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Abstract. — The amount of time that it takes juvenile chinook salmon Oncorhynchus tshawytscha
and steelhead O. mykiss 1o migrate (travel time) at different river flows through index reaches in
the Snake and Columbia rivers was analyzed with bivariate- and multiple-regression models. Smolt
travel time estimates for yearling chinook salmon and steelhead in the Snake River, steelhead in
the middle Columbia River, and subyearling chinook salmon in the lower Columbia River were
inversely related to average river flows. In the multiple-regression analyses, additional predictor
variables that were related either to flow or to smoltification were used. These predictor variables
were calculated over the same time period as the travel time estimates. Flow-related variables were
referenced at a key hydroelectric site within each index reach, and included average river flow,
minimum river flow, and absolute change in river flow. The smoltification-related variables pro-
vided indirect indices of smoltification. They included water temperature, date of entry into an
index reach, chinook salmon race, and travel time prior to entry into an index reach. The final
models included those predictor variables explaining significant variation in smolt travel time.
The variables in the final multiple-regression models explained 74% and 39% of the variation in
the travel time for yearling chinook salmon within the Snake and middle Columbia river index
reaches, respectively; 90% and 62% for steclhead within the Snake and middle Columbia reaches;
and 65% for subyearling chinook salmon in the lower Columbia reach. Average river flow made
the largest contribution to explaining variation in smolt travel time in the majority of the multiple-
regression models. Additional variation in smolt travel time could be explained by including other
flow- and smoltification-related variables in the models.

The development of hydroelectric dams on the
Snake and Columbia rivers has drastically altered
the water flows that juvenile anadromous salmo-
nids encounter as they migrate from fresh water
to the ocean. Before construction of the dams, the
highest flows had occurred in the spring and early
summer, and the migration of juvenile salmonids
coincided with those high flows (Park 1969). The
development and operation of a basin-wide co-
ordinated hydrosystem, along with water with-
drawal for irrigation, changed the historical flow
pattern and resulted in regulated flows that are
lower in the spring and summer and higher in the
fall and winter than they were. Increases in cross-
sectional area of the river associated with im-
poundments further reduced water velocities in
spring and summer. Raymond (1968, 1969, 1979)
estimated that smolts move through the impound-
ments from one-half to one-third as fast as they
do through free-flowing river stretches of the same
length. Smith (1982) postulated that smolts swim
upstream at a velocity less than that of the water,
and thereby move downstream tail-first more
slowly than water. The link between smolt migra-
tion speed and water speed pointed to river flow
as a key factor in determining how quickly smolts
will migrate (travel time) through the reservoirs.
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Juvenile salmonids must arrive at the estuary
within a certain time window while they are still
physiologically adapted to make the transition from
fresh to salt water (Hoar 1976). If they do not enter
seawater as smolts, their salinity tolerance regress-
es (Hoar 1976) and so does their probability of
contributing to adult production. Therefore, mit-
igation was needed to offset the smolt migration
delays caused by the dams and impoundments.
When the Northwest Power Planning Council’s
Columbia River basin fish and wildlife program,
authorized by the Pacific Northwest Power Act
(Public Law 96-501), was completed in 1982
(NPPC 1987), it addressed this mitigation need
by developing the concept of a water budget. The
water budget was a volume of water to be used
from April 15 to June 15 to augment river flows
and thereby reduce delays in the spring smolt mi-
gration caused by the hydrosystem. The purpose
of the water budget was to improve smolt survival
in spring by reducing the travel time of smolts
through the reservoirs. This, it was hoped, would
reduce the exposure of smolts to riverine predators
and allow smolts to reach the estuary while they
were still physiologically able to adapt to seawater.
Beginning in 1983, the water budget has been ap-
plied annually; flows have increased for part of the
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spring in the middle Columbia River and for a
shorter time during spring in the Snake River.
Failures of the water budget to provide adequate
mitigation for operation of the hydroelectric sys-
tem have been documented by the Columbia Ba-
sin Fish and Wildlife Authority (1991), and are
not further addressed in this paper. Instead, the
first objective of our study was to document, with
recent smolt migration data, whether or not the
increased flows decrease the amount of time need-
ed by smolts to travel through the reservoirs.

At the time the water budget was developed, the
summer flows necessary for power generation were
expected to be sufficient for the summer smolit
migration. Since implementation of the water bud-
get, however, summer flows have been below the
historic average, due partly to several years of low
natural runoff and partly to the practice of refilling
the storage reservoirs following the water budget
period. For example, average July flow at The
Dalles Dam for the 50-year historic record (1929-
1978) was 268,700 ft3/s, whereas the average July
flow over the 8 water budget years, 1983-1990,
was 144,600 ft3/s (range, 204,700 fi3/s in 1983 to
104,000 ft3s in 1988). Since the inception of a
spring water budget, subyearling chinook salmon
Oncorhynchus tshawytscha have been migrating
through the reservoirs in July and August under
even lower summer flow conditions than in earlier
years. Earlier studies on the migratory behavior
of subyearling chinook salmon from 1981 and 1983
(Miller and Sims 1984; Giorgi et al. 1990) had
failed to show a significant relation between river
flow and either the rate of movement or residence
time of summer migrants in John Day reservoir,
in contrast to the inverse relations that had been
documented for spring migrants (Sims and Os-
siander 1981). More recent migration data for sub-
yearling chinook salmon are available for 1986
1988. Because lower summer flows such as those
of 1986-1988 appear to be the more likely flow
scenario for the future, there was a need to reevalu-
ate the relation (if any) between summer flow and
travel time for subyearling fish. Therefore, the sec-
ond objective of this study was to determine if the
travel time of summer migrants is affected by flow.

