of over 80 percent. The FGE of the STSs in Powerhouse 2 averaged only 52
percent in spring, although most of the interior units on that powerhouse were
somewhat higher. Unit 11's FGE was the lowest in spring. In summer the
average FGE of STSswere 36 percent at Powerhouse 1 and 35 percent at
Powerhouse 2, and the FGE of the ESBS in Unit 8 had dropped to 50 percent.
Powerhouse 2 was largely idle in summer, but when interior units were operated,
the STSs produced relatively high FGEs. Unit 11, which ran most of the summer,
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had the lowest FGE, but Unit 18 at the northern end did better with an FGE of
about 50 percent.

To get amore complete picture of the passage seasons, viewing FGE in
combination with horizontal distribution is suggested (see Figures 56 and 57).
These show that alarge proportion of the spring migrants and an even larger
proportion of the summer migrants passed south of the wing wall that extends
upstream between Units 6 and 7 and that most of those fish were guided by the
PSC.

Comparing FGE Sampling Methods for the PSC

No significant correlations were found between fish countsin turbine intakes
downstream of the PSC with fish counts upstream of 20-ft wide PSC dlots, unlike
asignificant correlation observed for a 5-ft wide slot in 1999. The most likely
explanation for the differencesis that the linear flow velocity at the 5-ft wide slot
(5 fps) in 1999 was 39 percent higher than the velocity at the 20-ft wide dotsin
2000 (3.5 fps). Given the wallowing of fish in split-beams immediately upstream
of the 20-ft wide PSC dlots, it seemslogical that those fish were not committed to
passing into the PSC and in fact may have been counted multiple times. By
contrast, the prabability of afishin 5 fps flow passing into the PSC was likely
significantly greater than it was for fish in the 3.5 fps flows observed in this study.
If fish were not entrained or committed to passing into the 20-ft dot, they could be
detected moving toward an entrance and still swim away after passing through the
hydroacoustic beam. It was believed that differences in the probability of detected
fish passing into the PSC may explain why significant correlations were found in
1999 but not in 2000. It also is possible that the mode used to classify fish as
passing into the PSC was not accurate. The acoustic screen model used to expand
fish is best applied when the acoustic beams are between two structures or the
flow through the beam is fast enough to preclude fish from being counted more
than once.

Although counts from split-beam sampling upstream from the PSC were not
correlated with the in-turbine single-beam counts, those data can still be used to
evaluate the availability of fish for collection. Many more fish were found just
upstream from the PSC face above the level of the PSC floor than below the level
of the PSC floor in al hours of the day in summer. Expanded counts showed that
there were twice as many fish above the level of the floor at night and an even
higher proportion above the floor during the daytime hours. Even though the
numbers of fish that actually entered the slots and passed through the PSC from
those data cannot be confidently estimated, the data indicate that alarge
proportion of the fish were available to be collected by the PSC in summer.

By segregating range binsin forebay transducer beams, expanded estimates of
fish abundance just upstream from the top halves and the bottom halves of the
PSC dots were determined. During all hours of the day and particularly during
daylight hours there were many more fish upstream of the top halves of the PSC
dots than there were upstream of the bottom halves of the slots. Mobile
hydroacoustics at Bonneville Dam (Ploskey et a. 1998; BioSonics Inc. 1998)

Chapter 4 Discussion 109



have shown that upstream of the dam most fish are higher in the water column
than screen FGEswould indicate. Current data suggest that, at the face of the
surface collector, fish have not begun the descent that brings them under the
screens and delivers them to the turbine intakes because the PSC intercepts fish
before they are entrained.

Comparing FGE Sampling Methods for Unit 8

Netting and hydroacoustics both provide imperfect estimates of FGE because
of gear and sampling limitations, and unexplained variability and bias adversely
affects the fit of correlationsto these data. Nevertheless, comparison of sampling
methods provides the opportunity to identify potential biases and highlights
strengths and weaknesses of both methods. Bias cannot be measured with asingle
method and is therefore more insidious and difficult to quantify than sampling
precision.

The correlation of hydroacoustic and netting estimates of FGE (r’=0.65) was
better than those for guided and unguided components of FGE because of
compensating errorsin the numerator and denominator of the ratio estimator
during simultaneous hydroacoustic sampling of both FGE components. The
assumption of equal detectability of guided and unguided smolts must have been
reasonable most of the time given correlations between hydroacoustic and netting
estimates of FGE with a correlation slope approaching 1. The near 1:1 ratio of
numbers of guided fish netted in the gatewell to hydroacoustic counts above the
ESBS and of numbers of unguided, fyke-netted fish to hydroacoustic counts
below the ESBS was reassuring, despite substantial scatter in the correlation plots
and r* = 0.53. The near 1:1 ratios for guided and unguided fish estimates by the
two methods suggest that hydroacoustic detectability was not just equal but also
relatively accurate, yielding appropriate expansion factors.

