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Davip WELCH!
Fisheries and Oceans Canada, Pacific Biological Station
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Abstract.—In this chapter, we describe the distributions and abundances of juve-
nile Chinook salmon Oncorhynchus tshawytscha, coho salmon O. kisutch, chum
salmon O. keta, pink salmon O. gorbuscha, and sockeye salmon O. nerka in six
regions along the west coast of North America from central California to the north-
ern Gulf of Alaska during the early summer (June and July) and late summer—fall
(August—-November) of 2000, 2002, and 2004. We also describe fish abundance in
relation to bottom depth and to the average temperature and salinity of the upper
water column. Salmon were collected in rope trawls from the upper 15-20 m over
the open coastal shelf. Catch per unit effort was standardized across the differ-
ent regions. Subyearling Chinook salmon were found only from central California
to British Columbia. Yearling Chinook salmon were widespread, but were most
abundant between Oregon and Vancouver Island. Juvenile coho salmon were wide-
spread from northern California to the northern Gulf of Alaska, whereas chum,
sockeye, and pink salmon were only abundant from Vancouver Island north into
the Gulf of Alaska. Generally, the juveniles of the different salmon species were
most abundant at, or north of, the latitudes at which the adults spawn. Abundances
were particularly high near major exit corridors for fish migrating from freshwater
or protected marine waters onto the open shelf. Seasonal latitudinal shifts in abun-
dance of the juvenile salmon were generally consistent with the counterclockwise
migration model of Hartt and Dell (1986). Subyearling Chinook salmon were asso-
ciated with the high salinity environment found off California and Oregon, whereas
chum, sockeye, and pink salmon were associated with the lower salinity environ-
ment in the Gulf of Alaska. However, within regions, evidence for strong tempera-
ture or salinity preferences among the different species was lacking. Subyearling
Chinook salmon were most abundant in shallow, nearshore water.

Introduction

Since the late 1990s, research on the early
ocean life of juvenile Pacific salmon On-
corhynchus spp. has been conducted in six re-
gions along the west coast of North America,
from the Gulf of the Farallones off the cen-
tral California coast (MacFarlane and Norton
2002) to the area off the Kenai Peninsula in
the northern Gulf of Alaska (Weingartner et
al. 2002; Boldt and Haldorson 2004) (Figure
1). These concurrent research projects pres-
ent a unique opportunity for comparing the
early ocean ecology of different species of ju-

! Present address: POST Program, Shellfish Research
Center, Building 373, Malaspina University-College, 900-
5th Street Nanaimo, British Columbia, Canada VOR 5S5

venile salmon during their first summer and
fall at sea along much of the west coast of
North America. Not since the work of Hartt
and Dell (1986), which was based on data
collected four to five decades ago, has an op-
portunity arisen to compare juvenile salmon
distributions over such a broad area of the
northeast Pacific Ocean. The recent research
includes sampling off the Washington, Ore-
gon, and California coast, well to the south of
the areas sampled by Hartt and Dell (1986).
Variable mortality of juvenile salmon dur-
ing their first summer and fall in the ocean
may exert a dominant influence on year-class
success (Fisher and Pearcy 1988; Pearcy 1992;
Logerwell et al. 2003; Wertheimer and Throw-
er 2007, this volume). To understand the vari-
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Figure 1. Salmon trawl station locations along the open coastal shelf and slope in the six regions included
in this study. The BC-SEAK region was further divided into three subregions (WCVI, C_BC, and SEAK) for
some analyses. The 200-m and 500-m isobaths, marking the edge of the continental shelf, are indicated.

ous environmental processes that contribute to  terns and the temporally and spatially changing
mortality of juvenile salmon in the ocean, we abiotic and biotic environments that each spe-
need to know their seasonal distribution pat-  cies experiences during their early ocean life.
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In this paper, we describe latitudinal
and seasonal variations in the abundances
of juvenile Chinook salmon O. tshawytscha,
coho salmon O. kisutch, chum salmon O.
keta, pink salmon O. gorbuscha, and sockeye
salmon O. nerka from central California to
the northern Gulf of Alaska, using data col-
lected from June through November 2000,
2002, and 2004. The coastal distributions of
juveniles of the different salmon species are
discussed in relation to the distributions of
the adult spawning populations. Seasonal
shifts in abundance of the different species
are discussed in relation to the counterclock-
wise migration model for juvenile salmon
proposed by Hartt and Dell (1986).

We describe species-specific distribution
and abundance patterns in relation to bottom
depth and to the temperature and salinity of
the upper water column where the juvenile
salmon reside. Physical and chemical charac-
teristics of the environment, such as temper-
ature and salinity, play an important role in
regulating physiological processes in fish, in-
cluding osmoregulation, metabolic rates, and
growth (Brett 1979; Davis et al. 1998; Walk-
er et al. 2000) and may thus affect juvenile
salmon distribution. Along the open coastal
shelf of the study area, juvenile salmon are
exposed to different environments depend-
ing on where and when they enter the ocean
and which migration route is used. The study
area encompasses a wide range of physical
environmental conditions produced by a va-
riety of oceanographic processes. Off Cali-
fornia, Oregon, Washington, and Vancouver
Island, northerly winds in summer promote
inshore coastal upwelling of cold, saline, and
nutrient-rich water from deeper layers to the
surface, which often results in high rates of
phytoplankton productivity (Huyer 1983;
U.S. GLOBEC 1994). Discharge of fresh-
water from the Columbia, Fraser, and other
rivers can also produce shallow, low salinity
plumes at the surface, the size and location

of which vary over time. In the northern Gulf
of Alaska, summer snow and ice melt and
other freshwater sources promote the forma-
tion of the low-salinity, westward-flowing,
inshore Alaska Coastal Current (Royer 1982;
Weingartner et al. 2002). Preferences of the
different juvenile salmon species for particu-
lar environments may be revealed by higher
abundances of fish in salinity, temperature, or
depth ranges that are different from the rang-
es in the sampling effort as a whole.

Methods
Sampling Programs

Juvenile salmon catch data from six research
programs were used in this study (Figure
1). The National Marine Fisheries Service
(NMFS) Tiburon/Santa Cruz Laboratory sam-
pled an area off central California from the
Gulf of the Farallone Islands to Point Arena
(hereafter designated C-CA). The area from
extreme northern California to central Oregon
(hereafter designated CA-OR) was sampled
as part of the Northeast Pacific Global Ocean
Ecosystems Dynamics Program (Batchelder
et al. 2002). The area from central Oregon to
northern Washington (hereafter designated
OR-WA) was sampled by the NMFS North-
west Fisheries Science Center and Oregon
State University as part of a study of the in-
fluence of the Columbia River plume on juve-
nile salmon distribution, survival and growth.
The area off the west coast of Vancouver Is-
land and north into southeast Alaska (here-
after designated BC-SEAK) was sampled by
the Pacific Biological Station, Department of
Fisheries and Oceans, Canada. A transect off
Icy Point, southeast Alaska (hereafter desig-
nated IP) was sampled by the NMFS Auke
Bay Laboratory as part of the Southeast
Alaska Coastal Monitoring project. Finally,
the Seward (or “GAK”) and Cape Fairfield
transects (hereafter designated GAK) off the
Kenai Peninsula just to the west of Prince
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William Sound in the northern Gulf of Alas-
ka were sampled by the University of Alaska
Fairbanks and the University of Washington,
as part of GOA GLOBEC (Weingartner et al.
2002). Because the BC-SEAK region cov-
ered such a broad latitudinal range (Figure 1),
it was further subdivided into three areas for
most analyses: the west coast of Vancouver
Island (WCVI), the central British Columbia
area north of Vancouver Island, including the
Queen Charlotte Sound and Islands, Hecate
Strait, and Dixon Entrance (C-BC), and the
open coast of southeast Alaska (SEAK).