In addition to flow, other factors can influence
how quickly smolts migrate through the reservoirs
to the estuary. Zaugg et al. (1985) documented for
hatchery chinook salmon, coho salmon Onco-
rhynchus kisutch, and steelhead O. mykiss from
the Columbia River basin that a period of river
migration increases the level of smoltification (as
measured by adenosine triphosphotase [ATPase]

activity) above the level resulting if the fish are
held in net pens for the same time. In another
study with Columbia River steelhead, coho salm-
on, and yearling chinook salmon, Zaugg (1981)
noted that migratory behavior and ability to tol-
erate seawater appear to develop concurrently and
that both activities increase over the migration
period. Folmar and Dickhoff (1980) associated
smoltification with many morphological, behav-
ioral, and physiological changes that allow salmo-
nids to migrate rapidly and adapt readily to sea-
water. Hoar (1976, 1988) and Wedemeyer et al.
(1980) concluded that day length triggers the onset
of smoltification, that water temperature regulates
the rate and duration of the process and, once the
fish are ready to migrate, that a proximal stimulus
such as a sudden increase in river discharge ac-
tually provokes the migration. Because the stage
of smoltification may influence a smoit’s migra-
tion rate and environmental factors can influence
the rate of smoltification, the third objective of
our study was to determine if variation in smolt
travel time can be explained by variables in ad-
dition to flow.

Methods

Study Areas and Monitoring Procedures

Smolt travel time was estimated along key index
reaches within the Columbia River basin (Figure
1) for marked subyearling and yearling chinook
salmon and steelhead. The key index reaches for
spring-migrating yearling chinook salmon and
steelhead were from Lower Granite Dam to
McNary Dam (140 miles) in the Snake River and
from the mouth of the Methow River to McNary
Dam (232 miles) in the middle Columbia River.
The key index reach for summer-migrating sub-
yearling chinook salmon was from McNary Dam
to John Day Dam (76 miles) in the lower Colum-
bia River. The data used to estimate travel time
in these index reaches were from the recapture of
marked smolts in the fish-sampling facilities at the
hydroelectric projects pertinent to each index reach.

Marked spring-migrating yearling chinook
salmon came from Rapid River, Sawtooth, and
Dworshak hatcheries in the Snake River drainage
and Winthrop Hatchery in the middle Columbia
River drainage. Marked summer yearling chinook
salmon came from McCall Hatchery in the Snake
system. Steelhead came from Dworshak Hatchery
in the Snake River drainage and Wells Hatchery
in the middle Columbia River drainage. Each of
these hatcheries is a major contributor of fish to
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FiGURE 1.—Map of Columbia and Snake river drainages showing the locations of dams and the index reaches
used in the travel time analyses. The dams are denoted as follows: LGR = Lower Granite, LGS = Little Goose,
LMN = Lower Monumental, IHR = Ice Harbor, MCN = McNary, JDA = John Day, TDA = The Dalles, BON
= Bonneville, WEL = Wells, RRH = Rocky Reach, RIS = Rock Island, WAN = Wanapum, and PRD = Priest

Rapids.

its respective drainage, and each had a consistent
marking program from 1982 or 1983 through 1990.
Subyearling chinook salmon were collected at
McNary Dam, marked, and released below the
dam during two 3-year periods, 1981-1983 and
1986—1988. No marking of subyearling chinook
salmon occurred in 1984 and 1985. Each marked
subyearling group consisted of an unknown mix-
ture of wild and hatchery stocks of summer and
fall chinook salmon. All fish were freeze-branded
with silver-tipped brass branding rods cooled in a
canister containing liquid nitrogen (Mighell 1969).

The sampling facilities at Lower Granite and
McNary dams were similar. At these sites, a pro-
portion of the fish entering the powerhouse were
diverted from the turbines by a submersible trav-
eling screen, which directed the fish upward to the
gatewell and into a central bypass system (Figure
2). This bypass system was sampled several times
per hour and sampled fish were diverted to a hold-
ing tank. The sample in the holding tank was
counted once every 24 h, and fish were checked
for freeze brands. The number of branded fish
recovered each day was expanded to a passage
index count based on the sampling rate and the
proportion of fish estimated to pass the project via
the spillway. The proportion of fish passing the
project via the spillway was assumed to be equal
to the proportion of daily average flow being spilled.
A distribution of daily passage indices over time
was generated for each marked group.

At John Day Dam, fish were recovered with an

airlift sampler (Brege et al. 1990) in one gatewell
slot of a turbine unit. In contrast to the continuous
collection of fish across all the turbine units at the
other dams, this sample came from a single gate-
well slot. Hourly collections and brand counts were
summed over the 24-h sample period to provide
a daily collection as at the other monitoring sites.
Daily sample counts were expanded to passage
indices by the proportion of daily average river
flow going through the sample unit to account for
variations in spill and turbine unit loading levels.
Again, a distribution of daily passage indices over
time was generated for each marked group. Since
19835, fish have been diverted into the gatewell by
a submersible traveling screen; however, before
that year entry into the gatewell was volitional.

Median Travel Time

Groups of marked smolts with unexpanded mark
recoveries of at least 40 were used to estimate
median travel time through each index reach
(Lower Granite Dam to McNary Dam, Methow
River to McNary Dam, and McNary Dam to John
Day Dam,; Figure 1). The minimum unexpanded
sample size of 40 fish was chosen to assure the
reliable computation of the travel time estimate.
A sample size of 40 recoveries yields a coefficient
of variation less than 25% for the relative error
associated with recovery of marked fish (deLibero
1986). In addition, the entire data set of all marked
groups recovered, regardless of recovery numbers,
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FiGure 2.—Schematic diagram of the system used to bypass juvenile migrants around turbines and to divert fish

to the collection system.

was evaluated for the confidence interval width
around the estimated median date of passage. The
confidence interval width began to stabilize at 40
unexpanded recoveries.

Most of the brand groups used for this analysis
provided unexpanded sample recoveries well in
excess of 40 (see Appendix Tables A.1-A.3). The
sample size criterion eliminated many of the
marked subyearling chinook salmon groups re-
covered at John Day Dam from 1981 to 1983,
when the absence of submersible traveling screens
there resulted in very low recoveries of marked
fish. Four groups of marked steelhead released from
Dworshak Hatchery were eliminated because few
marked fish were recovered at McNary Dam as a
result of the transportation program at Snake Riv-
er dams (described later).