Many factors could contribute to scatter in the correlations, particularly when
both the dependent and independent variables have error and potential bias
associated with them. Both netting methods that were considered as a ground
truth are less than 100 percent efficient, particularly for young salmon. Unless
known numbers of fish were marked, introduced, and netted, the two types of nets
were not calibrated and could have had different efficiencies. The assumption of
equal net efficiencies may be incorrect and result in biased FGE estimates because
the gatewell and turbine intake environments are dramatically different, as are the
methods used to sample the two areas. Gessel et a. (1991) reported > 95 percent
efficiency for gatewell dip-netting at Bonneville Dam. However, Steig and
Ransom (1993) reported that many juvenile salmon guided by a bar screen at
Rocky Reach Dam on the Columbia River were not sampled by a dip basket.
They estimated that net-based FGE estimates would have more than doubled if net
efficiency had been 100 percent. Fish also may remain in the gatewell slot before
atest, may be lost through orifices during the test, or may be lost out the bottom of
the gatewell during and particularly at the end of atest. Fish also may accumulate
in an intake while the turbine is off and, depending upon their vertical distribution
at startup, may bias estimates of numbers of guided or unguided fish.
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Paired t-tests indicated that mean estimates of FGE by the two sampling
methods did not differ significantly in spring, and although differences were
significant for both seasons combined, means only differed by 3 percent and
probably were biologically meaningless. In summer the mean hydroacoustic
estimate was 6 percent higher than the mean netting estimate, but even that
difference is not too bothersome given problems encountered trying to exclude
shad from the sample in summer.

Hydroacoustic sampling provides only arelative index to fish passage, unless
correlated against unbiased physical capture estimates. However, significant
correlations between hydroacoustic and netting estimates indicate that the
hydroacoustic data could be scaled by correlation coefficients to increase the
accuracy of passage estimates. Ideally, nets would be calibrated to account for net
efficiency bias. The significance of calibrating hydroacoustics to netting is that
the nondestructive nature of hydroacoustic sampling permitsit to be used much
more extensively than netting.

Correlations between estimates of FGE derived from netting and
hydroacoustic sampling are reassuring and useful because both methods have
advantages that can be exploited to improve overall sampling effectiveness at a
project. Netting can provide estimates of fish passage and guidance efficiency by
species but is labor intensive, injures or kills fish, and cannot be used for more
than afew hours per day at one or two intakes. Thisrestriction to one or two
intakes prevents biologists from evaluating spatial variation in fish passage and
FGE among intakes. Hydroacoustic sampling can be applied to all turbine units,
24 hr/day, without adversely affecting fish. However, hydroacoustic sampling
provides only arelative index to fish passage unless calibrated against unbiased
netting and cannot provide species-specific estimates without netting to accurately
estimate species composition. If the goal isto determine the efficiency of many
screens or other fish guidance structures during spring and summer runs,
hydroacoustics can provide a meaningful index. Some netting should be required
to calibrate hydroacoustic estimates, however, if fish passage estimates are
important or if species-specific estimates of FGE are desired.

PSC Guidance Efficiency by Different Methods

Average collection efficiency of the PSC was 83 percent in spring and
84 percent in summer after it was adjusted by radio-telemetry estimates of the
proportion of smoltsin the PSC that passed into the center-slot luiceways, and
the adjusted estimates agree favorably with estimates by other methods. Sluice
gatesin center slots of PSC Units 1-6 were open throughout spring and summer
2000 but could not be sampled with hydroacoustics. Nevertheless, radio-
telemetry dataindicated that approximately 50 percent of radio-tagged fish in the
PSC passed through the sluiceway (Scott Evans, USGS, and Gary Johnson,
BioAnalysts, Personal Communication). Therefore, hydroacoustic estimates of
total passage at the PSC were at least 15 percent low in 2000. Radio-telemetry
and acoustic-telemetry estimates of PSC efficiency for all species combined in
spring 2000 were 83 and 92 percent, respectively (Johnson and Carlson 2000),
and those estimates agree well with an 87 percent hydroacoustic estimate
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corrected for duiceway passage. 1n 1998, hydroacoustic estimates of PSC
collection efficiency for 20-ft slot openingsin PSC Units 3 and 5 were

87.8 percent in spring and 92 percent in summer. A radio-telemetry estimate for
1998 was 97.5 percent for the 20-ft slot treatment. In 1999, hydroacoustic
estimates for a 20-ft slot entrance at Unit 5 were 84.4 percent in spring and

75.2 percent in summer. Radio-telemetry studies in 1999 estimated 20-ft slot
efficiency at 65 percent, the lowest of any estimates by any method (Johnson and
Carlson 2000).
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