Several of these programs sampled not
only over the open coastal shelf and out over
the continental slope, but also in fjords, inlets,
and sounds. Since the main purpose of this pa-
per is to examine juvenile salmon abundance
during migration along the open shelf, we
excluded all sampling from “inside” waters
(i.e., fjords, sounds, inlets, narrow straits).
We considered the large, relatively open wa-
ters of Queen Charlotte Sound, Hecate Strait,
and Dixon Entrance in the C-BC area to be
open shelf regions, and catch data from these
areas were included (Figure 1).

Dates of Sampling

We examined the abundances of juvenile
salmon caught between June and early No-
vember in the different regions (Table 1).
Except when producing distribution maps,
data were pooled across the 3 years of sam-
pling (2000, 2002, and 2004) and, depend-
ing on the analysis, were also grouped by
“early” (June and July) and “late” (August
to November) periods, by month, or by the
entire June—-November period.

Sampling Gear

In five of the six regions, a Nordic 264 rope
trawl (Net Systems, Bainbridge Island,
Washington) was used to capture juvenile
salmon. The headrope was kept within about

a meter of the surface by floats, the footrope
was pulled down by chain weights, and the
trawl mouth was spread apart by a pair of
3.0-m Lite foam filled trawl doors. This net
was designed to create a mouth opening 30
m wide by 20 m deep. Measurements of the
mouth area of the net while fishing varied, no
doubt due to varying towing speed and vary-
ing conditions of currents, wind, and sea-state.
Krutzikowsky and Emmett (2005) reported a
mouth area of about 28 m wide by 12 m deep,
whereas Fisher et al., using a different ves-
sel, reported a footrope depth averaging 20
m. Mesh size was graduated from 163 cm in
the throat of the trawl near the jib lines to 9
cm in the cod end. To retain catches of small
fishes, a 0.8-cm mesh liner approximately 6
m long was sewn into the cod end.

In BC-SEAK, a modified midwater
trawl (Cantrawl Nets Ltd., Richmond, Brit-
ish Columbia) was used for the sampling
(Welch et al. 2004). This net was similar in
construction (graduated meshes with a 0.65-
cm mesh liner in the cod end) and mouth
area (28 m wide by 16 m deep) to that used
in the other five regions. The net was fished
with the headrope at the surface, but in
rough weather, it was sometimes towed with
the headrope 15 m below the surface. There
have been no side-by-side comparisons of
the fishing efficiency of the two nets used
for catching juvenile salmonids.

Almost all tows were made during day-
light hours, except in the BC-SEAK region,
where tows occurred both during the day and
the night. Duration of tows varied, but most
tows were between 14 and 40 min long.

Standardization of Effort

In order to compare the distribution and
abundance of juvenile salmon in the differ-

2 Fisher, J. P., C. A. Morgan, and C. A. Bucher. 2006.
Cruise Report, NWESC/NMES, F/V Predator, Cruise
05-04, 21 — 30 September, 2005.
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Table 1. Ranges in latitude and dates of sampling for juvenile salmon in the six major regions (see Figure
1). For some comparisons of salmon abundance between regions, sampling was divided into “early”
(June and July) and “late” (August-October/November) periods.

Year
2000 2002 2004

Region Latitude Early Late Early Late Early Late

C-CA 36.78°N—-  6/20-30 9/26-10/06  6/19-27 9/17-26 7/26-30  10/03-07
38.88°N

CA-OR 41.82°N-  5/29-6/11 7/29-8/12  6/01-18 8/01-17 - -
44.69°N

OR-WA 44.64°N-  6/17-25 9/19-24 6/21-28 9/26-10/03  6/22-29  9/22-29
47.94°N

BC-SEAK  48.08°N-  6/30-7/06  10/04-28 - 10/18-31 6/13-19 10/20-11/13
57.59°N

IP 57.88°N—  6/27,7/24 8/28, 9/26 6/23,  8/25-26  6/21,7/24 8/23
58.35°N 7/29-30

GAK 58.54°N— - - 7/20-26 8/22-24, 7/19-24  8/17-22,
59.91°N 10/03-04 9/12-17

ent regions, effort was standardized. Since
the mouth areas of the two nets were similar,
the only adjustment was to adjust the catch
to a common distance towed. Catch per unit
effort (CPUE) was defined as the number of
juvenile salmon caught per tow length of 1.5
nautical miles (2.78 km) using the formula
[(number caught)/tow duration (h)/tow speed
(nautical miles/h)] *1.5 nautical miles. Speed
through the water, when available from Dop-
pler, or speed over the ground, calculated
from start and end global positioning system
positions, was used in calculating distance
towed (Table 2).

We could not correct for two factors
that have a potential to affect net efficiency.
First, the design of the Cantrawl net and the
power of the vessels used in the BC-SEAK
region allowed for considerably faster tow-
ing speeds than could be achieved in the oth-
er five regions (Table 2), perhaps increasing
the catch efficiency. Second, the efficiency
of tows could vary depending on the direc-
tion of the tow relative to the direction of
swimming of the salmon. For example, Hartt

and Dell (1986) found a fivefold increase in
catch of juvenile salmon in seines held open
to the south compared with catch in seines
open to the north. However, we assumed that
there was no consistent difference between
regions in the average direction of tows that
would affect the interregional comparisons
of abundance of the juvenile salmon.

The range in CPUE of juvenile salmon
in hauls was substantial, from O to more than
1,500 fish per standardized towed, and the
distribution of CPUE was often very highly
and positively skewed. Catch per unit ef-
fort in a single tow sometimes accounted
for more than half of the total cumulative
CPUE for all tows combined within a region
and time period. In order to reduce the influ-
ence of large catches on the comparisons of
juvenile salmon abundance, we log  trans-
formed the CPUE data for each haul. The
log,, transformation compresses the upper
end of the distribution, de-emphasizes very
large catches, emphasizes order of magni-
tude differences in abundance (and should
also de-emphasize small or moderate differ-
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Table 2. Tow speeds used to estimate CPUE (number caught per 1.5 nautical miles tow) in the different
regions (see Figure 1). SOG = speed over ground; STW = speed through the water.

Area Tow speeds used in standardizing catch
C-CA 2000 and 2002: SOG (n =72, avg. = 3.27 knots, range 2.6—4.0 knots)
2004: STW (n = 52, average = 3.46 knots, range 3.0-3.8 knots)
CA-OR 2000: single estimate of 3.0 knots STW
2002: STW (n =203, average = 3.23 knots, range 2.9-3.7 knots)
OR-WA 2000: single estimate of 3.4 knots STW (average of STW in other years)
2002 and 2004: STW (n = 135, average = 3.42 knots, range 3.0—4.2 knots)
BC-SEAK Single estimate of 5.2 knots SOG (n =493, avg. = 5.19 knots, most tows between 3 and
7 knots SOG)
1P Single estimate of 2.8 knots SOG
GAK Single estimate of 2.75 knots SOG (n = 66, average = 2.73 knots, range 1.80-3.51

knots)

ences between regions in average catch effi-
ciency), and helps to make the distributions
more symmetrical (Sokal and Rohlf 1995;
McCune and Grace 2002). For brevity, the
log (CPUE + 1) values will hereafter sim-
ply be called CPUE in the main text.