The in-river marking of subyearling chinook
salmon occurred as part of the transportation study,
and could extend over several days until an ade-
quate number of fish were identically marked.
Therefore, a criterion of 8 d for the maximum
release duration was applied to subyearling chi-
nook salmon releases from McNary Dam to re-
duce the bias in travel time estimates associated
with extended mark-release schedules. Subyear-
ling chinook salmon groups released within the
middle 80% of the migration (based on the fish

passage timing at McNary Dam for each year) were
used in the travel time estimation.

The median travel time for a marked group was
estimated as the duration between the group’s me-
dian date of hatchery release, or dam passage at
the upstream end of the index reach, and the me-
dian date of dam passage at the downstream end.
Median, rather than mean, travel times were com-
puted because passage distributions tended to be
skewed. Estimates of median travel time were only
as reliable as the estimated dates of median pas-
sage at dams, so factors that could affect the dis-
tribution of daily passage indices were considered.
Two factors to be considered were the transpor-
tation program and, of lesser importance, the
changes that had occurred in the daily sampling
period at recovery sites.

For the Snake River index reach, the distribu-
tion of daily passage indices at Lower Granite Dam
had to be adjusted to reflect the proportion of the
fish that would continue their migration to McNary
Dam. Many yearling chinook salmon and most
steelhead in the Snake River were collected at
Lower Granite and Little Goose dams and trans-
ported via barge or truck to release sites in the
lower Columbia River. More yearling chinook
salmon were transported in years of low flow than
in years of high flow, but all steelhead collected
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were transported regardless of flow. Some chinook
salmon were left in the river in all years and some
steelhead passed in the spill during high-flow years,
and the proportion of fish removed for transpor-
tation varied daily in all years. Adjustments for
these variables were particularly important for
marked summer chinook salmon and steelhead
groups that passed Lower Granite and Little Goose
dams during periods of transition from a limited
to a maximum transportation program. The ad-
justment factor encompassed the probability of a
fish remaining in the river below Lower Granite
Dam, conditioned on arriving at Lower Granite
Dam, and the probability of that fish remaining
in the river below Little Goose Dam, conditioned
on arriving at Little Goose Dam. The conditional
probabilities were based on deterministic propor-
tions of fish passing with the spill or moving into
the powerhouse (passage was assumed propor-
tionally to spill), proportions of fish in the pow-
erhouse going through the turbines or moving
through the bypass channel into the collection fa-
cility (guidance efficiency research indicated that
the traveling screens guided 50% of yearling chi-
nook salmon and 70% of steelhead, on average,
into the bypass channel), and the proportion of
collected fish actually transported. The daily pas-
sage index for each brand group arriving at Lower
Granite Dam was multiplied by that day’s ad-
justment factor, and a new distribution of adjusted
daily passage indices was obtained for use in sub-
sequent travel time estimation.

The hours defining a 24-h sampling period have
differed among monitoring sites and have changed
over the years at some sites, so the computation
of median travel time had to be standardized. For
example, the sampling period had changed from
a cycle of noon to noon to one of 0700 to 0700
hours over the years at both Lower Granite and
McNary dams. Since each recovery day repre-
sented the accumulation of fish collected over the
past 24 h, the approach was to interpolate where
the median had occurred within that sample pe-
riod relative to a midnight reference point. This
interpolation was made for both release (when ap-
plicable) and recovery data. The difference be-
tween the two interpolated medians, referenced to
midnight, provided the estimate of median travel
time in the index reach.

For the middle Columbia River index reach, the
date of entry into the Columbia main stem was
estimated by allowing a fixed number of days for
fish to travel down the Methow River from the
hatchery or release site. Marked yearling chinook

salmon were assumed to reach the Columbia Riv-
er at midnight 2 d after release. Marked steelhead
aiso were assumed to reach the main stem at mid-
night, but on the day of release in 1984-1989 and
1 d after in 1982, 1983, and 1990 —differences
reflecting changes in release locations over these
years.

Sampling occurred 7 d/week in all years at
McNary Dam, since 1984 at Lower Granite Dam,
and since 1983 at John Day Dam. Prior to this
consistent sampling effort, various sampling
schedules occurred. In 1982 and 1983, sampling
was conducted 6 d/week at Lower Granite Dam.
In order to account for noncontinuous sampling,
nonsampling days were assigned the average of fish
collected on adjacent sampling days for each
marked group before estimates of dates of median
passage were made. Sampling at John Day Dam
was conducted only 5 d/week in 1981 and 1982.
Nonsampling days received no average allocation
in these cases because few fish were being recov-
ered anyway. Instead, when the computed median
date of recovery fell between days of no sampling
or between days of sampling with no recoveries at
John Day Dam, the date of median recovery was
obtained by simple interpolation between those
days. Freeze-branded subyearling chinook salmon
groups were consistently released below McNary
Dam near 2200 hours each year.

To summarize, median travel time through the
Snake River index reach was estimated as the dif-
ference between the interpolated median date of
the adjusted Lower Granite Dam passage distri-
bution and the interpolated median date of McNary
Dam passage. Median travel time through the
middle Columbia River index reach was estimated
as the difference between the adjusted date of entry
into the main-stem Columbia River and the in-
terpolated median date of McNary Dam passage.
For the lower Columbia River index reach, me-
dian travel time was estimated as the difference
between the single release dates (1981-1983) or
interpolated median release dates (1986-1988) at
McNary Dam and the interpolated median date
of recovery at John Day Dam.

