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Abstract
We applied acoustic telemetry methods to characterize migration pathways and estimate associated travel times

and survival probabilities for juvenile Chinook salmon Oncorhynchus tshawytscha and steelhead O. mykiss migrating
downstream through the Columbia River estuary (from river kilometer [rkm] 86 to rkm 8). Acoustic-tagged fish were
detected as migrating in the navigation channel and in off-channel areas at each of the estuarine reaches we examined
during May–August 2010. However, the majority of fish traveled in the main navigation channel from rkm 86 to
rkm 37, at which point most fish left the river-influenced navigation channel; crossed a broad, shallow tidal flat; and
migrated the final 37 km in a secondary channel, which was characterized as having greater tidal transport than the
navigation channel. The pathway used by acoustic-tagged smolts to migrate through the estuary affected their rate
of travel. In most reaches, navigation channel migrants traveled significantly faster than fish that migrated through
off-channel areas. Contrary to observations from previous studies, smolts that migrated through off-channel areas
at a slower rate did not experience lower survival than their cohorts that used the navigation channel. Although no
significant differences in survival probability were observed between navigation channel migrants and off-channel
migrants, areas of high mortality were identified between rkm 37 and rkm 8. Dispersion of juvenile salmonids into
multiple pathways during downstream migration can be beneficial in terms of increased expression of life history
diversity and resiliency to environmental perturbations. Our results, which document juvenile salmon migration
pathways and associated travel time and survival through a large estuary, can be used to focus future research and
management activities in areas identified as having high mortality and therefore can be used to aid in the recovery of
Endangered Species Act-listed salmon populations.
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508 HARNISH ET AL.

Numerous stocks of anadromous salmonids from within the
Columbia River basin have been listed as threatened or endan-
gered under the Endangered Species Act (Nehlsen et al. 1991;
Myers et al. 1998; Good et al. 2005). Survival and behavior of
juvenile salmonids as they pass through reservoirs and dams
within the Federal Columbia River Power System have been
the focus of research and management aimed at the recovery of
these stocks (e.g., Ferguson et al. 2005, 2007; NOAA Fisheries
2008). However, only limited research has focused on the sur-
vival and behavior of juvenile salmonids after they pass through
the hydropower system and enter the lower Columbia River and
estuary (Dawley et al. 1986; Schreck et al. 2006; Clemens et al.
2009; McMichael et al. 2010b).

Estuarine or early marine migration is commonly identified
as a critical period in the life histories of many anadromous Pa-
cific salmon Oncorhynchus spp. (Simenstad et al. 1982; Healey
1991; Thorpe 1994; Fresh et al. 2005). However, recent re-
search has suggested that the Columbia River estuary (defined
here as river kilometer [rkm] 86 to rkm 0, as measured from
the mouth of the Columbia River) is a critically important en-
vironment in which emigrating salmonids experience relatively
high rates of mortality (Ryan et al. 2003; Schreck et al. 2006;
McMichael et al. 2010b). For example, McMichael et al. (2010a,
2010b) found that a significant proportion (0.22–0.47) of juve-
nile salmonids from the Columbia River basin failed to survive
from Bonneville Dam (rkm 235) to ocean entry; the highest
rates of mortality occurred in the downstream-most 50 km of
the Columbia River estuary. A greater understanding of the mag-
nitude, locations, and causes of juvenile salmonid mortality in
the estuary is needed to develop recovery strategies that will im-
prove survival of smolts during their estuarine migration. Con-
sequently, determining the distribution of emigrating juvenile
salmonids among available migration pathways and the asso-
ciated survival is important to understanding population-level
survival (Perry et al. 2010).

In most estuaries, emigrating juvenile fish encounter a com-
plex series of channels, tidal flats, sand bars, and shallow bays,
which create a continuum of habitat types that vary in wa-
ter depth, water velocity, salinity, and substrate composition
(Thomas 1983; Fox et al. 1984). The utilization of these habi-
tats may vary by species, life history pattern, fish size, estuarine
conditions, season, and time of day (Tyler et al. 1978; Dawley
et al. 1986; McCabe et al. 1986; Thorpe 1994; Bottom et al.
2005, 2008; Schreck et al. 2005; Semmens 2008). Due to the
complexity of estuarine environments and the diverse use of
estuarine habitats by juvenile salmonids, seaward migrants use
multiple migration pathways or routes to negotiate the estuary
(Schreck et al. 2005; McMichael et al. 2010b; Melnychuk et al.
2010; Perry et al. 2010). The use of different migration pathways
may expose juvenile salmonids to different environmental and
biological conditions that influence their travel rates, foraging
success, growth, and exposure to predators, resulting in differ-
ential survival among fish that use different pathways (Brandes

and McClain 2001; Schreck et al. 2005; McMichael et al. 2010b;
Perry et al. 2010).

We used the Juvenile Salmon Acoustic Telemetry System
(JSATS; McMichael et al. 2010a) during May–August 2010
to increase understanding of the influence of migration behav-
iors on travel time and survival of juvenile Chinook salmon
O. tshawytscha and steelhead O. mykiss as they pass through
the Columbia River estuary. The objectives of this study were
to (1) provide resource managers with information regarding
the estuarine migration pathways used by Chinook salmon and
steelhead smolts and (2) identify areas of high use, mortality,
and residence time. This information can be used to guide future
management actions.

METHODS
Test fish and tagging procedures.—Fish used in these analy-

ses were actively migrating juvenile salmonid smolts collected
from the juvenile bypass facility (JBF) at John Day Dam (rkm
347) on the Columbia River. Yearling Chinook salmon and ju-
venile steelhead were obtained between 27 April and 31 May
2010, and subyearling Chinook salmon were obtained between
12 June and 16 July 2010.

Fish collected at the John Day Dam JBF received 2010-model
JSATS transmitters (Advanced Telemetry Systems, Isanti, Min-
nesota), which were implanted by using methods similar to those
described by McMichael et al. (2010a), Deters et al. (2010), and
Brown et al. (2010). Transmitters averaged 5.21 mm (SE = 0.01)
wide, 12.00 mm (SE = 0.01) long, and 3.77 mm (SE = 0.04)
high; mean transmitter weight in air was 0.43 g, mean weight
in water was 0.29 g, and mean volume was 0.14 mL (all SEs <

0.005). The pulse rate interval (PRI) was 3 s, and estimated tag
life was 32 d. A randomly selected subsample of 50 transmitters
was retained from both the spring and summer tagging sessions
to quantify tag life. A passive integrated transponder tag (Model
TX1411ST; 12.5 × 2 mm; weight in air = 0.06 g; Destron Fear-
ing, South St. Paul, Minnesota) was also implanted into each
fish to allow for possible detection in the JBFs and adult fish
ladders of hydropower dams on the Snake and Columbia rivers.
Acoustic-tagged fish were released at three different locations in
the Columbia River to address the objectives of several studies.
In total, 3,880 yearling Chinook salmon, 3,885 steelhead, and
4,449 subyearling Chinook salmon were collected, tagged, and
released in 2010 (Table 1).

The size distribution of fish that received acoustic transmit-
ters was generally similar to the size distribution of fish sampled
randomly from the run-at-large as part of the Smolt Monitor-
ing Program (Figure 1). We attempted to minimize tag burden
(tag weight expressed as a percentage of fish weight) and any
potential tag or tagging effects by only implanting tags into
fish with fork lengths (FLs) of 95 mm or greater; therefore, the
size distribution of subyearling Chinook salmon with transmit-
ters differed slightly from the size distribution observed for the
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MIGRATION PATHWAY EFFECTS ON JUVENILE SALMONIDS 509

TABLE 1. Number, fork length, tag burden (tag weight expressed as a percentage of fish body weight), and release dates for acoustic-tagged yearling Chinook
salmon (CH1), steelhead (STH), and subyearling Chinook salmon (CH0) released into the Columbia River at Roosevelt, at The Dalles Dam tailrace (TDA TR), or
near the mouth of the Hood River in 2010 (rkm = river kilometer; min = minimum; max = maximum).