Distribution Maps

For interested readers, we provide an appe-
nix of 18 figures showing maps of untrans-
formed CPUE by tow for each of the dif-
ferent salmon species and life history types
in each region during each month and year
of sampling. Although not the main focus
of this paper, we thought readers would
be interested in seeing the interannual and
intraregional variability in abundance and
distribution of the juvenile salmon and that
these maps might stimulate further research
questions.

Regional and Seasonal Trends in Abundance

To investigate latitudinal and seasonal
trends in abundance of the different juvenile
salmon, the CPUE and percent frequency of
occurrence (F.O.) data were pooled across
years and grouped by region and by the
“early” (June and July) and the “late” (Au-
gust—-November) catch periods. At IP and

GAK, more frequent sampling allowed us
to examine temporal trends in abundance by
month. The F.O. and average, median, and
90th percentile of CPUE were calculated for
each salmon species during each sampling
period in each region.

Distribution Versus Bottom Depth,
Temperature, and Salinity

We examined how the distributions of the
different salmon species varied with depth
to the bottom and with the average tem-
perature and salinity of the upper 15 m of
the water column, the approximate depth to
which the net fished. Because the net often
fished well into the seasonal thermocline,
salmon caught in our nets may have expe-
rienced temperatures and salinities very dif-
ferent from those at the surface, depending
on their depth distribution. Previous studies
indicated that small juvenile coho and Chi-
nook salmon usually are found in the upper
10-20 m (Pearcy and Fisher 1988; Emmett
et al. 2004) but that larger juvenile Chinook
and coho salmon, about 280 mm fork length
(FL) are found to depths of 20-30 m (Orsi
and Wertheimer 1995). Therefore, tempera-
ture and salinity averaged over a depth range
may give a more accurate indication of the
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average environment experienced by the ju-
venile salmon than measurements made at
the surface or from the top few meters.

Temperature and salinity at 1-m-depth
intervals were obtained from conductivity—
temperature—depth casts at each station. Be-
cause data from the uppermost meter were
often missing, we computed average tem-
perature and salinity from 2 to 15 m depth
(14 bins). Data were occasionally missing
from other depths in the upper 15 m, so
some casts had as few as 10 bins of data.

For each region (years and sampling pe-
riods pooled) we examined the distributions
of the different salmon species relative to
bottom depth, temperature, and salinity by
constructing cumulative frequency graphs
of salmon abundance (CPUE) versus the
physical variables. Hauls were ordered by
increasing bottom depth, temperature, or sa-
linity and the cumulative frequency of fish
abundance was plotted against the corre-
sponding physical variable. Cumulative fre-
quency of sampling effort (hauls) relative
to each physical variable was also shown
on the same plots as salmon abundance.
The positions and shapes of the salmon
abundance and sampling effort plots were
examined for differences that could indicate
potential habitat preferences of the different
fish.

Ages of Juvenile Salmon

In this paper, we defined juveniles as salm-
on in their first summer or fall of ocean
life (i.e., age x.0 in the designation of Koo
[1962]). The integers before and after the
decimal point indicate the winters spent in
freshwater and the ocean, respectively. For
all but Chinook salmon, juvenile fish could
be clearly distinguished from subadult fish
(age x.1) based on length, since, within time
periods and regions, the length modes of the
juvenile and subadult fish were well separat-

ed (Hartt and Dell 1986; Pearcy and Fisher
1988; Welch et al. 2003, 2004; Trudel et al.
2007a, this volume).

Length—frequency distributions of juve-
nile Chinook salmon were sometimes mul-
timodal (e.g., Miller et al. 1983; Fisher and
Pearcy 1995; Trudel et al. 2007; this volume),
mainly as a consequence of a combination
of ocean-type (age 0.0), stream-type (age
1.0), and subadult (age x.1) fish in the catch
(See Discussion). We classified juvenile
Chinook salmon as subyearlings (age 0.0)
or yearlings (age 1.0) based on the length
ranges of marked hatchery fish of known
ages collected in the CA-OR and OR-WA
regions (J. Fisher and Hinton, NOAA Fish-
eries, unpublished data; Fisher and Pearcy
1995). Fish <40 mm FL in June and July or
<50 mm FL from August to November were
classified as subyearlings, and fish 141-250
mm FL in June and July or 251-400 mm FL
from August to November were classified
as yearlings. (In C-CA, in late July, fish <
50 mm FL, 99% of which were < 190 mm
FL, were also classified as subyearlings).
Larger fish were considered subadults and
were not included in any analyses. These
classifications are not perfect, mainly be-
cause of overlap in lengths of fish of differ-
ent ages, but we think that they are accurate
enough to be useful for showing regional
trends in abundance of the two age-classes
of Chinook salmon.

Results
Number and Depth Distribution of Hauls

Most sampling occurred over the continen-
tal shelf inside of the 500 m isobath (Table
3). Despite a significant effort to sample be-
yond 500 m in CA-OR, WCVI, SEAK, and
IP (Table 3), almost all catches of juvenile
salmon occurred inshore of 500 m (Table 4).
Therefore, all further analyses include only
data collected out to the 500-m isobath.
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Table 3. Number of tows for salmon over the continental shelf (<500-m bottom depth) and over the inner
slope (>500 m bottom depth) during the early and late seasons by region (see Figure 1).

June—July August—-November
Number of fish hauls Number of fish hauls
Region <500 m depth >500 m depth <500 m depth >500 m depth
GAK 22 0 42 1
1P 23 4 13 3
SEAK 11 0 41 16
C-BC 21 0 70 0
WCVI 23 2 49 30
OR-WA 131 6 124 0
CA-OR 169 19 139 39
C-CA 58 0 66 0
Total Catch by Region OR and north, but the largest total catches

Rank order of total catch of the different
salmon was pink, chum, sockeye, coho,
subyearling Chinook, and yearling Chinook
salmon (Table 4). More than 90% of pink,
chum, and sockeye salmon were caught
from WCVI and north; the largest total
catches of these three species occurred in C-
BC. No pink or sockeye salmon were caught
south of OR-WA, although chum salmon
were caught as far south as CA-OR. Coho
salmon were caught in all regions from CA-

of this species were in OR-WA and WCVI.
Yearling Chinook salmon were widespread,
occurring in all areas, whereas subyearling
Chinook salmon were found only from C-
BC south. Off C-CA, only juvenile Chinook
salmon were found, 98% of which we clas-
sified as subyearling fish (Table 4).
Regional and Seasonal Trends in Abundance

There were clear regional differences in
abundance, as measured by CPUE and F.O.
(Figure 2). Subyearling Chinook salmon had

Table 4. Total catches of the different life-history types of juvenile salmon over the continental shelf (<500
m depth) and over the continental slope (in parentheses) in eight areas (see Figure 1) for all sampling
periods combined (June-November in 2000, 2002, and 2004). Ages 0.0 and 1.0 are also called subyear-

lings and yearlings, respectively, in the text.