Predictor Variables

Four variables were considered as surrogates of
a marked group’s overall smoltification status, or
its readiness to migrate. These surrogates were used
because no direct measures of the smolts’ physi-
ological condition were available for these groups
before 1988. The variables considered were river
temperature in degrees Fahrenheit (TEMP), prior
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in-river travel time to Lower Granite Dam in days
(TTLGR) for the Snake River migrants, a race
indicator variable (RACE) to separate spring and
summer chinook salmon in the Snake River, and
the day of the year (1-365) that fish entered an
index reach (DATE). River temperature stimu-
lates the rate of smoltification (Wedemeyer et al.
1980; Hoar 1988). Yearling chinook salmon and
steelhead from the hatcheries used in this analysis
have shown substantial increase in ATPase levels
during the first 20-30 d of river migration in recent
studies (Beeman et al. 1990). Given the different
distances hatchery fish travel from release to Low-
er Granite Dam, 73-465 mi, the TTLGR variable
(number of days from release through median re-
covery date at Lower Granite Dam) was consid-
ered an important surrogate for different levels of
smoltification among the stocks involved. Date of
entry to the index reach (January 1 = day 1) was
considered a variable that encompasses the joint
effects of all time-related factors (including day
length). The RACE variable was O for summer
chinook salmon and 1 for spring chinook salmon.

Three flow-related variables that might influ-
ence smolt migration speed were considered: av-
erage flow (FLOW), minimum flow (MINFLOW),
and delta-flow (DFLOW). Average flow and min-
imum flow were considered important variables,
given Smith’s (1982) findings that smolts tend to
orient themselves upstream in the current and to
drift downstream at a speed slightly less than that
of the water. Delta-flow (maximum minus mini-
mum flow) measured the maximum range of flow
encountered by the smolts. To ensure that the con-
ditions experienced by the leading half of a marked
group (up to arrival of the median fish) were fully
taken into account, average, minimum, and delta-
flows, as well as the river temperature, were esti-
mated at a key hydroelectric site in each reach
during the time that the first 50% of a group was
migrating through that reach. The temperature and
flow variables were averages of their daily averages
over the estimated median travel times. The key
hydroelectric sites chosen to represent conditions
in the index reaches were Ice Harbor Dam in the
Snake River, Rock Island Dam in the middle Co-
lumbia River and John Day Dam in the lower
Columbia River.

Bivariate-Regression Analyses

The first two objectives addressed in this paper
were whether increased flows decrease smolt travel
time through the index reaches, and whether the
travel time of subyearling chinook salmon is af-

fected by flow. Bivariate-regression analysis was
conducted to address these objectives. The prem-
ise was that travel time of fish should follow a
similar relation to water passing through a reser-
voir or series of reservoirs. This would support
the findings of Smith (1982) linking smolt travel
time to water velocities.

The transit time (in days) of water, or reservoir
flow-through time, was estimated by dividing the
volume of the reservoir or series of reservoirs by
the flow (storage replacement method developed
by the U.S. Army Corps of Engineers). Volumes
of the reservoirs in each index reach were esti-
mated for capacities designated as full. The flows
were referenced at the previously identified sites
in each index reach. The Snake River index reach
included McNary reservoir, which receives both
middle Columbia and Snake river flows. There-
fore, the McNary reservoir component of the in-
dex reach, a constant adjustment of 140 x 103
ft3/s (the average spring flow contribution from
the middle Columbia River) was added to the flow
at Ice Harbor Dam, the lowest dam on the Snake
River.

Observed smolt travel time was modeled with
a reciprocal flow structure, which is the basis for
water transit time through reservoirs. Water tran-
sit time is simply a function of flow and the cross-
sectional area of the waterway. The similarity of
fish travel time to water travel time and what is
known about the biology of fish migration suggest
that this is the most biologically intuitive model
structure.

Mudltiple-Regression Analyses

The third objective was to determine the im-
portance of other variables for smolt travel time
and the relative importance of average flow when
other variables were in the model. To address this
objective, multiple regression was used on the flow-
related and smoltification-related variables.

The goal was to create multiple-regression mod-
els having minimal multicollinearity among pre-
dictor variables, high R? values, and meaningful
importance of the variables retained in terms of
explaining variation in smolt travel time. All sta-
tistical analyses were performed with the SYSTAT
statistical package for personal computers (Wil-
kinson 1990). Visual inspection of bivariate plots
and Pearson correlation coefficients provided ear-
ly indications of the shape and strength of relations
between each predictor variable and the depen-
dent variable, and between pairs of predictor vari-
ables. In the multiple-regression analysis, a step-
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flow increased. As a result of the limited range of
flows observed in the middle Columbia River, the
relation between smolt travel time and flow was
not established (P = 0.95) for Winthrop Hatchery
spring chinook salmon and only marginally estab-
lished (P = 0.04) for Wells Hatchery steelhead
(Table 1). The bivariate relations between travel
time estimates and average flow are depicted in
Figure 3 along with theoretical water transit times
for each index reach.

Regression diagnostics indicated the presence of
an outlier observation in the bivariate regressions
that needed further consideration. This observa-
tion was the 1986 yearling chinook salmon group
from Dworshak Hatchery. The studentized resid-
ual was 4.6, which is within the range that Draper
and Smith (1981) defined as an outlier. Because
this observation was not a high-leverage point, it
did not affect the estimated regression slope or the
significance of the regression (Fox 1991). It did,
however, substantially increase the variance around
the regression. Therefore, this observation was
omitted when the bivariate regression model for
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Snake River yearling chinook salmon was deter-
mined (Table 1).