Fork length (mm) Tag burden (%)

Release location Release rkm Group Release dates N Min Max Mean Min Max Mean

Roosevelt 393 CH1 28 Apr–29 May 2,287 103 225 156 0.4 4.7 1.4
STH 28 Apr–29 May 2,288 142 260 213 0.3 5.2 0.6
CH0 13 Jun–14 Jul 2,849 95 250 111 1.1 5.7 3.5

TDA TR 307 CH1 30 Apr–1 Jun 796 99 221 154 0.3 5.4 1.5
STH 30 Apr–1 Jun 799 148 260 212 0.3 3.4 0.6
CH0 15 Jun–17 Jul 800 95 234 111 1.5 5.8 3.5

Hood River 275 CH1 1 May–1 Jun 797 104 227 154 0.4 4.2 1.5
STH 1 May–1 Jun 798 140 260 209 0.2 1.9 0.6
CH0 16 Jun–17 Jul 800 95 148 110 1.4 5.7 3.6

general population (Figure 1). Overall, mean tag burden was
1.4% for yearling Chinook salmon, 0.6% for steelhead, and
3.5% for subyearling Chinook salmon.

Acoustic telemetry receivers.—Acoustic transmissions from
tagged fish were detected and decoded by stationary JSATS au-
tonomous receivers (Model N201; Sonic Concepts, Inc., Both-
ell, Washington), which were deployed via the methods de-
scribed by Titzler et al. (2010). In total, 82 acoustic telemetry
receivers were deployed from 17 April to 9 August 2010 in
multiple locations at and downstream of rkm 86 (Figure 2).

Receivers were deployed in lines (referred to as “arrays”)
that ran approximately perpendicular to shore (Figure 2). Based
on the effective detection range, receivers within an array were
spaced about 100–200 m apart. However, at several of the array

FIGURE 1. Size distributions of subyearling Chinook salmon, yearling Chi-
nook salmon, and steelhead that were collected from the juvenile bypass facility
(JBF) at John Day Dam on the Columbia River and tagged with acoustic trans-
mitters (AT; solid line), presented in comparison with the size distributions of
fish that were sampled randomly from the run-at-large at the John Day Dam
JBF as part of the Smolt Monitoring Program (SMP; dotted line).

locations, it was not possible to space receivers this closely
across the entire width of the estuary. Specifically, in areas that
consisted of broad, shallow tidal flats, receivers were deployed
only in water that was deeper than about 4 m (during low tide)
so as to keep receiver hydrophones submerged.

Six arrays were deployed (Figure 2). The arrays at rkm 86
and rkm 3 marked the upstream and downstream boundaries of
the study site, respectively. Receivers within each of these ar-
rays were deployed with overlapping detection range across the
width of the channel. Detections on the rkm-3 array were used
only to calculate the probabilities of detection and survival at the
upstream arrays. Receiver arrays at rkm 50, 37, 22, and 8 were
divided into navigation channel and off-channel subarrays to
determine the pathways used by acoustic-tagged fish to migrate
through the estuary. Subarrays were named as a concatenation
of the channel and rkm at which they were located (Table 2;
Figure 2).

TABLE 2. Locations of and number of receivers in subarrays deployed in
the Columbia River estuary to detect acoustic-tagged yearling Chinook salmon,
subyearling Chinook salmon, and steelhead as they migrated through the estuary
in 2010 (rkm = river kilometer; na = not applicable).

Array
rkm Subarray Subarray location description

Number of
receivers

86 Nav 86 Navigation channel 6
50 Nav 50 Navigation channel 3

CC 50 Clifton Channel 1
37 Nav 37 Navigation channel 4

CB 37 Cathlamet Bay 3
22 Nav 22 Navigation channel 5

WA 22 Washington shoreline channel
and midchannel

11

8 Nav 8 Navigation channel 11
WA 8 Washington shoreline channel 11

3 na Columbia River bar 27

D
ow

nl
oa

de
d 

by
 [

Pa
ci

fi
c 

N
or

th
w

es
t N

at
io

na
l L

ab
s]

 a
t 1

1:
33

 0
2 

A
pr

il 
20

12
 



510 HARNISH ET AL.

FIGURE 2. Locations of acoustic telemetry receiver arrays and subarrays (circled) that were deployed to detect acoustic-tagged yearling and subyearling Chinook
salmon and steelhead as they migrated through various pathways of the Columbia River estuary between river kilometer (rkm) 86 and the river mouth. Subarrays
are named with an abbreviation for their location (Nav = navigation channel; off-channel areas: CC = Clifton Channel; CB = Cathlamet Bay; WA = Washington
shoreline channel) followed by the rkm at which they were deployed.

Data analyses.—Data files recovered from receivers were
coded with the receiver location and stored in a database that
we developed specifically for storing and processing JSATS
telemetry data. False detections were filtered by using a post-
processing program that (1) compared each detection with a
list of tags that were released (i.e., only tags that were released
were kept in the detection file); and (2) compared the detection
date with the release date (only tags that were detected after
release were kept in the detection file). Finally, for the detec-
tions to be included in the file of valid detections, we required a
minimum of four detections from the same transmitter to occur
within 36 s and the time spacing between these detections had
to either match the tag’s PRI or be a multiple of the PRI. These
criteria provided a relatively conservative approach to accepting
acoustic tag detections while optimizing the effective detection
range.

Valid detections from each array were used to assign each
fish to the subarray at which it was detected. However, some fish
were detected by both subarrays. This occurrence was relatively
rare at the rkm-50, rkm-37, and rkm-22 arrays; less than 3% of

detected fish were detected by both subarrays. Fish detected at
the rkm-8 array were more commonly detected by both subar-
rays (12%) because there was no spatial separation between the
WA 8 and Nav 8 subarrays (Table 2; Figure 2). In these situa-
tions, the date and time of detections were used to assign fish to
a subarray. At the array that marked the upstream boundary of a
reach, fish were assigned to the subarray at which the last valid
detection occurred. This ensured that each fish was assigned to
the subarray from which it migrated. At the array that marked
the downstream boundary of a reach, fish were assigned to the
subarray at which the first valid detection occurred. This ensured
that each fish was assigned to the subarray to which it initially
migrated.

All fish of the same salmonid group (i.e., subyearling Chi-
nook salmon, yearling Chinook salmon, or steelhead) that were
assigned to a common subarray at the upstream boundary of
a reach were considered to be a “virtual release,” or a group-
ing based on fish detections at a specific subarray independent
of when or where those fish were released (Buchanan et al.
2009; Skalski et al. 2009). The migration pathways, survival
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MIGRATION PATHWAY EFFECTS ON JUVENILE SALMONIDS 511

probabilities (S), and travel times were estimated for each vir-
tual release group from the upstream subarray to the next down-
stream array in four reaches of the Columbia River estuary. The
study reaches, as delineated by the arrays (Table 2), were rkm
86–50, rkm 50–37, rkm 37–22, and rkm 22–8 (Figure 2).

The primary pathways used by fish to migrate through each
study reach were identified by calculating the joint probability
(λ) of fish migrating to a downstream subarray and being de-
tected by that subarray. The λ at both downstream subarrays
of each reach was calculated for each virtual release group by
using the Cormack–Jolly–Seber (CJS) model (Cormack 1964;
Jolly 1965; Seber 1965).

Typically, for detection and survival probability estimation
of mark–recapture data, detection data are summarized as the
“detection history” for each marked fish. With only two oppor-
tunities for detection, the possible detection histories for tagged
fish are

00 = never detected;
10 = detected by the upstream (primary) array but not by the

downstream (secondary) array(s);
01 = detected by the downstream (secondary) array(s) but not

by the upstream (primary) array; and
11 = detected by the upstream (primary) array and the down-

stream (secondary) array(s).

Probability of detection at the primary array is then estimated
as the proportion of fish detected by the secondary array(s) that
were also detected by the primary array (i.e., n11/[n11 + n01]).

To calculate λ, two separate detection histories (one for each
downstream subarray) were constructed for each virtual release
group; the subarray of interest was treated as the primary ar-
ray, and all downstream arrays were treated as the secondary
arrays. For example, the equation for estimating λ at the Nav 37
subarray for a Nav 50 virtual release group would be

λNav50-Nav37 = n11,Nav37

n11,Nav37 + n01,Nav37
,

where n11,Nav37 is the number of acoustic-tagged fish from the
Nav 50 virtual release group that were detected at the Nav 37
subarray and by at least one of the arrays located at rkm 22, 8,
or 3; and n01,Nav37 is the number of acoustic-tagged fish from
the Nav 50 virtual release group that were not detected at the
Nav 37 subarray but were detected by at least one of the arrays
located at rkm 22, 8, or 3.