Chinook Chinook Coho Chum Sockeye Pink

salmon salmon salmon salmon salmon salmon
Region age 0.0 age 1.0 agesl1.0and2.0 age0.0 age x.0 age 0.0
GAK 0 3 62 455 313 1,509
1P 0 7 54 (3) 358 (2) 65 (5) 555
SEAK 0 9 115 335 197 515
C-BC 8 55 195 4,528 3,813 7,311
WCVI 61 (1) 77 (1) 674 744 (4) 204 323 (8)
OR-WA 764 423 1,070 215 (2) 34 20
CA-OR 215 140 243 (1) 217 0 0
C-CA 879 22 0 0 0 0
All regions 1,927 (1) 726 (1) 2,413 (4) 6,852 (8) 4,626 (5) 10,233 (8)
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Subyearling Chinook salmon

Yearling Chinook salmon

Juvenile coho salmon

June, July Aug. - Nov. June, July Aug. - Nov. June, July Aug. - Nov.
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Plow JNJL| [0%  AS P 1H 26% H 8% IP 52% | [JH eo%
SEAK|0% JNJL| [ 0%  ON| SEAK [H45% 2% SEAK 63% | [ 34%
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2
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OR-WA E|—|39% IN 35% S| OR-WA 50% }—| 23% OR-WA 60% E|—| 32%
CA-OR | 2% N| H1s% Al cAOR H 16% H 24% CA-OR [+ 24% H 25%
C-CA 52% 50% c-cA H 12% 3% c-cA| 0% 0%
JIN,JL S0
T T T T T T T T T T T T
01 2 30 1 2 3 01 2 30 1 2 01 2 30 1 2 3
log4o(CPUE+1) log4o(CPUE+1) log4o(CPUE+1)
uvenile chum salmon uvenile sockeye salmon uvenile pink salmon
J le ch | J | key | J | k sal
June, July Aug. - Nov. June, July Aug. - Nov. June, July Aug. - Nov.
86% 83%
GAK 73% 86% GAK | }H 59% j—| 69% GAK j—|
74% 38%
P ° 38% P a3% | f—31% P —
SEAK [+ 27% 29% SEAK 82% ]—| 17% SEAK El—i 44%
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5 C-BC ¥ C-BC ’ H— 30% C-BC =
> 48%
h WCVI 29% wev 61% 2% wevl E|—| 35%
OR-WA [H 219 6% ORWA H 11% 1% OR-WA | 0% 9%
CA-OR | 7% 1% CA-OR | 0% 0% CA-OR | 0% 0%
C-CA | 0% 0% C-CA | 0% 0% C-CA | 0% 0%
T T T T T T T T T T T T
01 2 30 1 2 3 01 2 30 1 2 3 01 2 30 1 2 3
log4o(CPUE+1) logo(CPUE+1) logqg(CPUE+1)

Figure 2. Average (box), median (left whiker), and the 90th percentile (right whisker) of log, ,(CPUE+1)
of the six categories of juvenile salmon by region (see Figure 1) for the early and late sampling seasons.
Percent frequencies of occurrence are also indicated. Months sampled within each time period and re-
gion are indicated in gray italics in the upper left panels.
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the most southerly distribution, whereas
pink, sockeye, and chum salmon had the
most northerly distributions, and yearling
Chinook and coho salmon had the broadest
latitudinal range (Figure 2). Coho salmon
were widespread and fairly abundant in both
seasons, whereas yearling Chinook salmon
were only abundant in the early season (Fig-
ure 2). Chum, sockeye, and pink salmon
were most abundant from the WCVI north to
GAK, whereas subyearling Chinook salmon
were mainly found from the WCVI south to
C-CA. The highest CPUE of either chum,
sockeye, or pink salmon was much greater
on the whole than the highest CPUE of Chi-
nook and coho salmon (Figure 2). Similarly,
the highest F.O. of chum, sockeye, and pink
salmon (>80%) was greater than the high-
est F.O. of coho salmon (69%) or of year-
ling (50%) or subyearling (52%) Chinook
salmon.

Between the two seasons, the distribu-
tions of sockeye, chum, coho, and subyear-
ling Chinook salmon shifted northward. This
seasonal shift was most evident for sockeye
salmon, but was detectable for the other three
species as well. Catch per unit effort and F.O.
of sockeye salmon decreased greatly between
the early and late seasons in all regions except
GAK, where it increased (Figure 2). Between
seasons, CPUE and F.O. of chum salmon de-
creased in the southernmost regions (where it
occurred from the WCVI and south), increased
to the north at SEAK and GAK, remained
about the same at C-BC, and decreased at IP
(Figure 2). Between the early and late seasons,
CPUE of coho salmon decreased moderately
in all regions between OR-WA and SEAK in
the south, and increased moderately at IP and
GAK in the north (Figure 2). Finally, between
the early and late seasons, CPUE of subyear-
ling Chinook salmon decreased moderately at
C-CA, but increased moderately in all regions
to the north where subyearling fish occurred
(Figure 2).

Conversely, there was no evidence of
northward shifts in abundance of pink salm-
on or yearling Chinook salmon between the
seasons. Between seasons, the abundance
of pink salmon decreased moderately in the
northern three regions and remained about
the same at C-BC, whereas the abundance of
yearling Chinook salmon decreased greatly
in most regions (Figure 2).

Monthly Abundance Trends at IP and GAK

In the northern Gulf of Alaska, peak CPUE
and F.O. of juvenile salmon consistently oc-
curred earlier at IP and later at GAK (Table
5). At IP, CPUE and F.O. of coho salmon in-
creased between June and July and remained
relatively high into September, whereas
farther north and west at GAK, the highest
CPUE and F.O. of coho salmon did not oc-
cur until October (Table 5). At IP, both chum
and sockeye salmon peaked in abundance in
July and were absent by September, whereas
at GAK, their abundances peaked in August
and remained moderately high into October
(Table 5). The temporal pattern of abun-
dance of pink salmon in these two regions
was similar to that of chum and sockeye
salmon, except that the abundance of pink
salmon at GAK was about equally high in
both July and August (Table 5).

Regional Differences in Bottom Depth, Tem-
perature, and Salinity

Average bottom depths at tow locations dur-
ing the two sampling periods were shallow-
est in the C-CA region (56—62 m) and deep-
est in the GAK region (200-217 m), varying
little between the early and late seasons
(Table 6). Average salinity decreased great-
ly with latitude, from 33.5 to 33.6 practical
salinity units (psu) in the south off C-CA,
where sampling was mainly inshore and
where upwelling of highly saline water was
a dominant process (U.S. GLOBEC 1994),



12

FISHER ET AL.

Table 5. Average of log,,(CPUE+1) and % frequency of occurrence of juvenile salmon along the IP and
GAK transects (<500-m bottom depth) by month of sampling.