Multiple-Regression Analyses

Snake River index reach. —The predictive mod-
el for yearling chinook salmon groups in the Snake
River index reach included the reciprocal of av-
erage flow (FLOW-1), prior travel time to Lower
Granite Dam (TTLGR), and delta-flow (DFLOW).
The inclusion of the additional variables caused
the outlier observation observed in the bivariate
analysis to be even more severe (studentized re-
sidual, 5.4). The coefficients of the multiple re-
gression did not change significantly with this ob-
servation, but the variance about the regression
again substantially increased. Therefore, the out-
lier was excluded, and the resulting model with
the remaining 29 observations explained 74% of
the variation in smolt travel time (Table 2). The
stepwise regression routine selected the variable
FLOW-! first (R2 = 0.46), followed by the vari-
ables TTLGR (R? = 0.57) and DFLOW (R? =
0.74). A 48% reduction in residual error about the
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FIGURE 3.—Observed and predicted fish travel time estimates, and estimated water transit time (WTT), versus
flow for (A) Snake River yearling chinook salmon, (B) Snake River steelhead, (C) middle Columbia River steelhead,
and (D) lower Columbia River (John Day pool) subyearling chinook salmon. Open circles () denote pre-water
budget years 1981-1983; solid circles (8) denote post-water budget years 1984 and beyond.
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TABLE 2.—Multiple-regression models for predicting travel time? of yearling and subyearling chinook salmon
and steelhead in key index reaches of the Columbia River basin.

Group N Variableb Coeflicient SE Pc MSE¢ R?
Snake River index reach
Yearling chinook 29 Constant 6.401 1.541 <0.01 2.13 0.74
salmon FLOW-! 574.072 92.208 <0.01
TTLGR -0.120 0.029 <0.01
DFLOW 0.057 0.014 <0.01
Steelhead 13! Constant -0.730 0.967 0.47 0.89 0.90
FLOW-! 935.650 103.347 <0.01
Middle Columbia River index reach
Yearling chinook 14 Constant 69.709 16.140 <0.01 5.39 0.39
salmon DATE —0.387 0.141 0.02
Steelhead 16 Constant 42.883 10.108 <0.01 2.05 0.62
FLOW-! 1,040.739 296.388 <0.0t
TEMP -0.724 0.209 <0.01
Lower Columbia River index reach
Subyearling chinook 35 Constant -42.364 9.598 <0.01 16.95 0.65
salmon FLOW-! 3,016.061 445.452 <0.01
DFLOW 0.133 0.031 <0.01
DATE 0.165 0.042 <0.01

a Median smolt travel time estimate (days) in index reach.

b Predictor variables: TTLGR = travel time from hatchery release to Lower Granite Dam (days). FLOW -} = reciprocal of flow
(103 fi3/s) averaged over the travel time days; DFLOW = absolute change in daily average flow (103 fi3/5) over trave! time days:
TEMP = daily river tcmperature averaged over travel time (°F); DATE = day of entry into the index reach (day | = January 1).

¢ Probability (2-1ail) that the coefficient is no different from zero: significant when P < 0.05.

d Residual mean-square error.

regression was observed relative to the bivariate
model. Because of the high level of independence
among the predictor variables (tolerances > 0.94),
the beta coeflicients were used and showed that
FLOW-! explained the highest proportion of the
variation in estimated travel time (Table 3). With
other variables held fixed, the effect of the TTLGR
variable was to shorten travel time in the index
reach for yearling chinook salmon groups that mi-
grated a longer time before entering the index reach.
The effect of the DFLOW variable was to increase
smolt travel time as the difference between min-
imum and maximum flow increased. This is a
function of the curvilinear shape of the relation
between average flow and smolt travel time. With
the FLOW-! variable in the model, an increasing
DFLOW reflected the effect of the time spent mi-
grating at the lower flows.

The bivariate model with FLOW-! for steel-
head in the Snake River index reach explained
over 90% of the variation in smolt travel time
(Table 1). The stepwise multiple-regression rou-
tine selected FLOW-! first (R2 = 0.90), and then
added TTLGR (R? = 0.97). However, the positive
sign of TTLGR was opposite of what theory would
predict and may simply reflect a higher level of
smoltification for the later releases in 1982 and

1983. Because FLOW-! alone explained such a
high proportion of the variation in smolt travel
time, it was retained as the most parsimonious
and biologically relevant model (Table 2).
Middle Columbia index reach. —The predictive
model for yearling chinook salmon in the middle
Columbia River index reach included the day of
entry variable DATE. This predictor variable ex-
plained 39% of the variation in smolt travel time
(Table 2). Smolt travel time decreased for later-
migrating groups. The variation in flow experi-
enced by yearling chinook salmon was limited and,
therefore, the lack of a significant correlation with
FLOW-! was not unexpected. The stepwise re-
gression routine selected the variable DATE first
(R2=10.39), and then added DFLOW (R2 = 0.63).
However, the DFLOW must occur with FLOW-!
in the model to retain its biological interpretation.
Here, DFLOW may simply reflect that in 1987~
1989, flow increased from low levels early in the
migration of Winthrop Hatchery spring chinook
salmon to levels more similar to the early-May
flows of other years. Apparently, the higher flows
that occurred later in the migration period, when
these hatchery chinook salmon were at a higher
smoltification level (Beeman et al. 1990), in-
creased the migration rate and resulted in a shorter
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TasLE 3.—Measures of importance of individual pre-
dictor variables in the multiple-regression models for
smolt travel time.?

Partial Beta
coef- Toler- coef-
Group Variableb ficient ance® ficientd
Snake River index reach
Yearling FLOW-! 574.072 0993 0.637
chinook TTLGR -0.120 0.942 -0.439
salmon DFLOW 0.057 0.947 0.418
Middle Columbia River index reach
Steelhead FLOW-!  1,040.739  0.983 0.603
TEMP -0.724  0.983 -0.595
Lower Columbia River index reach
Subyearling FLOW !  3,016.061 0.738 0.836
chinook DFLOW 0.133  0.745 0.522
salmon DATE 0.165 0.988 0.416

2 Median smolt travel time estimate (days) in index reach.

b Predictor variables: TTLGR = travel time from hatchery re-
lease 1o Lower Granite Dam (days); FLOW-! = reciprocal
of flow (103 fid/s) averaged over the travel time days;
DFLOW = absolute change in daily average flow (103 ft3/s)
over travel lime days; TEMP = daily river temperature aver-
aged over travel time (°F); DATE = day of entry into the index
reach (day 1 = January 1).