The equation for estimating λ at the CB 37 subarray for a
Nav 50 virtual release group would be

λNav50-CB37 = n11,CB37

n11,CB37 + n01,CB37
,

where n11,CB37 is the number of acoustic-tagged fish from the
Nav 50 virtual release group that were detected at the CB 37
subarray and by at least one of the arrays located at rkm 22, 8,

or 3; and n01,CB37 is the number of acoustic-tagged fish from the
Nav 50 virtual release group that were not detected at the CB 37
subarray but were detected by at least one of the arrays located
at rkm 22, 8, or 3.

Fish with a detection history of 01 at both subarrays either
passed by one of the subarrays but went undetected or migrated
through an area where receivers were not deployed. Because it
was not possible to determine the subarray past which the unde-
tected fish migrated, the probability of fish migrating through a
subarray area cannot be estimated separately from the detection
probability.

Detection histories were loaded into ATLAS version 1.1.4
(www.cbr.washington.edu/paramest/atlas/) to calculate tag-life-
adjusted λ values. The program ATLAS uses the methods de-
scribed by Townsend et al. (2006) to adjust CJS estimates
for the probability of tag failure. The vitality model (Li and
Anderson 2009) and the three-parameter Weibull distribution
(Elandt-Johnson and Johnson 1980) were used to model the
probability of tag failure for spring and summer migrants, re-
spectively. Likelihood ratio tests were conducted in ATLAS to
determine whether the λ values differed significantly (α = 0.05)
between fish that migrated from different upstream subarrays to
the same downstream subarray. Fish that migrated from different
upstream subarrays would be expected to have equal probabil-
ities of being detected by a downstream subarray if (1) the fish
were of similar size and origin and (2) the fish migrated through
the reach at about the same time. For similar groups, significant
differences in λ indicated that fish from one upstream subarray
were more likely to migrate to the downstream subarray than
fish that migrated from the other upstream subarray. These dif-
ferences were used to determine the primary migration pathway
utilized by fish that migrated from each subarray location.

Travel times were calculated and analyzed to determine the
effect of migration pathway on the length of time taken by
Chinook salmon and steelhead smolts to migrate through the
Columbia River estuary. For each fish in each virtual release
group that was detected at the downstream array, travel time was
calculated by subtracting the date and time of last detection at
the upstream subarray from the date and time of first detection at
the downstream array. Because travel time data frequently were
right-skewed and deviated from a normal distribution, median
travel times were calculated for each virtual release group and
nonparametric statistics were used. The Mann–Whitney rank-
sum test (α = 0.05) was used to determine whether there were
differences in travel time between virtual release groups that
migrated from different subarrays. Significant differences in
travel time coupled with differences in λ would indicate that
the pathway used by fish to migrate through the reach affected
travel time.

The probability of survival through a reach was estimated for
each virtual release group by using the CJS model (adjusted for
tag life by ATLAS). Survival to a specific subarray could not be
estimated because it was not possible to determine the subarray
that fish with a 01 detection history migrated past undetected.
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512 HARNISH ET AL.

Therefore, S was estimated for each virtual release group from
the upstream subarray to the next downstream array by using a
single detection history, which combined detections from both
downstream subarrays. Likelihood ratio tests were conducted
with ATLAS to determine whether S differed significantly (α =
0.05) between fish that migrated from different upstream sub-
arrays to the next downstream array. Significant differences in
S coupled with differences in λ would suggest that fish migrat-
ing through different pathways had different probabilities of
surviving through the reach.

Differences in fish size, fish origin, and migration timing
could cause differences in survival, travel time, and detection
probability. Therefore, comparisons of mean fish size, median
release date, median detection date, the proportion of fish that
were unmarked (i.e., did not have an adipose fin clip), and the
proportion of fish from each release location were made between
navigation channel and off-channel virtual release groups to
ensure that observed differences in λ, S, or travel time were a

product of the migration pathways used rather than some other
factor. Proportions of unmarked subyearling Chinook salmon
were not compared between virtual release groups because only
about 56% of the hatchery subyearling Chinook salmon released
upstream of John Day Dam were marked with an adipose fin
clip in 2010 (FPC 2011).

RESULTS
More than 3,100 acoustic-tagged yearling and subyearling

Chinook salmon and steelhead were detected by the receiver
arrays in the Columbia River estuary during May–August 2010.
Fish size, median dates of release and detection, proportions
of unmarked fish, and proportions of fish from each release
location were generally similar at each array for fish detected
by the navigation channel and off-channel subarrays (Table 3).

Greater than 80% of the yearling and subyearling Chinook
salmon and steelhead detected at the rkm-50 and rkm-37 arrays

TABLE 3. Numbers and proportions of acoustic-tagged yearling Chinook salmon, steelhead, and subyearling Chinook salmon that were detected at receiver
subarrays (codes defined in Table 2) in the Columbia River estuary during 2010 (rkm = river kilometer; na = not applicable). Also shown are the mean fork length
(FL, mm), median release and detection dates, the proportion of detected fish that were unmarked (i.e., did not have an adipose fin clip), and the proportion of
detected fish that were from each release location (Roosevelt, The Dalles Dam tailrace, and Hood River).

Proportion detected from
each release site

Array N Proportion FL Release Detection Proportion Dalles Hood
rkm Subarray detected detected (mm) date date unmarked Roosevelt Dam River

Yearling Chinook salmon
86 Nav 86 3,088 na 157 14 May 19 May 0.24 0.54 0.23 0.23
50 Nav 50 1,987 0.88 157 14 May 20 May 0.26 0.54 0.22 0.24

CC 50 271 0.12 159 9 May 15 May 0.32 0.60 0.20 0.20
37 Nav 37 1,672 0.87 158 14 May 19 May 0.28 0.54 0.22 0.24

CB 37 256 0.13 154 13 May 19 May 0.27 0.58 0.22 0.20
22 Nav 22 426 0.21 159 8 May 15 May 0.31 0.54 0.23 0.23

WA 22 1,642 0.79 156 16 May 22 May 0.27 0.54 0.22 0.23

Steelhead
86 Nav 86 3,047 na 213 14 May 19 May 0.28 0.54 0.23 0.23
50 Nav 50 1,529 0.84 213 14 May 19 May 0.28 0.54 0.23 0.22

CC 50 299 0.16 214 14 May 19 May 0.24 0.58 0.23 0.19
37 Nav 37 1,326 0.82 214 13 May 18 May 0.29 0.53 0.24 0.23

CB 37 294 0.18 210 16 May 22 May 0.30 0.55 0.23 0.21
22 Nav 22 654 0.41 215 10 May 16 May 0.28 0.50 0.26 0.24

WA 22 953 0.59 213 15 May 21 May 0.29 0.53 0.22 0.25

Subyearling Chinook salmon
86 Nav 86 3,197 na 111 29 Jun 3 Jul na 0.57 0.21 0.22
50 Nav 50 1,916 0.84 111 28 Jun 3 Jul na 0.58 0.21 0.21

CC 50 362 0.16 112 5 Jul 9 Jul na 0.54 0.24 0.22
37 Nav 37 1,659 0.88 111 29 Jun 3 Jul na 0.57 0.22 0.21

CB 37 226 0.12 111 2 Jul 8 Jul na 0.50 0.20 0.29
22 Nav 22 317 0.13 111 1 Jul 8 Jul na 0.57 0.20 0.23

WA 22 2,172 0.87 111 26 Jun 2 Jul na 0.58 0.21 0.21
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MIGRATION PATHWAY EFFECTS ON JUVENILE SALMONIDS 513

were detected at subarrays located in the navigation channel
(Nav 50 and Nav 37; Table 3). The remaining fish were detected
at the off-channel subarrays in Clifton Channel (CC 50) and
Cathlamet Bay (CB 37; Table 3). However, at rkm 22, most
of the yearling Chinook salmon (79%), subyearling Chinook
salmon (87%), and steelhead (59%) were detected by the off-
channel subarray located in the Washington shoreline channel
(WA 22; Table 3). In total, 779 yearling Chinook salmon, 381
steelhead, and 839 subyearling Chinook salmon were detected
at all arrays. Of those fish, 11% of yearling Chinook salmon,
24% of steelhead, and 6% of subyearling Chinook salmon were
only detected by navigation channel subarrays. The remaining
fish were detected by at least one off-channel subarray.