Region June July August September October
Yearling GAK - 0.05 (9%) 0.0 0.0 0.0
Chinook 1P 0.08 (20%) 0.13 (31%) 0.0 0.14 (33%) -
Coho GAK - 0.16 (23%) 0.13(29%)  0.20 38%)  0.43 (80%)
1P 0.12 (20%) 0.49 (77%) 0.48 (70%)  0.35 (67%) -
Chum GAK - 0.58 (73%) 0.93 (96%)  0.47 (77%)  0.37 (60%)
1P 0.23 (40%)  1.35(100%)  0.37 (50%) 0.0 -
Sockeye GAK - 0.39 (59%) 0.77 (79%)  0.46 (62%)  0.28 (40%)
1P 0.16 (20%) 0.57 (62%) 0.27 (40%) 0.0 -
Pink GAK - 1.30 (86%) 1.03 (92%)  0.31(62%) 0.52 (100%)
1P 0.08 (20%)  1.49 (100%)  0.56 (50%) 0.0 -

to 29.7-30.7 psu at GAK, where freshwater
inputs from rain, rivers, snow and ice melt,
and the buoyancy-driven Alaska Coastal
Current strongly influenced the upper wa-
ter column (Royer 1982; Weingartner et
al. 2002). Some freshening occurred in the
GAK region between the early and late sam-
pling, but in general, latitudinal differences
in average salinity were much larger than
the temporal differences in average salinity
within regions (Table 6). There were no con-
sistent latitudinal or seasonal clines in tem-
perature. Average temperatures were low-
est at CA-OR and BC-SEAK and highest

at GAK. Changes in average temperatures
between early and late seasons were usually
less than 1°C (Table 6).

Sampling Effort and Salmon CPUE Relative to
Depth, Temperature, and Salinity

Distribution of sampling effort.— Sam-
pling occurred over a fairly narrow range of
bottom depths at C-CA, IP, and GAK, but
over a much broader range at CA-OR, OR-
WA, and BC-SEAK (gray traces in Figure 3).
The lowest and highest average water tem-
peratures of the upper water column for the
six regions combined were about 8°C and

Table 6. Average bottom depth, and temperature and salinity of the upper water column (2-15 m) during
early and late season sampling for juvenile salmon over the continental shelf (<500 m bottom depth) by
region (see Figure 1). Temperature and salinity data were available for most, but not all, traw! stations.

June—July August—-November
Mean Mean Mean Mean Mean Mean
bottom temp. salinity bottom temp. salinity
Region depth (m) °O) (psu) depth (m) °O) (psu)
GAK 217 12.8 30.7 200 13.5 29.7
IP 139 11.2 31.8 138 12.5 31.7
BC-SEAK (SEAK,

C-BC, WCVI) 132 11.4 31.5 137 10.7 31.7
OR-WA 98 12.3 31.6 93 12.5 32.0
CA-OR 122 10.8 324 128 10.2 333
C-CA 56 12.2 33.6 62 12.7 335
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Yearling Chinook salmon
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Figure 3. Cumulative frequency distributions of sampling effort (gray lines) and of log,,(CPUE+1) of
yearling Chinook salmon (black lines) ordered by bottom depth (left), and temperature (center) and
salinity (right) of the upper water column (2-15 m) by region (Figure 1) for all months pooled. Shown
in small italics are the medians and ranges (10th-90th percentile) of the three environmental variables
during sampling. Shown in larger script are the medians of the three environmental variables relative to
the cumulative CPUE of salmon.
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about 16°C, respectively (Figure 3). Large
ranges (as measured from the 10th to 90th
percentile) in average temperature occurred
in C-CA, CA-OR, and OR-WA (Figure 3),
regions where cold, upwelled water was
present inshore and warmwater was present
offshore or in river plumes. Conversely, the
range in temperature in BC-SEAK was fair-
ly narrow. Ranges in salinity were large in
the CA-OR, OR-WA, and GAK regions, in
the former two regions because of the com-
bination of freshwater discharge from rivers
and inshore upwelling of highly saline wa-
ter and at GAK because of the large amount
of freshwater input from snow/ice melt and
rain at different times and locations. Range
in salinity was considerably narrower in C-
CA, where sampling was restricted to the
nearshore zone, and also in the BC-SEAK
and IP regions (Figure 3).

Distribution of juvenile salmon.—Sub-
yearling Chinook salmon had a shallow, in-
shore distribution in all regions where they
occurred (black traces in Figure 4). Median
bottom depths of the distributions of the
subyearling fish were remarkably consistent
across regions, ranging from 46 to 60 m, and
were well inshore of the median depths of
sampling, except in C-CA, where all sam-
pling was in relatively shallow water (Figure
4). In contrast to their consistently strong as-
sociation with depth, subyearling Chinook
salmon showed no consistent association
with temperature or salinity. For example, in
OR-WA, subyearling Chinook salmon were
associated with slightly cooler water than
was sampled overall, and in CA-OR, they
were found mainly in newly upwelled, very
saline water, but these patterns were not re-
peated in the other regions (Figure 4).

Yearling Chinook salmon were distributed
in shallower water than was sampled overall
from BC-SEAK south to C-CA (Figure 3).
They were found in slightly cooler water than
was sampled overall in OR-WA and IP but

showed no strong salinity preferences within
regions (Figure 3). In C-CA, where yearling
Chinook were caught infrequently, they were
found in very shallow water and were absent
from the coldest or warmest water (Figure 3).
Yearling Chinook were only caught in a few
hauls at GAK (Figure 3).

Coho salmon were slightly more abun-
dant in shallower water than was sampled
overall in CA-OR, OR-WA, and BC-SEAK
(Figure 5). However, their depth distribu-
tions in the IP and GAK regions closely fol-
lowed the depth distributions of the sampling
effort. Most coho salmon were caught over
a somewhat narrower temperature range
than was sampled overall in the OR-WA and
GAK regions, although their temperature
distributions followed fairly closely those
of the sampling effort in the other regions
(Figure 5). The distributions of coho salmon
abundance and sampling effort in relation-
ship to salinity were similar in all regions
(Figure 5).

Where chum, sockeye, and pink salmon
were most abundant (BC-SEAK, IP, and
GAK), their distributions followed fairly
closely the distributions of sampling effort
in relationship to depth, temperature and
salinity (Figures 6-8). However, in the BC-
SEAK area, sockeye salmon were distributed
over slightly deeper water than were chum
or pink salmon. In OR-WA, chum, sockeye,
and pink salmon were found over a narrower
range of temperature and salinity than was
sampled overall (Figures 6-8). In CA-OR,
chum salmon were caught in relatively few
tows and were most abundant in shallower,
warmer, and fresher water than was sampled
overall (Figure 6).

The Median Depths, Temperatures, and
Salinities of the Cumulative Frequency

Distributions of the different juvenile salm-
on in the different regions are summarized
in Table 7. Subyearling Chinook salmon
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Subyearling Chinook salmon
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Figure 4. Cumulative frequency distributions of sampling effort (gray lines) and of log,,(CPUE+1) of
subyearling Chinook salmon (black lines) ordered by bottom depth (left), and temperature (center) and
salinity (right) of the upper water column (2-15 m) by region (Figure 1) for all months pooled. Shown
in small italics are the medians and ranges (10th-90th percentile) of the three environmental variables
during sampling. Shown in larger script are the medians of the three environmental variables relative to
the cumulative CPUE of salmon.

were distributed mainly in shallow and often  Discussion
highly saline water, yearling Chinook and
coho salmon over a broader range of depths
and salinities, and chum, pink, and sockeye
salmon in the deeper and relatively dilute
waters of the coastal Gulf of Alaska. Large
differences in the temperature distributions
of the different salmon were not apparent
(Table 7).