¢ One minus the multiple correlation between a predictor vari-
able and all other predictor variables in the model.

d Indicates the relative contribution of each predictor variable
in explaining the variation in the dependent variable.

travel time than anticipated, given the low com-
puted average flow. Because the DFLOW variable
appears to reflect a more complex flow—smoltifi-
cation response, which cannot be quantified with
available data, the more parsimonious model with
only the DATE variable was retained.

The predictive model for steelhead in the mid-
dle Columbia River index reach included the re-
ciprocal of average flow (FLOW-!) and river tem-
perature (TEMP). These two predictor variables
explained 62.3% of the variation in smolt travel
time (Table 2). The stepwise regression routine
selected DATE first (R2 = 0.35), then FLOW-!
(R2 = 0.56) and TEMP (R? = 0.65). With TEMP
in the model, DATE became a nonsignificant con-
tributor (P = 0.36) and was removed in the next
step. A 44% reduction in residual error about the
regression was observed relative to the bivariate
model for these steethead. Because of the high level
of independence between the predictor variables
(tolerances > 0.98), the beta coefficients were used
and showed that FLOW-! and TEMP explained
about equal proportions of the variation in esti-
mated travel time (Table 3). With flow fixed, the
effect of increasing river temperatures was to de-
crease smolt travel time.

Lower Columbia River index reach. —The pre-

dictive model for travel time of subyearling chi-
nook salmon through John Day reservoir included
the reciprocal of average flow (FLOW-!), delta-
flow (DFLOW), and day of entry to the reach
(DATE). These three variables explained 65% of
the variation in smolt travel time (Table 2). The
stepwise regression routine selected the reciprocal
of minimum flow (MINFLOW-!) first (R2 = 0.35),
then DATE (R? = 0.52), DFLOW (R2 = 0.61),
and FLOW-! (RZ = 0.66). With FLOW-! in the
model, MINFLOW-! became a nonsignificant
contributor (P = 0.58) and was removed in the
next step. A 49% reduction in residual error about
the regression was observed relative to the bivar-
iate model for subyearlings. A high level of in-
dependence occurred between DATE and the oth-
er two variables (tolerance = 0.99). A low level of
multicollinearity occurred between FLOW -! and
DFLOW (tolerance > 0.7), but it was too low to
cause any concern about the coefficient estimates
(Lewis-Beck 1980). Therefore, the beta coefficients
were used and showed that FLOW-! explained
the highest proportion of the variation in esti-
mated travel time (Table 3). With the other vari-
ables fixed, the effect of DATE was to increase
smolt travel time as the summer season pro-
gressed. The DATE variable appears to encom-
pass a compounded effect of flow and smoltifica-
tion. Because flow decreases through the summer
migration period each year, the DATE variable
includes the effect of this temporal trend. In ad-
dition, this variable will encompass smoltification
differences in the mixed-stock population. Phys-
iological monitoring of subyearling chinook salm-
on, begun at McNary Dam in 1990, has shown a
lower level of smoltification (as measured by gill
ATPase activity) among the later migrants in this
mixed population (D. Rondorf, U.S. Fish and
Wildlife Service, personal communication).

Discussion

The bivariate- and multiple-regression analyses
documented that flows were important during both
the spring and summer months when marked
groups of salmonid smolts were migrating. With
one exception, the relation between smolt travel
time and average flow was statistically significant.
The marked groups of subyearling and yearling
chinook salmon and steelhead, released over 6-9
years during the past decade, showed that the time
it takes smolts to migrate through key index reach-
es in the Columbia River drainage was inversely
related to the average flow in the system. The ex-
ception was marked groups of yearling chinook
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salmon migrating in the middle Columbia River
index reach, and it may be attributable to the nar-
row range of higher average flows these groups
experienced between 1983 and 1990. When ad-
ditional variables were considered, average flow
was still the most important variable in the model
for yearling chinook salmon and steelhead in the
Snake River and in the model for subyearling chi-
nook salmon in John Day reservoir. Average flow
and temperature (a smoltification-related vari-
able) had about equal importance for steelhead in
the middle Columbia River.

Bivariate relations between smolt travel time
and average flow and between theoretical water
transit time and average flow had similar forms
(Figure 3). As stated in the introduction, the link
between smolt migration speed and water velocity
(Smith 1982) had pointed to river flow as a key
factor in determining smolt travel time through
reservoirs. The rationale used by the Northwest
Power Planning Council (NPPC) when it adopted
flow augmentation as a mitigation measure in 1982
for the fish and wildlife program was further sub-
stantiated by these analyses.

The NPPC’s fish and wildlife program did not
provide flow mitigation for summer-migrating
subyearling chinook salmon. Studies conducted
between 1981 and 1983 had not produced evi-
dence of a relation between average flow and travel
time for subyearling migrants (Miller and Sims
1984). Further analysis of these data by Giorgi et
al. (1990) again provided no evidence of a signif-
icant relation between flow and smolt travel time.
In part. the reliability of the travel time estimated
used may have been affected by the small sample
recoveries. Marked releases of subyearling chi-
nook salmon from McNary Dam between 1986
and 1988 provided additional travel time infor-
mation (based on samples with higher recovery
numbers) under a broader range of flows. With 6
years of data over a broader range of flow and a
minimum sample size criterion for all mark groups,
both the bivariate- and multiple-regression anal-
yses presented here documented that average flow
does have a statistically significant effect on travel
time of subyearling chinook salmon during the
summer.

The multiple-regression analyses documented
the importance of adding a variable to account for
the maximum change in flow during migrations.
Marked smolts migrate under conditions of chang-
ing flow. For yearling chinook salmon in the Snake
River and subyearling chinook salmon in the low-
er Columbia River, increases in delta-flow in-

creased smolt travel time. Because of the curvi-
linear relation between smolt travel time and
average flow, flows below the average have a great-
er effect on smolt travel time than flows above the
average. Therefore, having a large delta-flow about
an average level, rather than a relatively constant
average flow, would tend to increase smolt travel
time. Since yearling chinook salmon migrated dur-
ing a period of rapidly increasing flows in the spring,
and subyearling chinook migrated during a period
of rapidly decreasing flows in the summer, the
effects of delta-flow were significant. Steelhead
tended to migrate closer to the peak of the spring
freshet and experienced a longer period when flow
fluctuations were lower than those experienced by
yearling chinook salmon, so delta-flow was not a
significant variable.