River Kilometer 86 to River Kilometer 50
Yearling and subyearling Chinook salmon and steelhead that

migrated from rkm 86 had higher λ values at the Nav 50 subarray
(λ = 0.51–0.58) than at the off-channel subarray, CC 50 (λ =
0.09–0.11; Figure 3). Median travel times from rkm 86 to rkm 50
ranged from 11.8 h for steelhead to 12.4 h for yearling Chinook
salmon (Figure 4). The probability of survival from rkm 86 to
rkm 50 was high for all three salmonid groups, ranging from
0.97 (SE = 0.01) for steelhead to 1.01 (SE = 0.01) for yearling
Chinook salmon (Figure 5).

River Kilometer 50 to River Kilometer 37
The pathway used by yearling and subyearling Chinook

salmon and steelhead to migrate from rkm 50 to rkm 37 differed
depending on the rkm-50 subarray at which they were detected.
The values of λ at the Nav 37 subarray were significantly higher
for fish that migrated from Nav 50 (λ = 0.58–0.64) than for fish
that migrated from CC 50 (λ = 0.10–0.12; P < 0.001; Figure
3). Conversely, at the off-channel subarray, CB 37, the λ values
were significantly higher for fish that migrated from CC 50 (λ
= 0.26–0.32) than for those that migrated from Nav 50 (λ =
0.01–0.05; P < 0.001; Figure 3). The length of time taken to
migrate from Nav 50 or CC 50 to rkm 37 differed significantly
(P < 0.001) for all three salmonid groups. Median travel time
to rkm 37 was 4.5 h for yearling Chinook salmon that migrated
from Nav 50 and was 12.1 h for yearlings that migrated from
CC 50 (Figure 4). Similarly, subyearling Chinook salmon and
steelhead that migrated from Nav 50 had median travel times
of 5.1 and 4.8 h, respectively, whereas subyearling Chinook
salmon and steelhead that migrated from CC 50 had median
travel times of 11.9 and 12.6 h, respectively (Figure 4). Year-
ling Chinook salmon and steelhead that migrated from CC 50
had higher probabilities of survival to rkm 37 than those that
migrated from Nav 50 (Figure 5); however, the differences were
not significant (P > 0.054). Estimated S was 1.01 (SE = 0.02)
for yearling Chinook salmon that migrated from CC 50 and was
0.98 (SE = 0.01) for those that migrated from Nav 50 (Figure
5). Steelhead that migrated from CC 50 had an S-value of 0.99
(SE = 0.04) compared with 0.92 (SE = 0.01) for those that
migrated from Nav 50 (Figure 5). Conversely, subyearling Chi-

FIGURE 3. Joint probability (λ) of migrating to and being detected at subar-
rays in off-channel areas (CC 50, CB 37, WA 22, and WA 8; hatched bars) or in
the navigation channel (Nav 50, Nav 37, Nav 22, and Nav 8; solid bars) at the
downstream boundary of each Columbia River estuary reach for yearling Chi-
nook salmon (CH1), steelhead (STH), and subyearling Chinook salmon (CH0)
that were previously detected at subarrays (navigation channel or off-channel
areas) at the upstream boundary of the reach. Subarray codes are defined in
Figure 2 (rkm = river kilometer). Asterisks indicate significant differences in
λ values between fish that migrated to the same downstream subarray from
different upstream subarrays.

nook salmon that migrated from Nav 50 had a higher probability
of survival to rkm 37 (S = 0.99; SE = 0.00) than subyearlings
that migrated from the CC 50 subarray (S = 0.95; SE = 0.02;
Figure 5); again, the difference was not significant (P = 0.059).
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514 HARNISH ET AL.

FIGURE 4. Box-and-whisker plot of travel time (h) through each Columbia
River estuary reach for yearling Chinook salmon (CH1), steelhead (STH), and
subyearling Chinook salmon (CH0) that migrated from each upstream subarray
(solid horizontal line within each box = median; ends of box = 25th and 75th
percentiles; ends of whiskers = 10th and 90th percentiles; dots = 5th and 95th
percentiles). Sample sizes are shown below each box. Subarray codes are defined
in Figure 2 (rkm = river kilometer). Asterisks indicate significant differences
between fish that migrated through the same reach from different upstream
subarrays.

FIGURE 5. Probability of survival through each Columbia River estuary reach
for yearling Chinook salmon (CH1), steelhead (STH), and subyearling Chinook
salmon (CH0) that migrated from each upstream subarray. Sample sizes are
shown within each bar. Subarray codes are defined in Figure 2 (rkm = river
kilometer).
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MIGRATION PATHWAY EFFECTS ON JUVENILE SALMONIDS 515

River Kilometer 37 to River Kilometer 22
Between rkm 37 and rkm 22, most of the acoustic-tagged

smolts appeared to cross over from the south side of the estuary
and from the navigation channel to the Washington shoreline
channel. Yearling and subyearling Chinook salmon and steel-
head that migrated from either Nav 37 or CB 37 had higher λ

values at WA 22 (λ = 0.40–0.76) than at Nav 22 (λ = 0.05–
0.31; Figure 3). Furthermore, a comparison between fish that
migrated from Nav 37 and those that migrated from CB 37
revealed that for all three tagged salmonid groups, fish that mi-
grated from Nav 37 had significantly higher λ values at WA
22 (λ = 0.49–0.76) than fish that migrated from CB 37 (λ =
0.40–0.51; P < 0.027; Figure 3). Conversely, for yearling and
subyearling Chinook salmon, λ values at Nav 22 were signifi-
cantly higher for fish that migrated from CB 37 (λ = 0.25–0.27)
than for fish that migrated from Nav 37 (λ = 0.05–0.11; P <

0.001; Figure 3). For steelhead, values of λ at Nav 22 (λ =
0.24–0.31) were similar (P = 0.061) regardless of whether the
fish migrated from Nav 37 or CB 37 (Figure 3), and the values
were relatively high in comparison with the λ values of yearling
and subyearling Chinook salmon.

The length of time taken by yearling and subyearling Chi-
nook salmon and steelhead to migrate from rkm 37 to rkm 22
differed depending on the rkm-37 subarray at which they were
detected. Steelhead generally migrated through the reach in the
least amount of time; steelhead that migrated from CB 37 took
significantly less time (median = 8.3 h) than those that migrated
from Nav 37 (median = 9.8 h; P < 0.001; Figure 4). Yearling
Chinook salmon that migrated from CB 37 also took signifi-
cantly less time (median = 9.3 h) than those that migrated from
Nav 37 (median = 11.9 h; P < 0.001; Figure 4). Subyearling
Chinook salmon took the most time to migrate from rkm 37 to
rkm 22; again, subyearlings that migrated from CB 37 took sig-
nificantly less time (median = 10.3 h) than those that migrated
from Nav 37 (median = 12.7 h; P < 0.001; Figure 4).

Probabilities of survival between rkm 37 and rkm 22 for
yearling and subyearling Chinook salmon were high (S ≥ 0.95)
and similar, regardless of whether the fish migrated from Nav
37 or CB 37 (P > 0.362; Figure 5). The probability of steelhead
surviving from rkm 37 to rkm 22 (range of S = 0.84–0.86)
was substantially lower than the S-values observed for Chinook
salmon but was similar between steelhead that migrated from
Nav 37 and those that migrated from CB 37 (P = 0.639;
Figure 5).

River Kilometer 22 to River Kilometer 8
After passing rkm 22, yearling and subyearling Chinook

salmon and steelhead remained primarily within their respective
channels until they reached rkm 8. The λ values at the Nav 8 sub-
array were significantly higher for fish that migrated from Nav
22 (λ = 0.71–0.73) than for fish that migrated from WA 22 (λ =
0.14–0.38; P < 0.001; Figure 3). Conversely, λ values at the WA
8 subarray were significantly greater for fish that migrated from
WA 22 (λ = 0.45–0.76) than for those that migrated from Nav 22

(λ = 0.06–0.08; P < 0.001; Figure 3). The length of time taken
to migrate from Nav 22 or WA 22 to rkm 8 differed significantly
for all three salmonid groups. Median travel time to rkm 8 was
significantly greater for yearling Chinook salmon that migrated
from Nav 22 (2.8 h) than for yearlings that migrated from WA
22 (2.2 h; P < 0.001; Figure 4). Steelhead that migrated from
Nav 22 had a median travel time of 2.6 h compared with 2.4 h
for those that migrated from WA 22 (Figure 4). Although this
was a difference of only about 15 min, it was significant (P =
0.005). The median travel time of subyearling Chinook salmon
that migrated from Nav 22 was 4.0 h, which was almost twice
the median for subyearlings that migrated from WA 22 (2.1 h;
P < 0.001; Figure 4).