The topics to be addressed include (1) the
coastal distributions and abundances of the
different juvenile Pacific salmon in relation
to the distributions and relative abundances
of their parent spawning populations; (2)
juvenile salmon distributions on the open
shelf in relation to the locations of major
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Juvenile coho salmon

0.9
X 0.7
<
o 0.5 198 12.8 30.3
0.3
199 (155 - 262) .1 (11.6-15.4) 30.2 (27.3- 31.7)
0.1
0.9
0.7
o
- 0.5 126 12.2 31.7
0.3
5‘ 01 129 (118 - 162) 11.8(9.5-13.3) 31.7 (31.4-32.0)
) 0.9
X > :
< o
o 0.7
b=
. o 051 93 10.9 31.7
O ke 03
m = 121 (60 - 215) 10.8 (9.6-12.0) | 31.7(30.9-32.2)
e 0.1
=}
(@) 0.9
<
= 0.7
! 051 77 . 31.9
o
(@) 0.3
80 (32-172) 12.7 (9.7 - 14.7) 31.9(30.4-32.8)
0.1
0.9
o
0.7
(@)
! 05180 10.7 32.7
<
$) 0.3
01 97 (42 - 258) 10.5 (8.6 - 12.6) 32.9 (31.7-33.7)
50 150 250 350 450 8 0 12 14 16 28 30 32 34

Bottom depth (m) Avg. temp. (°C) Avg. salinity (psu)

Figure 5. Cumulative frequency distributions of sampling effort (gray lines) and of log,,(CPUE+1) of
juvenile coho salmon (black lines) ordered by bottom depth (left), and temperature (center) and salinity
(right) of the upper water column (2-15 m) by region (Figure 1) for all months pooled. Shown in small
italics are the medians and ranges (10th—-90th percentile) of the three environmental variables during
sampling. Shown in larger script are the medians of the three environmental variables relative to the
cumulative CPUE of salmon.

exit points of fish leaving freshwater or pro- ral changes in the distributions of the dif-
tected marine waters and entering the open ferent salmon during their first summer and
shelf (i.e., straits, river mouths); (3) tempo- fall in the ocean and whether these changes
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Juvenile chum salmon
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Figure 6. Cumulative frequency distributions of sampling effort (gray lines) and of log,,(CPUE+1) of
juvenile chum salmon (black lines) ordered by bottom depth (left), and temperature (center) and salinity
(right) of the upper water column (2-15 m) by region (Figure 1) for all months pooled. Shown in small
italics are the medians and ranges (10th-90th percentile) of the three environmental variables during
sampling. Shown in larger script are the medians of the three environmental variables relative to the
cumulative CPUE of salmon.

are consistent with the counterclockwise and against depth, temperature, or salinity
coastal migration model proposed by Hartt preferences among the different juvenile
and Dell (1986); and (4) the evidence for salmon.
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Juvenile sockeye salmon
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Figure 7. Cumulative frequency distributions of sampling effort (gray lines) and of log, ,(CPUE+1) of ju-
venile sockeye salmon (black lines) ordered by bottom depth (left), and temperature (center) and salinity
(right) of the upper water column (2-15 m) by region (Figure 1) for all months pooled. Shown in small
italics are the medians and ranges (10th—90th percentile) of the three environmental variables during
sampling. Shown in larger script are the medians of the three environmental variables relative to the

cumulative CPUE of salmon.

Distribution and Abundance of Juvenile Fish
Versus Spawning Populations

In general, the latitudinal ranges of the dif-
ferent Pacific salmon along the continen-
tal shelf during their first summer and fall
in the ocean (Figure 2) were similar to the
latitudinal ranges of their parent spawning
populations. The rank in relative abundance

of adults of the different species of Pacif-
ic salmon reported in the literature (pink
salmon > chum salmon > sockeye salmon
> coho salmon > Chinook salmon; Burgner
1991; Healey 1991; Heard 1991; Sander-
cock 1991; Salo 1991; Azumaya and Ishida
2004) was similar to the observed rank in
relative CPUE of the juvenile fish along the
coastal shelf (Figure 2).
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Juvenile pink salmon
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Figure 8. Cumulative frequency distributions of sampling effort (gray lines) and of log, ,(CPUE+1) of
juvenile pink salmon (black lines) ordered by bottom depth (left), and temperature (center) and salinity
(right) of the upper water column (2-15 m) by region (Figure 1) for all months pooled. Shown in small
italics are the medians and ranges (10th—90th percentile) of the three environmental variables during
sampling. Shown in larger script are the medians of the three environmental variables relative to the

cumulative CPUE of salmon.

Pink, chum, and sockeye salmon.—Like
the coastal abundances of juvenile pink,
chum, and sockeye salmon (Figure 2), the
North American spawning populations of
these species are also greatest from British
Columbia north into Alaska. Spawning popu-
lations of pink salmon extend from Puget
Sound, the Strait of Georgia, the Fraser Riv-
er, and north to western Alaska and, based on

the locations of commercial catches of adult
fish, are in greatest abundance in central and
southeast Alaska, but are also very large in
British Columbia (Heard 1991).

Historically, chum salmon spawned over
a very wide geographic range, from Alaska
to as far south as Monterey Bay, Califor-
nia (Salo 1991). However, at present, chum
salmon spawn only as far south as the north-

34
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Table 7. Median bottom depths, and temperatures and salinities of the upper water column (2-15 m) of
the cumulative log, (CPUE+1) distributions of the different juvenile salmon by area for all sampling peri-
ods combined (See also Figures 3-8). Regions where the different salmon were fairly abundant (Figure
2) are shaded. Data are restricted to the continental shelf (<500m depth).

Subyearling  Yearling Juvenile Juvenile Juvenile Juvenile
Region Chinook Chinook coho chum sockeye pink
Median bottom depth (m)
GAK - 258 198 192 193 197
IP - 160 126 130 129 129
BC-SEAK60 89 93 115 160 129
OR-WA 53 56 77 111 76 103
CA-OR 46 66 80 78 - -
C-CA 47 26 - - - -
Median temperature (°C)
GAK - 12.3 12.8 13.5 13.9 13.3
IP - 10.2 12.2 11.8 11.8 12.1
BC-SEAK10.7 11.1 10.9 10.9 11.3 10.9
OR-WA 11.9 11.7 12.6 13.2 13.8 12.8
CA-OR 104 10.8 10.7 11.7 - -
C-CA 12.5 11.5 - - - -
Median salinity (psu)
GAK - 29.7 30.3 30.3 29.7 30.5
1P - 31.7 31.7 31.7 31.7 31.7
BC-SEAK31.6 31.6 31.7 31.6 31.5 31.6
OR-WA 32.0 32.0 31.9 31.9 31.8 323
CA-OR 335 33.1 32.7 319 - -
C-CA 335 333 - - - -

ern Oregon coast, where populations are
small (Johnson et al. 1997). The largest North
American populations of chum salmon are
in Alaska, British Columbia, and the Puget
Sound-Strait of Georgia regions, where an-
nual releases of artificially propagated juve-
nile chum salmon are also high, averaging
during the 1990s about 450 million, 200 mil-
lion, and 85 million fish, respectively (John-
son et al. 1997; Brodeur et al. 2003).
Sockeye salmon spawning populations
are associated with lakes, and Bristol Bay,
Alaska (in the Bering Sea) accounts for more
than 50% of the total spawning of this species
in North America (Burgner 1991). It is un-
likely that Bristol Bay juvenile sockeye salm-
on were caught during this study, since they

do not appear to migrate onto the coastal shelf
of the Gulf of Alaska (Hartt and Dell 1986).
The next largest sockeye salmon spawning
populations are associated with lakes of the
Fraser River basin, British Columbia. A few
of the other major spawning populations are
found on Kodiak Island, in central Alaska
(the Copper River), in southeast Alaska, in
lakes of the Skeena and Nass River basins of
northern British Columbia, and the Somass
River—Alberni Inlet of western Vancouver
Island (Burgner 1991; Beacham et al. 2000).
Historically, large populations of sockeye
salmon also were found in the Columbia Riv-
er and Owikeno Lake (central British Colum-
bia), but these are now very much reduced
(Burgner 1991; McKinnell et al. 2001).
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Coho and Chinook salmon.—Juvenile
coho and yearling (stream-type) Chinook
salmon were widespread along the coastal
shelf (Figure 2), and the spawning popula-
tions of both are similarly widespread. Con-
versely, juvenile subyearling Chinook salm-
on were only abundant from the west coast of
Vancouver Island south to central California
(Figure 2), a latitudinal distribution that also
matches that of the spawning populations of
these ocean-type fish.