The multiple-regression analysis also docu-
mented that smoltification, as defined by surrogate
variables, played a role in predicting how quickly
smolts migrated through the index reaches. Vari-
ables including migration time from release at the
hatchery to the start of an index reach (at Lower
Granite Dam), chinook salmon race, river tem-
perature, and date of entry into the index reach
were considered. Other factors that influence
smoltification, such as fish size, diet, and disease,
were not considered in the modeling because con-
sistent data were not available for all years. The
variables used in the analysis were easily obtain-
able and had a biological link to some stage of
smoltification. Travel time to Lower Granite Dam
successfully accounted for smoltification differ-
ences among the four hatchery stocks of Snake
River chinook salmon yearlings that had migrated
different distances to the start of the index reach.
In-river migration time has been shown to directly
increase smoltification (Zaugg et al. 1985). The
indicator variable for chinook salmon race was not
significant in the model, apparently because po-
tential race differences were already accounted for
by the variable of migration time from hatchery
to Lower Granite Dam. The summer race of chi-
nook salmon tended to migrate for a longer period
of time to the start of the index reach than did the
spring race. The day of entry to the index reach
captured the effect of the temporal changes (c.g.,
change in day length; Hoar 1988) on smoltification
for middle Columbia River yearling chinook salm-
on and lower Columbia River subyearling chinook
salmon. This variable also included the effect of
the decreasing temporal trend in flow that occurs
each year for subyearlings. Because day length is
so highly correlated (+ > 0.95) with the day of
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entry into an index reach, either variable may ef-
fectively relate to the level of smoltification at-
tained. Since temperature generally controls the
rate of smotltification (Hoar 1988), the presence of
river temperature in the middle Columbia River
steelhead model may reflect changes in smoltifi-
cation. Whether day of entry to index reach or
river temperature was selected for a particular pre-
dictive model may simply have reflected which
variable was less correlated with other variables
already in the model. Nevertheless, by including
a surrogate for smoltification in the models, ad-
ditional variation in smolt travel time was ex-
plained over that possible with flow-related vari-
ables alone.

In conclusion, increased flows reduce the travel
time of both yearling chinook salmon in the Snake
River and steelhead smolts in the middle Colum-
bia and Snake rivers in spring and of subyearling
chinook smolts in summer. This means that in-
creased flows can mitigate both the spring and
summer outmigration delays that smolts experi-
ence as a result of operation of the hydroelectric
system in the Columbia River basin. Including
variables that account for changes in smoltifica-
tion during outmigration helps explain additional
variation in estimated travel time. Therefore, pre-
dicting smolt travel time through key index reach-
es in the Columbia River basin is best accom-
plished with multiple-regression models containing
both flow-related and smoltification-related vari-
ables.
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Appendix: Passage Data for Study Reaches

TABLE A.1.—Snake River index reach data. The reach extends from Lower Granite Dam (LGR) to McNary Dam
(MCN).

Average
river
Median nsua:bpel:b Tn.-avel Flow (103 ft3/s)d temper-  Entry day
release time Days to ature of the

Year date2 LGR MCN GV Average Minimum Delta® LGRf P year

Dworshak Hatchery spring chinook salmon yearlings
1983 Apr | 335 142 13.8 100 41 79 21 53 112
1985 Apr 4 384 378 12.1 79 53 35 23 51 117
1986 Apr 2 479 370 20.8 97 78 42 19 52 11
1987 Apr 2 659 358 12.5 71 42 51 22 55 114
1988 Mar 30 502 555 184 55 35 55 21 52 110
1989 Mar 30 1,506 211 13.2 92 57 53 26 53 115
1990 Apr S 372 254 16.6 74 57 33 24 54 119

McCall Hatchery summer chinook salmon yearlings
1983 Apr 6 444 289 7.7 113 108 12 29 55 125
1984 Apr 10 196 153 7.6 178 160 37 37 53 137
1985 Apr 3 185 86 13.1 90 59 59 40 54 133
1986 Mar 27 508 170 10.8 100 90 27 37 53 124
1987 Mar 31 98 114 10.6 80 61 32 32 56 122
1989 Mar 21 194 116 2.9 87 56 64 51 55 131
1990 Mar 22 54 91 10.8 78 41 83 61 55 142

Rapid River Hatchery spring chinook salmon yearlings

1982 Mar 27 159 144 10.4 117 101 25 26 49 112
1983 Mar 22 617 536 113 98 41 79 31 53 112
1984 Mar 27 302 262 10.3 108 88 40 31 49 117
1985 Apr 5 593 362 14.0 79 53 55 20 51 15
1986 Apr 5 1,073 295 14.8 95 78 42 15 52 110
1987 Apr 2 194 98 11.0 75 50 44 24 55 116
1988 Mar 23 116 189 16.9 57 35 55 32 53 114
1989 Mar 30 1,407 165 13.3 93 57 53 24 52 113
1990 Mar 24 297 309 13.3 65 53 23 30 54 113

Sawtooth Hatchery spring chinook saimon yearlings
1983 Mar 29 181 113 7.0 112 98 22 35 54 123
1984 Mar 28 230 156 12.6 141 105 92 39 52 126
1985 Mar 27 216 124 12.9 80 59 49 38 53 124
1986 Mar 17 226 65 9.3 98 85 35 38 52 114
1988 Mar 15 47 88 14.8 58 35 55 42 53 116
1989 Mar 15 304 86 10.7 92 57 53 39 52 113
1990 Mar 17 76 96 11.1 66 53 23 37 54 113

Dworshak Hatchery summer steelhead yearlings

1982 Apr 19 1,011 268 1.7 121 115 15 8 50 117
1982 Apr 30 512 191 6.6 114 105 21 6 51 126
1982 May 3 508 247 7.3 112 105 17 4 52 127
1982 May 19 613 63 4.2 166 153 43 5 55 144
1983 Apr 20 852 294 8.4 108 96 24 10 54 120
1983 May 3 1,762 301 7.0 i 99 20 5 55 128
1983 May 25 429 140 3.0 192 90 6 5 59 150
1984 May 4 117 67 6.5 173 156 41 10 53 134
1988 May 2 1,000 104 13.3 65 43 39 8 55 130
1989 May 1 714 46 9.4 99 70 51 8 54 129
1989 May 3 623 47 10.6 86 56 64 8 55 131

3 Release from the hatchery of origin.

b Number of marked fish counted at the dam.