Survival from rkm 22 to rkm 8 was similar among pathways
for yearling and subyearling Chinook salmon and steelhead.
Yearling and subyearling Chinook salmon that migrated from
WA 22 had higher probabilities of survival to rkm 8 (range of
S = 0.95–0.98) than those that migrated from Nav 22 (range =
0.92–0.95; Figure 5). However, the differences were not signif-
icant (P > 0.240). Steelhead had a substantially lower S than
juvenile Chinook salmon, regardless of migration pathway. The
probability of survival to rkm 8 was 0.86 (SE = 0.02) for steel-
head that migrated from Nav 22 and was 0.84 (SE = 0.02)
for those that migrated from WA 22 (Figure 5); the difference
between pathways was not significant (P = 0.462).

DISCUSSION
Our study on the use of navigation channel versus off-channel

pathways revealed new information regarding the influence of
migration pathways on travel time and survival of emigrating
juvenile salmonids in a large estuary. Yearling and subyearling
Chinook salmon and steelhead exhibited generally similar mi-
gratory behaviors as they emigrated through the lower 86 km
of the Columbia River estuary. The majority of fish appeared to
travel in the vicinity of the main navigation channel from rkm
86 to rkm 37 before leaving the navigation channel to migrate
through off-channel areas between rkm 37 and rkm 8. Addition-
ally, we identified significant differences in travel time between
groups that migrated in the navigation channel and those that
moved through off-channel pathways. Differences in estimated
survival, although not statistically significant, were noted be-
tween groups of navigation channel and off-channel migrants.

The complex migration pathways we observed for juvenile
Chinook salmon and steelhead reflect the complex bathymetry,
morphology, and hydrodynamics of the Columbia River estuary.
From the upstream boundary of our study area (rkm 86) to the
head of Cathlamet Bay (rkm 50), most of the flow is conveyed
by the main navigation channel; this is due in part to the pres-
ence of channel training structures (e.g., pile dikes), which have
been constructed to confine and scour the navigation channel
(Fox et al. 1984). For example, near rkm 50, pile dikes direct
river flow from the south side of Puget Island to the north side of
Tenasillahe Island (Fox et al. 1984), which results in relatively
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516 HARNISH ET AL.

little flow into Clifton Channel. Similarly, between rkm 50 and
rkm 37, pile dikes have been constructed to retain the majority
of flow in the navigation channel by directing water away from
Cathlamet Bay. Acoustic-tagged fish in our study generally ap-
peared to follow these flow patterns. In studying juvenile fall
Chinook salmon in the Sacramento River–San Joaquin River
Delta, Perry et al. (2010) found a relationship between the prob-
ability of fish migrating through a pathway and the proportion
of river flow in that pathway. It is possible that a similar relation-
ship exists in the Columbia River estuary, particularly upstream
of rkm 37. However, we did not perform this comparison be-
cause the fraction of river flowing through each of the pathways
we examined was unknown.

The estuary downstream of rkm 37 has more variable flow
patterns than upstream reaches and is composed of two primary
channels. With aid from channel training structures, the main
navigation channel flows from the north side of the estuary at
rkm 37 to the south side at Tongue Point near rkm 28. The Wash-
ington shoreline channel, which drains much of the estuary north
of the navigation channel between rkm 37 and rkm 8, has weaker
river outflow, greater tidal transport, and a more salt-wedge-like
salinity intrusion than the navigation channel (Chawla et al.
2008). Just upriver from the Astoria-Megler Bridge at rkm 22,
small channels that cut through Taylor Sands convey tidal flows
between the Washington shoreline channel and the navigation
channel (Fox et al. 1984). The observed high values of λ at
WA 22 for the Nav 37 and CB 37 virtual release groups indi-
cate that the movements of acoustic-tagged fish were directed
primarily by tidal flows between rkm 37 and rkm 22. Using mo-
bile tracking of radio-tagged yearling Chinook salmon smolts,
Schreck et al. (2005) found similar results; tagged fish moved
from the main navigation channel and across Taylor Sands to
enter the Washington shoreline channel between rkm 37 and
rkm 22. It is possible that acoustic-tagged fish in our study mi-
grated through this reach by allowing the current to direct their
movement. Several studies have shown that juvenile salmon
move downstream through estuaries primarily during ebbing
tides (Fried et al. 1978; Moser et al. 1991; Miller and Sadro
2003). Because tidal currents flow from the navigation channel
toward the Washington shoreline channel during ebbing tides
(Fox et al. 1984), migrating fish would be drawn from the south
side of the estuary and from the navigation channel toward the
Washington shoreline channel. However, it is also possible that
juvenile salmonids moving seaward in the navigation channel
between rkm 37 and rkm 22 encountered increased levels of
salinity in this more mixed environment and moved northward
across Taylor Sands to the Washington shoreline channel, where
the two-layer flow pattern (river water on top of marine water)
was more well-developed (Chawla et al. 2008). The two-layer
flow pattern would give emigrating salmonid smolts the oppor-
tunity to select salinity levels based on their readiness to adapt
to seawater (Zaugg et al. 1985; Birtwell and Kruzynski 1989;
Chernitskii et al. 1995). Once fish had selected either the naviga-
tion channel or the Washington shoreline channel, they tended
to remain in that channel from rkm 22 to rkm 8.

The pathways used by fish to migrate through the estuary af-
fected their travel time. Navigation channel migrants had shorter
travel times than off-channel migrants between rkm 50 and rkm
22, which is consistent with the results obtained by Schreck
et al. (2005). However, downstream of rkm 22, tagged fish that
migrated in the Washington shoreline channel had shorter travel
times than navigation channel migrants. Most of the flow is con-
veyed by the navigation channel upstream of rkm 22, whereas
water flows are strongest in the Washington shoreline channel
downstream of rkm 22 (Fox et al. 1984); thus, it appears that
travel rate may be positively correlated with the amount of wa-
ter flow in each pathway. Multiple studies have demonstrated
this type of relationship between the travel rate of smolts and
discharge in the Columbia River basin (Berggren and Filardo
1993; Tiffan et al. 2000).

Schreck et al. (2005) suggested that the slower travel time of
off-channel migrants could potentially lower survival rates by
increasing the period of exposure to avian predators, which have
been shown to consume large numbers of juvenile salmonids in
the Columbia River estuary (Collis et al. 2001, 2002; Ryan et al.
2001, 2003; Roby et al. 2003; Anderson et al. 2005, 2007). In
our study, the greatest observed differences in travel time and
survival between navigation channel and off-channel migrants
occurred in the rkm-50–37 reach; off-channel migrants took two
to three times longer to transit this reach than their cohorts in the
navigation channel. Contrary to the hypothesis of Schreck et al.
(2005), we found that survival through the rkm-50–37 reach was
higher for the yearling Chinook salmon and steelhead smolts
that migrated off-channel than for those that migrated through
the navigation channel. Therefore, it appears that variables in
addition to travel time affect the survival of navigation channel
and off-channel migrants in this reach of the estuary.

Although differences in travel time were sometimes small,
they were often statistically significant. However, dramatic
changes that may affect juvenile salmonid behavior and sur-
vival can occur in the estuary within a short period of time. For
example, as a result of the tidal exchange, water level changes
of up to 20 cm can occur in as little as 15 min. Additionally, we
recorded travel rates of nearly 16 km/h between rkm 22 and rkm
8. Fish moving at this rate could migrate almost 4 km within
15 min. Therefore, small differences in travel time may have
biological significance.

If we had implanted transmitters into fish smaller than
95 mm FL, we likely would have observed longer travel times
and a greater proportion of subyearling Chinook salmon using
off-channel areas. Acoustic-tagged fish in our study were
smaller than those in most previous telemetry studies that have
been conducted to monitor the behavior and survival of juvenile
salmon and steelhead in estuarine environments (Schreck et al.
2006; Melnychuk et al. 2007; Semmens 2008; Welch et al.
2008; Clemens et al. 2009; Rechisky et al. 2009). In addition,
the lengths of our tagged fish corresponded well with the
run-at-large at the upriver tagging site. Nevertheless, acoustic-
tagged fish in our study were intended to represent actively
emigrating smolts and did not reflect the relatively smaller
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size distribution of juveniles originating from watersheds
downstream of Bonneville Dam (McCabe et al. 1986; Bottom
et al. 2008; Roegner et al. 2010). Most of the juvenile salmonids
that spend considerable amounts of time (i.e., months) rearing
in the estuary are fry or presmolts with FLs less than about
60–70 mm (Kjelson et al. 1982; Bottom et al. 1984, 2008,
2009; Healey 1991). Additionally, shallow off-channel areas
are used primarily by subyearling Chinook salmon of smaller
size-classes than those we tagged with acoustic transmitters
(McCabe et al. 1986; Lott 2004; Bottom et al. 2008). Therefore,
the results we report are not expected to be representative of
the younger and smaller juvenile salmonids that rear in the
Columbia River estuary for prolonged periods.