Coho salmon spawn throughout the study
area, from northern California north through
central Alaska, but are most abundant in the
center of their range and rarer in the northern
and southern parts of their range (Sandercock
1991). Chinook salmon also spawn over a
wide latitudinal range from Alaska to central
California (Healey 1983; Healey 1991; My-
ers et al. 1998; USFWS 2001; MacFarlane
and Norton 2002). However, most Chinook
salmon from Alaskan rivers are stream-type
fish, that migrate to the ocean as yearlings
(age 1.0) after overwintering in freshwater,
whereas many Chinook salmon from north-
ern British Columbia to the Central Valley of
California are ocean-type fish, that migrate
to the ocean as subyearlings (age 0.0) a few
weeks or months after emerging from the
gravel (Healey 1983, 1991; USFWS 2001;
MacFarlane and Norton 2002; Waples et al.
2004). Although ocean-type spawners are
predominant in most rivers in the area from
northern British Columbia south into Califor-
nia, stream-type spawners are abundant in the
upper basins of some large rivers, such as the
Skeena, Fraser, Columbia, Snake, and Wil-
lamette rivers (Healey 1983, 1991; Waples
et al. 2004). Unlike spawning populations of
coho salmon, which are found in low abun-
dance in the southern part of their range in
northern California, spawning populations
of ocean-type (subyearling) Chinook salmon
are found in high abundance in the southern
parts of their range in the Klamath basin and

Central Valley of California (USFWS 2001;
MacFarlane and Norton 2002).

Coho and Chinook salmon are by far the
predominant spawners in the streams and
major rivers that empty into the ocean along
the open Washington, Oregon, and California
coast. In this region, hatchery production ac-
counts for a substantial proportion of the to-
tal juvenile production of salmon, and almost
all of the hatchery production is of these two
species (Table 8). In the 3 years of this study,
no hatchery pink salmon and only small num-
bers of hatchery sockeye and chum salmon
were released along the open coast south of
the WCVI (Table 8).

Distribution of Juvenile Fish Versus Ocean
Entry Points

Many of the largest observed abundances of
juvenile salmon along the continental shelf
were near major river mouths or exit corri-
dors for fish leaving freshwater or protected
marine waters and entering the coastal ocean.
Major entry points onto the continental shelf
varied, of course, among the different species
and populations of salmon.

Pink and chum salmon.—Two major
production areas for chum and pink salmon
are in southeast Alaska and Prince William
Sound (Heard 1991; Carlson et al. 2000;
Cooney et al. 2001; Boldt and Haldorson
2004). The major exit corridors for pink and
chum salmon leaving these areas are thought
to be Icy Strait, just to the southeast of our
IP sampling area, and the southwest end of
Prince William Sound (PWS), just to the
northeast of our GAK sampling area (Carlson
et al. 2000). During sampling in July and Au-
gust, between southern southeast Alaska and
the Alaska Peninsula west of Kodiak Island,
Carlson et al. (2000) found that the highest
CPUE of pink and chum salmon occurred
in areas north and west of southeast Alaska
along the central Alaskan shelf to the west
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Table 8. Total releases (in millions) of juvenile hatchery salmon in 2000, 2002, and 2004 between the
west coast of Vancouver Island and central California adjacent to our coastal sampling regions (Figure
1). Besides releases in smaller coastal rivers, the OR-WA, N-CA (northern California), and C-CA regions
include releases in the Columbia River basin, the Klamath/Trinity River basins, and the Sacramento/San
Joaquin River basins of the Gentral Valley, respectively. Because subyearling (age-0.0) Chinook salmon
were released during much of the year, their range in average size at release was great. Those subyearling

Chinook salmon greater than 120 mm FL or more than 18 g were called large.

Chinook salmon

Release Pink Sockeye ~ Chum  Coho salmon small: large: yearlings
area salmon salmon  salmon yearlings subyearlings  and subyearlings
WCVI 0 0.9 98.9 39 46.0 <0.1
OR-WA 0 4.0 54 96.8 227.8 88.7
CA-OR 0 0 0 1.4 22 10.4
N-CA 0 0 0 0P 24.5 6.9
C-CA 0 0 0 0 51.5 2.7

Source: the Pacific States Marine Fisheries Commission Regional Mark Processing Center: http://www.

rmpc.org/, last accessed 2/10/2006.

* Does not include 12.6 million fry and fingerling (age 0.0) fish released in the WCVI and OR-WA

regions.

® Small numbers (approximately 0.6 million in 2000) of age-1.0 coho salmon were released in the Klam-
ath/Trinity system (USFWS 2001). These were not in the Regional Mark Processing Center database.

of PWS. Where our sampling overlapped
with that of Carlson et al. (2000), we found a
similar abundance pattern for chum and pink
salmon: higher abundances at IP and GAK,
near the major exit corridors from southeast
Alaska and PWS, and lower abundances off
SEAK (Figure 2).

High abundances of both juvenile pink
and chum salmon also occurred in C-BC
(Figure 2). All of the sampling in this study
was from even years, when juvenile pink
salmon from the Fraser River are dominant
(Heard 1991; Beamish et al. 2003). In these
years, large numbers of pink salmon from
the Fraser River probably migrated north
through Johnstone and Queen Charlotte
Straits, contributing to the high abundance
of pink salmon we observed in the C-BC re-
gion (Figure 2). The Fraser River is also a
major producer of chum salmon (Beamish
and Folkes 1998; Ryall 1998), and many
would be expected to migrate north into the
C-BC area.

Catch per unit effort of chum salmon in
June and July off the WCVI was also high
(Figure 2). But large numbers of hatchery
chum salmon are released from the WCVI
between March and May (Table 8), undoubt-
edly contributing to the large CPUE of this
species in June and July in this area.

Sockeye salmon.—The major exit corri-
dor for sockeye salmon emigrating from the
Fraser River, the largest source of sockeye
salmon in our sampling area, is thought to
be Queen Charlotte Strait (Groot and Cooke
1987; Burgner 1991; Beamish et al. 2003),
which opens onto Queen Charlotte Sound
in the C-BC sampling area (Figure 1). Most
Fraser River yearling smolts are believed
to leave the Strait of Georgia by late June
and July (Groot and Cooke 1987; Burgner
1991), which is the same time period when
we caught large numbers in C-BC. Sockeye
salmon from the Skeena and Nass Rivers also
enter the C-BC area, but at the northern end
of Hecate Strait (or eastern end of Dixon En-
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trance). These populations of juvenile sock-
eye salmon undoubtedly were responsible
for the very high abundance we observed in
June and July in the C-BC area (Figure 2).
On the other hand, genetic stock identifica-
tion indicates that local fish from the Somass
River—Alberni Inlet system together with a
smaller fraction of fish from the Fraser River
account for more than 80% of the sockeye
salmon caught off WCVI in June and July
(M. Trudel, unpublished data).