¢ Median time to travel the length of the reach.

d Measured at Ice Harbor Dam during travel of the leading 50% of the group.
¢ Difference between maximum and minimum flows.

{ Median time from hatchery release.

8 Median day of entry into the reach (day 1 = January 1).
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TaBLE A.2.—Middle Columbia index reach data. The reach extends from the mouth of the Methow River to
McNary Dam (MCN). Variables are defined in Table A.1.

Average
Median Sample Travel Flow (10? fi%/s) river Entry day
release number, time temperature of the
Year date MCN (d) Average Minimum Delta CFp@ year
Winthrop Hatchery spring chinook salmon yearlings
1983 Apr 13 480 27.1 159 125 58 48 106
1984 Apr 23 158 23.2 143 101 63 47 116
1985 Apr 16 823 31.1 130 90 68 47 109
1985 Apr 20 457 29.3 133 104 53 48 113
1985 Apr 24 458 28.0 134 104 53 49 117
1986 Apr 21 792 25.8 143 107 63 47 114
1986 Apr 25 546 25.1 140 107 52 48 118
1986 Apr 29 624 22.0 137 107 50 48 122
1987 Apr 20 864 23.2 133 43 134 S0 113
1987 Apr 24 658 223 145 93 84 51 117
1987 Apr 28 906 22.5 150 108 69 51 121
1988 Apr 19 2,288 24.3 96 55 96 49 112
1989 Apr 18 666 24.7 135 71 97 48 m
1990 Apr 17 425 28.0 143 102 78 48 110
Wells Hatchery summer steelhead yearlings
1982 Apr 21 438 19.2 148 114 70 46 113
1983 Apr 23 495 15.7 165 146 38 48 115
1984 Apr 23 454 17.6 148 113 51 46 114
1984 Apr 27 589 13.9 145 113 St 46 118
1985 May 6 611 13.5 138 104 53 49 127
1985 May 10 685 14.6 131 103 54 51 131
1985 May 14 504 14.1 122 90 58 52 135
1986 May 1 645 i7.0 138 107 50 48 122
1986 May 5 497 15.1 141 122 35 48 126
1986 May 9 262 14.1 139 114 43 49 130
1987 Apr 23 485 16.1 121 43 119 49 114
1987 Apr 27 449 13.7 141 108 65 50 118
1987 May 1 585 13.1 152 108 66 Si 122
1988 Apr 20 559 204 86 55 94 48 111
1989 Apr 29 444 14.6 144 102 67 49 120
1990 Apr 26 320 13.3 147 106 74 48 118

a Mcasured at Rock Island Dam.
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TaBLE A.3.—Lower Columbia index reach data for subyearling summer chinook salmon. The reach extends from

McNary Dam 10 John Day Dam (JDA). Variables are defined in Table A.1.

Average
Median Sample Flow (103 ft/sp river Entry day
release number. Travel temperalure of the
Year date JDA time (d) Average Minimum Delta (°F)? year
1981 Jun 18 44 15.6 306 221 151 57 170
1981 Jul 10 79 17.9 215 149 116 61 192
1981 Jul 16 65 19.9 200 149 96 63 198
1981 Jul 22 50 12.1 200 162 62 64 204
1981 Jul 29 64 9.2 197 164 78 65 211
1982 Jul 29 44 23.0 181 114 122 66 211
1982 Aug 17 46 37.6 132 91 114 66 230
1983 Jun 16 41 12.6 233 192 91 59 168
1983 Jul 15 42 6.3 230 220 38 63 197
1983 Jul 20 60 15.4 206 171 67 64 202
1983 Jul 23 62 28.1 188 149 90 66 205
1983 Jul 27 41 24.1 188 149 90 66 209
1983 Jul 29 71 25.1 180 130 80 66 211
1986 Jun 15 61 6.8 225 173 77 62 167
1986 Jun 18 104 12.2 185 150 100 63 170
1986 Jun 23 124 21.2 148 88 105 65 175
1986 Jul 13 29 14.1 173 152 55 65 195
1986 Jul 15 123 i5.1 167 142 64 66 197
1986 Jul 19 113 15.3 160 141 47 66 201
1986 Jul 21 90 20.5 147 122 66 67 203
1986 Jul 22 110 20.3 145 122 57 67 204
1986 Jul 23 117 19.2 144 122 47 67 205
1986 Jul 30 92 18.8 136 87 73 68 212
1986 Aug 1 46 24.8 130 87 73 69 214
1987 Jun 18 114 26.2 115 86 48 65 170
1987 Jun 23 123 19.7 113 86 46 66 175
1987 Jun 26 84 21.8 110 86 46 66 178
1987 Jul 2 87 26.9 107 78 54 67 185
1987 Jul 9 81 29.0 109 78 56 67 191
1988 Jun 15 104 13.3 149 123 45 62 167
1988 Jun 21 82 13.5 125 85 83 64 173
1988 Jun 23 75 21.5 119 85 79 64 175
1988 Jun 29 69 22.4 109 78 56 65 181
1988 Jul 6 89 24.7 98 77 55 66 188
1988 Jul 13 43 18.2 103 77 55 67 195

2 Measured at John Day Dam.
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