For the three salmonid groups we examined, the lowest sur-
vival rates were observed in the two downstream-most reaches
(rkm 37–22 and rkm 22–8). Although potential mechanisms of
mortality could be related to fish health (disease), physiology
(stress), or bioenergetics (starvation), avian predation has been
shown to account for a substantial amount of juvenile salmonid
mortality in the Columbia River estuary (Collis et al. 2001,
2002; Ryan et al. 2001, 2003; Roby et al. 2003; Anderson et al.
2005, 2007). Thus, the lower survival we observed between
rkm 37 and rkm 8 may be due to the proximity of large nesting
colonies of piscivorous birds on East Sand Island. In our study,
steelhead smolts suffered higher mortality rates than Chinook
salmon yearlings or subyearlings. Juvenile steelhead may have a
greater tendency to migrate closer to the water surface (Beeman
et al. 1999; Antolos et al. 2005) and are, on average, larger than
Chinook salmon smolts, thus making them more vulnerable to
avian predation (Collis et al. 2001; Antolos et al. 2005).

It is possible that observed differences in smolt survival be-
tween estuarine reaches or pathways can be attributed to vari-
ations in avian predator habitat among the reaches or path-
ways. For example, high densities of Caspian terns Hydroprogne
caspia have been observed to forage in tidal flats during ebbing
tides (Lyons et al. 2007), when smolts would be most abundant
in these areas. Therefore, smolts moving northward in the estu-
ary between rkm 37 and rkm 22 may be exposed to greater avian
predation risk if they pass through the shallow waters of Tay-
lor Sands than if they remain in the deeper navigation channel.
However, a more comprehensive study is needed to determine
the relationship between the habitat use and foraging behavior
of avian predators and the survival of salmonid smolts through
particular migration pathways of the Columbia River estuary.

This study provides quantitative information about the path-
ways used by juvenile Chinook salmon and steelhead to migrate
through the Columbia River estuary and the consequences—in
terms of travel time and S—of migrating through each path-
way. Our results show that multiple pathways are used and that
travel times and survival differ among pathways. Understanding
movement and survival rates among multiple pathways is crit-
ical because these parameters can have important implications
for population viability (Perry et al. 2010). Variable and multi-
ple migration pathway use by juvenile salmonids in the estuary

can be beneficial via greater expression of life history diversity,
which confers an increased resiliency to environmental pertur-
bations (Waples et al. 2009). Dispersion of juvenile salmonids
into various pathways during downstream migration could but-
tress resiliency by decreasing the overall probability of encoun-
tering poor water quality, high predator concentrations, or other
deleterious conditions (Koski 2009). Knowledge of migration
pathways and movement patterns of targeted fish species along
with the fraction of fish that use particular migration routes is
also useful to managers for prioritizing management activities
(Newman and Brandes 2010). This information, combined with
survival data for fish using various pathways, could be applied to
focus future research and management activities on areas where
survival is low and where a likely mechanism for mortality has
been identified.

ACKNOWLEDGMENTS
We thank the U.S. Army Corps of Engineers (USACE) Port-

land District for funding this research. Brad Eppard (USACE
Portland District) provided excellent oversight in the use of the
JSATS as it relates to survival and dam passage and was in-
strumental in standardizing telemetry equipment and protocols
for USACE-funded research in the Columbia River basin. Cindy
Studebaker (USACE Portland District) was the technical lead for
USACE during most of this work; Liz Smock (USACE Portland
District) was very helpful in coordinating receiver deployment
and channel maintenance activities. Dave Nichols (Ilwaco Fuel
Dock) was a great host and provided support for our shore-based
operations in Ilwaco. We thank the Pacific Northwest National
Laboratory (PNNL) North Bonneville crew that collected and
tagged fish at John Day Dam and provided tagging data; we
sincerely appreciate the hard work and help provided by PNNL
North Bonneville staff, including Mark Weiland, Gene Ploskey,
James Hughes, Shon Zimmerman, and Eric Fischer. We are
grateful to the following PNNL staff for their assistance: Rich
Brown and Kate Deters for surgery training; Eric Choi, Brian
LaMarche, Daniel Deng, Thomas Seim, and Thomas Carlson for
JSATS development; Brian Bellgraph, Lori Ortega, Kate Deters,
Jayson Martinez, Tao Fu, and Noel Tavan for receiver testing;
Kate Hall and Scott Titzler for receiver deployment; Kenneth
Ham, Jina Kim, and Donna Trott for data processing; Sara Kallio
for map production; and Andrea Currie for manuscript editing.

REFERENCES
Anderson, S. K., D. D. Roby, D. E. Lyons, and K. Collis. 2005. Factors affecting

chick provisioning by Caspian terns nesting in the Columbia River estuary.
Waterbirds: The International Journal of Waterbird Biology 28:95–105.

Anderson, S. K., D. D. Roby, D. E. Lyons, and K. Collis. 2007. Relationship
of Caspian tern foraging ecology to nesting success in the Columbia River
estuary, Oregon, USA. Estuarine, Coastal and Shelf Science 73:447–456.

Antolos, M., D. D. Roby, D. E. Lyons, K. Collis, A. F. Evans, M. Hawbecker, and
B. A. Ryan. 2005. Caspian tern predation on juvenile salmonids in the mid-
Columbia River. Transactions of the American Fisheries Society 134:466–
480.

D
ow

nl
oa

de
d 

by
 [

Pa
ci

fi
c 

N
or

th
w

es
t N

at
io

na
l L

ab
s]

 a
t 1

1:
33

 0
2 

A
pr

il 
20

12
 



518 HARNISH ET AL.

Beeman, J. W., T. C. Robinson, P. V. Haner, S. P. Vanderkooi, and A. G. Maule.
1999. Gas bubble disease monitoring and research of juvenile salmonids. U.S.
Geological Survey, Biological Resources Division, Columbia River Research
Laboratory, Cook, Washington.

Berggren, T. J., and M. J. Filardo. 1993. An analysis of variables influencing the
migration of juvenile salmonids in the Columbia River basin. North American
Journal of Fisheries Management 13:48–63.

Birtwell, I. K., and G. M. Kruzynski. 1989. In situ and laboratory studies on
the behaviour and survival of Pacific salmon (genus Oncorhynchus). Hydro-
biologia 188-189:543–560.

Bottom, D. L., G. Anderson, A. Baptista, J. Burke, M. Burla, M. Bhuthimethee,
L. Campbell, E. Casillas, S. Hinton, K. Jacobsen, D. Jay, R. McNatt, P. Moran,
G. C. Roegner, C. A. Simenstad, V. Stamatiou, D. Teel, and J. E. Zamon.
2008. Salmon life histories, habitat, and food webs in the Columbia River
estuary: an overview of research results, 2002–2006. National Oceanic and
Atmospheric Administration, National Marine Fisheries Service, Northwest
Fisheries Science Center, Fish Ecology and Conservation Biology Divisions,
Seattle.

Bottom, D. L., K. K. Jones, and M. J. Herring. 1984. Fishes of the
Columbia River estuary. Columbia River Estuary Data Development Pro-
gram, Columbia River Estuary Study Taskforce, Astoria, Oregon.

Bottom, D. L., C. A. Simenstad, J. Burke, A. M. Baptista, D. A. Jay, K. K.
Jones, E. Casillas, and M. H. Schiewe. 2005. Salmon at river’s end: the role
of the estuary in the decline and recovery of Columbia River salmon. NOAA
Technical Memorandum NMFS-NWFSC-68.

Bottom, D. L., C. A. Simenstad, L. Campbell, J. Burke, E. Casillas, B. Craig,
C. Eaton, S. Hinton, R. McNatt, G. C. Roegner, S. Schroder, L. Stamatiou,
and J. E. Zamon. 2009. Historic habitat opportunities and food-web linkages
of juvenile salmon in the Columbia River estuary. National Oceanic and
Atmospheric Administration, National Marine Fisheries Service, Northwest
Fisheries Science Center, Fish Ecology Division, Annual Report of Research,
Seattle.

Brandes, P. L., and J. S. McClain. 2001. Juvenile Chinook salmon abundance,
distribution, and survival in the Sacramento–San Joaquin estuary. California
Department of Fish and Game Fish Bulletin 179: 39–138.

Brown, R. S., R. A. Harnish, K. M. Carter, J. W. Boyd, K. A. Deters, and M. B.
Eppard. 2010. An evaluation of the maximum tag burden for implantation of
acoustic transmitters in juvenile Chinook salmon. North American Journal of
Fisheries Management 30:499–505.

Buchanan, R. A., J. R. Skalski, and G. A. McMichael. 2009. Differentiating
mortality from delayed migration in subyearling fall Chinook salmon (On-
corhynchus tshawytscha). Canadian Journal of Fisheries and Aquatic Sci-
ences 66:2243–2255.

Chawla, A., D. A. Jay, A. M. Baptista, M. Wilkin, and C. Seaton. 2008. Seasonal
variability and estuary-shelf interactions in circulation dynamics of a river-
dominated estuary. Estuaries and Coasts 31:269–288.

Chernitskii, A. G., G. V. Zabruskov, D. S. Shkurko, and S. P. Gambaryan. 1995.
On the nature of seaward migration of Atlantic salmon (Salmo salar) smolts
through an estuary. Journal of Ichthyology 35(3):52–61.

Clemens, B. J., S. P. Clements, M. D. Karnowski, D. B. Jepsen, A. I. Gitelman,
and C. B. Schreck. 2009. Effects of transportation and other factors on survival
estimates of juvenile salmonids in the unimpounded lower Columbia River.
Transactions of the American Fisheries Society 138:169–188.

Collis, K., D. D. Roby, D. P. Craig, S. Adamany, J. Y. Adkins, and D. E. Lyons.
2002. Colony size and diet composition of piscivorous waterbirds on the
lower Columbia River: implications for losses of juvenile salmonids to avian
predation. Transactions of the American Fisheries Society 131:537–550.

Collis, K., D. D. Roby, D. P. Craig, B. A. Ryan, and R. D. Ledgerwood. 2001.
Colonial waterbird predation on juvenile salmonids tagged with passive inte-
grated transponders in the Columbia River estuary: vulnerability of different
salmonid species, stocks, and rearing types. Transactions of the American
Fisheries Society 130:385–396.

Cormack, R. M. 1964. Estimates of survival from the sightings of marked
animals. Biometrika 51:429–438.

Dawley, E. M., R. D. Ledgerwood, T. H. Blahm, C. W. Sims, J. T. Durkin,
R. A. Kirn, A. E. Rankis, G. E. Monan, and F. J. Ossiander. 1986. Mi-
grational characteristics, biological observations, and relative survival of
juvenile salmonids entering the Columbia River estuary, 1966–1983. Bon-
neville Power Administration, Project 81-102, Portland, Oregon. Avail-
able: https://pisces.bpa.gov/release/documents/documentviewer.aspx?doc =
39652-1. (March 2011).

Deters, K. A., R. A. Brown, J. W. Boyd, M. B. Eppard, and A. G. Seaburg. 2010.
Performance assessment of suture type, water temperature, and surgeon skill
in juvenile Chinook salmon surgically implanted with acoustic transmitters.
Transactions of the American Fisheries Society 139:888–899.

Elandt-Johnson, R. C., and N. L. Johnson. 1980. Survival models and data
analysis. Wiley, New York.

Ferguson, J. W., G. M. Matthews, R. L. McComas, R. F. Absolon, D.
A. Brege, M. H. Gessel, and L. G. Gilbreath. 2005. Passage of adult
and juvenile salmonids through federal Columbia River power sys-
tem dams. NOAA Technical Memorandum NMFS-NWFSC-64. Avail-
able: www.nwfsc.noaa.gov/publications/displayinclude.cfm?incfile = tech-
nicalmemorandum2005.inc. (March 2011).

Ferguson, J. W., B. P. Sandford, R. E. Reagan, L. G. Gilbreath, E. B. Meyer,
R. D. Ledgerwood, and N. S. Adams. 2007. Bypass system modifica-
tion at Bonneville Dam on the Columbia River improved the survival
of juvenile salmon. Transactions of the American Fisheries Society 136:
1487–1510.

Fox, D. S., S. Bell, W. Nehlsen, and J. Damron. 1984. The Columbia River
estuary: atlas of physical and biological characteristics. Columbia River Es-
tuary Data Development Program, Columbia River Estuary Study Taskforce,
Astoria, Oregon.

FPC (Fish Passage Center). 2011. Query hatchery releases within the
Columbia and Snake River basins. FPC, Portland, Oregon. Available:
www.fpc.org/hatchery/Hatchery Queries.html (March 2011).

Fresh, K. L., E. Casillas, L. Johnson, and D. L. Bottom. 2005. Role of the
estuary in the recovery of Columbia River basin salmon and steelhead: an
evaluation of the effects of selected factors on salmonid population viability.
NOAA Technical Memorandum NMFS-NWFSC-69.

Fried, S. M., J. D. McCleave, and G. W. LaBar. 1978. Seaward migration of
hatchery-reared Atlantic salmon, Salmo salar, smolts in the Penobscot River
estuary, Maine: riverine movements. Journal of the Fisheries Research Board
of Canada 35:76–87.

Good, T. P., R. S. Waples, and P. Adams. 2005. Updated status of federally listed
ESUs of West Coast salmon and steelhead. NOAA Technical Memorandum
NMFS-NWFSC-66.

Healey, M. C. 1991. Life history of Chinook salmon (Oncorhynchus
tshawytscha). Pages 311–393 in C. Groot and L. Margolis, editors. Pacific
salmon life histories. University of British Columbia Press, Vancouver.

Jolly, G. M. 1965. Explicit estimates from capture-recapture data with both
death and immigration: stochastic model. Biometrika 52:225–247.

Kjelson, M. A., P. F. Raquel, and F. W. Fisher. 1982. Life history of fall-run
juvenile Chinook salmon, Oncorhynchus tshawytscha, in the Sacramento–
San Joaquin estuary, California. Pages 393–411 in V. S. Kennedy, editor.
Estuarine comparisons. Academic Press, New York.

Koski, K. V. 2009. The fate of coho salmon nomads: the story of an estuarine-
rearing strategy promoting resilience. Ecology and Society [online serial]
14:article 4. Available: www.ecologyandsociety.org/vol14/iss1/art4./ (March
2011).

Li, T., and J. J. Anderson. 2009. The vitality model: a way to understand
population survival and demographic heterogeneity. Theoretical Population
Biology 76:118–131.

Lott, M. A. 2004. Habitat-specific feeding ecology of ocean-type juvenile Chi-
nook salmon in the lower Columbia River estuary. Master’s thesis. University
of Washington, Seattle.

Lyons, D. E., D. D. Roby, and K. Collis. 2007. Foraging patterns of Caspian terns
and double-crested cormorants in the Columbia River estuary. Northwest
Science 81:91–103.

D
ow

nl
oa

de
d 

by
 [

Pa
ci

fi
c 

N
or

th
w

es
t N

at
io

na
l L

ab
s]

 a
t 1

1:
33

 0
2 

A
pr

il 
20

12
 



MIGRATION PATHWAY EFFECTS ON JUVENILE SALMONIDS 519

McCabe, G. T., Jr., R. L. Emmett, W. D. Muir, and T. H. Blahm. 1986. Utilization
of the Columbia River estuary by subyearling Chinook salmon. Northwest
Science 60:113–124.

McMichael, G. A., M. B. Eppard, T. J. Carlson, J. A. Carter, B. D. Ebberts, R. S.
Brown, M. Weiland, G. R. Ploskey, R. A. Harnish, and Z. Deng. 2010a. The
juvenile salmon acoustic telemetry system: a new tool. Fisheries 35:9–22.

McMichael, G. A., R. A. Harnish, B. J. Bellgraph, J. A. Carter, K. D. Ham,
P. S. Titzler, and M. S. Hughes. 2010b. Migratory behavior and survival
of juvenile salmonids in the lower Columbia River and estuary in 2009.
Pacific Northwest National Laboratory, PNNL-19545, Richland, Washington.
Available: jsats.pnl.gov/Results/Publications.aspx. (March 2011).

Melnychuk, M. C., D. W. Welch, and C. J. Walters. 2010. Spatio-temporal
migration patterns of Pacific salmon smolts in rivers and coastal marine
waters. PLoS (Public Library of Science) ONE [online serial] 5(9). DOI:
10.1371/journal.pone.0012916.

Melnychuk, M. C., D. W. Welch, C. J. Walters, and V. Christensen. 2007. River-
ine and early ocean migration and mortality patterns of juvenile steelhead
trout (Oncorhynchus mykiss) from the Cheakamus River, British Columbia.
Hydrobiologia 582:55–65.

Miller, B. A., and S. Sadro. 2003. Residence time and seasonal movements
of juvenile coho salmon in the ecotone and lower estuary of Winchester
Creek, South Slough, Oregon. Transactions of the American Fisheries Society
132:546–559.

Moser, M. L., A. F. Olson, and T. P. Quinn. 1991. Riverine and estuarine
migratory behavior of coho salmon (Oncorhynchus kisutch) smolts. Canadian
Journal of Fisheries and Aquatic Sciences 48:1670–1678. DOI: 10.1139/f91-
198.

Myers, J. M., R. G. Kope, G. J. Bryant, D. Teel, L. J. Lierheimer, T. C.
Wainwright, W. S. Grand, F. W. Waknitz, K. Neely, S. T. Lindley, and R.
S. Waples. 1998. Status review of Chinook salmon from Washington, Idaho,
Oregon, and California. NOAA Technical Memorandum NMFS-NWFSC-35.

Nehlsen, W., J. E. Williams, and J. A. Lichatowich. 1991. Pacific salmon at the
crossroads: stocks at risk from California, Oregon, Idaho, and Washington.
Fisheries 16(2):4–21.

Newman, K. B., and P. L. Brandes. 2010. Hierarchical modeling of juvenile
Chinook salmon survival as a function of Sacramento–San Joaquin Delta
water exports. North American Journal of Fisheries Management 30:157–
169.

NOAA (National Oceanic and Atmospheric Administration) Fisheries. 2008.
Biological opinion—consultation on remand for operation of the Federal
Columbia River Power System: 11 Bureau of Reclamation projects in the
Columbia basin and ESA Section 10(a)(1)(A) permit for juvenile fish trans-
portation program. NOAA Fisheries, National Marine Fisheries Service, Seat-
tle, Washington. Available: www.salmonrecovery.gov./ (March 2011).

Perry, R. W., J. R. Skalski, P. L. Brandes, P. T. Sandstrom, A. P. Klimley,
A. Ammann, and B. MacFarlane. 2010. Estimating survival and migra-
tion route probabilities of juvenile Chinook salmon in the Sacramento–San
Joaquin River Delta. North American Journal of Fisheries Management 30:
142–156.

Rechisky, E. L., D. W. Welch, A. D. Porter, M. C. Jacobs, and A. Ladouceur.
2009. Experimental measurement of hydrosystem-induced delayed mortality
in juvenile Snake River spring Chinook salmon (Oncorhynchus tshawytscha)
using a large-scale acoustic array. Canadian Journal of Fisheries and Aquatic
Sciences 66:1019–1024.

Roby, D. D., D. E. Lyons, D. P. Craig, K. Collis, and G. H. Visser. 2003.
Quantifying the effect of predators on endangered species using a bioener-
getics approach: Caspian terns and juvenile salmonids in the Columbia River
estuary. Canadian Journal of Zoology 81:250–265.

Roegner, G. C., E. W. Dawley, M. Russell, A. H. Whiting, and D. J. Teel. 2010.
Juvenile salmonid use of reconnected tidal freshwater wetlands in Grays
River, lower Columbia River basin. Transactions of the American Fisheries
Society 139:1211–1232.

Ryan, B. A., J. W. Ferguson, R. D. Ledgerwood, and E. P. Nunnallee. 2001.
Detection of passive integrated transponder tags from juvenile salmonids
on piscivorous bird colonies in the Columbia River basin. North American
Journal of Fisheries Management 21:417–421.

Ryan, B. A., S. G. Smith, J. M. Butzerin, and J. W. Ferguson. 2003. Relative
vulnerability to avian predation of juvenile salmonids tagged with passive
integrated transponders in the Columbia River estuary, 1998–2000. Transac-
tions of the American Fisheries Society 132:275–288.

Schreck, C. B., M. D. Karnowski, and B. J. Clemens. 2005. Eval-
uation of post release losses and barging strategies that minimize
post release mortality. Oregon Cooperative Fish and Wildlife Re-
search Unit, Final Report, Oregon State University, Corvallis. Available:
www.nww.usace.army.mil/planning/ep/fishres/research-reports.htm. (March
2011).

Schreck, C. B., T. P. Stahl, L. E. Davis, D. D. Roby, and B. J. Clemens. 2006.
Mortality estimates of juvenile spring–summer Chinook salmon in the lower
Columbia River and estuary, 1992–1998: evidence for delayed mortality?
Transactions of the American Fisheries Society 135:457–475.

Seber, G. A. F. 1965. A note on the multiple-recapture census. Biometrika
52:249–259.

Semmens, B. X. 2008. Acoustically derived fine-scale behaviors of juvenile Chi-
nook salmon (Oncorhynchus tshawytscha) associated with intertidal benthic
habitats in an estuary. Canadian Journal of Fisheries and Aquatic Sciences
65:2053–2062.

Simenstad, C. A., K. L. Fresh, and E. O. Salo. 1982. The role of Puget Sound
and Washington coastal estuaries in the life history of Pacific salmon: an
unappreciated function. Pages 343–364 in V. S. Kennedy, editor. Estuarine
comparisons. Academic Press, New York.

Skalski, J. R., R. A. Buchanan, R. L. Townsend, T. W. Steig, and S. Hemstrom.
2009. A multiple-release model to estimate route-specific and dam passage
survival at a hydroelectric project. North American Journal of Fisheries Man-
agement 29:670–679.

Thomas, D. W. 1983. Changes in Columbia River estuary habitat types over the
past century. Columbia River Estuary Data Development Program, Columbia
River Estuary Study Taskforce, Astoria, Oregon.

Thorpe, J. E. 1994. Salmonid fishes and the estuarine environment. Estuaries
17:76–93.

Tiffan, K. F., D. W. Rondorf, and P. G. Wagner. 2000. Physiological development
and migratory behavior of subyearling fall Chinook salmon in the Columbia
River. North American Journal of Fisheries Management 20:28–40.

Titzler, P. S., G. A. McMichael, and J. A. Carter. 2010. Autonomous acous-
tic receiver deployment and mooring techniques for use in large rivers and
estuaries. North American Journal of Fisheries Management 30:853–859.

Townsend, R. L., J. R. Skalski, P. Dillingham, and T. W. Steig. 2006. Correcting
bias in survival estimation resulting from tag failure in acoustic and radio
telemetry studies. Journal of Agricultural, Biological, and Environmental
Statistics 11:183–196.

Tyler, P., J. E. Thorpe, and W. M. Shearer. 1978. Ultrasonic tracking of the
movements of Atlantic salmon smolts (Salmo salar L) in the estuaries of two
Scottish rivers. Journal of Fisheries Biology 12:575–586.

Waples, R. S., T. Beechie, and G. R. Pess. 2009. Evolutionary history, habitat
disturbance regimes, and anthropogenic changes: what do these mean for
resilience of Pacific salmon populations? Ecology and Society [online serial]
14:article 3. Available: www.ecologyandsociety.org/vol14/iss1/art3./ (March
2011).

Welch, D. W., E. L. Rechisky, M. C. Melnychuk, A. D. Porter, C. J. Walters, S.
Clements, B. J. Clemens, R. S. McKinley, and C. Schreck. 2008. Survival of
migrating salmon smolts in large rivers with and without dams. PLoS (Public
Library of Science) Biology [online serial] 6(10).

Zaugg, W. S., E. F. Prentice, and F. W. Waknitz. 1985. Importance of river migra-
tion to the development of seawater tolerance in Columbia River anadromous
salmonids. Aquaculture 51:33–47.

D
ow

nl
oa

de
d 

by
 [

Pa
ci

fi
c 

N
or

th
w

es
t N

at
io

na
l L

ab
s]

 a
t 1

1:
33

 0
2 

A
pr

il 
20

12
 