Coho salmon.—In June and July, the
largest abundances of coho salmon were in
the OR-WA and WCVI regions (Figure 2).
Large numbers of juvenile coho salmon are
released from hatcheries to the Columbia
River and coastal Washington rivers (Table
8) and enter the WA-OR region in spring.
Genetic stock identification indicated that
most of our samples of coho salmon in this
region originated from the Columbia River
and Washington and Oregon coasts regard-
less of the sampling season (Teel et al. 2003;
Van Doornik et al. in press). Conversely, rela-
tively few coho salmon were released from
hatcheries in WCVI (Table 8). Many of the
coho salmon found in WCVI in June had mi-
grated there from Puget Sound, the Strait of
Georgia, the Columbia River, and the Wash-
ington coast. This was confirmed by both ge-
netic stock identification and from recoveries
of coded-wire tagged fish (Trudel et al. 2004;
Morris et al. 2007,this volume). Interestingly,
the relatively low abundance of coho salmon
during both seasons in the C-BC region (com-
pared to coho salmon abundances in other re-
gions) suggests that this region may not be as
important a collecting area or migration route
for juvenile coho salmon as it is for the juve-
nile sockeye, pink, and chum salmon from
British Columbia. The relatively high abun-
dance and F.O. of juvenile coho salmon at IP
in both seasons may be partly a consequence
of its proximity to the Icy Strait exit corridor
(Figure 2).

Yearling Chinook salmon.—As was the
case for coho salmon, the highest CPUEs of
yearling Chinook salmon during the early
season occurred in OR-WA and WCVI (Fig-
ure 2). Many yearling smolts were released
from hatcheries in the OR-WA area, mainly in
the Columbia River basin (Table 8). Releases
of yearling Chinook from WCVI were low.
Genetic stock identification indicated (for a
different set of years) that more than 50% of
the yearling Chinook salmon caught in June
in southern British Columbia originated in
the Columbia River (Trudel et al. 2004).

Subyearling Chinook salmon.—In June
and July, the abundance of subyearling Chi-
nook salmon was high only in two regions,
C-CA and OR-WA (Figure 2), which are ad-
jacent to two very large sources of hatchery
subyearling fish: the Central Valley of central
California and the Columbia River, respec-
tively (Table 8). Chinook salmon smolts from
the Central Valley enter the San Francisco es-
tuary between April and June, and most leave
the estuary and enter the ocean by the end of
June (Kjelson et al. 1982; MacFarlane and
Norton 2002). Thus, they were vulnerable to
capture in June and July on the coastal shelf
in C-CA (Figure 2). In the Columbia River,
however, downstream migration of subyear-
ling Chinook salmon is protracted, lasting
mainly from March into October, but peak-
ing in June or early July (Dawley et al. 1985).
The catch of subyearling fish in June in OR-
WA (Figure 2) represents in the early part of
this seaward migration from the Columbia
River.

In general, the seaward migration of
subyearling smolts in rivers from British Co-
lumbia to northern California is protracted,
sometimes lasting much of the summer and
including a period of estuarine residence (Re-
imers 1973; Myers and Horton 1982; Dawley
et al. 1985; Fisher and Pearcy 1990; Healey
1991; USFWS 2001). Our sampling in June
in WCVI and CA-OR, was probably too ear-
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ly to catch many subyearling fish. More sub-
yearlings were caught in the later season in
both regions (Figure 2). Genetic stock iden-
tification indicated that in the CA-OR region
in August 2000, most Chinook salmon (sub-
yearlings and yearlings pooled) originated in
the area from the Central Valley to southern
Oregon (Brodeur et al. 2004).

Seasonal Shifts in Distribution Versus
Migration

Hartt and Dell (1986) examined CPUE data
for juvenile salmon caught with purse seines
between April and October 1956-1970 over
a wide extent of the Gulf of Alaska, Aleutian
Island region, and Bering Sea. They identified
a counterclockwise shift (to the northwest,
west, and southwest) between spring and fall
in the abundances of juvenile sockeye, pink,
chum, and coho salmon along the continental
shelf of the Gulf of Alaska. They found that
the CPUE of salmon in seines held open to
the south was, on average, about five times
greater than the CPUE of salmon in seines
held open to the north, suggesting active
northward migration of juvenile fish. Final-
ly, they observed that most juvenile salmon
tagged in coastal regions of the Gulf of Alas-
ka and Alaska Peninsula were later caught as
adults in a clockwise direction from where
they were released (i.e., to the northeast, east,
or southeast, depending on where they were
released). From these three major lines of
evidence, they developed a model of counter-
clockwise migration of juvenile salmon along
the continental shelf of the Gulf of Alaska.
Additional evidence for northward or
counterclockwise migration of juvenile salm-
on off Oregon and Washington and in the Gulf
of Alaska has come from recoveries at sea
of juvenile coded-wired tagged (CWT) and
thermally marked fish released from hatcher-
ies. Pearcy and Fisher (1988) and Fisher and
Pearcy (1995) found that by late summer off
Oregon and Washington most CWT coho and

Chinook salmon had migrated north of where
they were released. Orsi and Jaenicke (1996)
and Orsi et al. (2000) found yearling (age
1.0) Chinook and coho salmon in southeast-
ern Alaska that had migrated north from the
Columbia River. Morris et al. (2007) demon-
strated counterclockwise coastal migration
for CWT coho salmon released from each
of six different regions between the Oregon
coast and southeastern Alaska. Finally, Carl-
son et al. (2000) very clearly demonstrated
counterclockwise migration of thermally
marked hatchery pink and chum salmon from
their release locations in southeast Alaska
and Prince William Sound.

Genetic stock identification also lends
support to the counterclockwise migration
model for juveniles of certain stocks of salm-
on. For example, Trudel et al. (2004) found
that about one-half of the juvenile Chinook
salmon caught during the summer off British
Columbia and southeastern Alaska originated
in the Columbia River, and of these Colum-
bia River fish, most were spring-run (and
stream-type) fish from the upper basin and
Snake River.

The regional shifts in abundance of ju-
venile salmon between seasons or between
months that we observed in this study were,
in general, consistent with the counterclock-
wise migration model of Hartt and Dell
(1986). For example, CPUE and F.O. of
coho, chum, sockeye, and pink salmon either
peaked later and/or remained high for a lon-
ger period of time at GAK in the northwestern
Gulf of Alaska than at IP in the northeastern
Gulf of Alaska (Table 5), a result consistent
with westerly migration of these fish across
the northern Gulf of Alaska during their first
summer in the ocean. In addition, there is no
evidence from the regional shifts in abun-
dance for eastward or southward migration
between the seasons (Figure 2).

However, our abundance data do suggest
that the pace and extent of the counterclock-
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wise migration may vary greatly among dif-
ferent species and life history types of salmon.
The most dramatic shift in abundance to the
north and west between seasons was that of
sockeye salmon, many of which were prob-
ably from the Fraser River (Figure 2). Dur-
ing their first summer in the ocean, sockeye
salmon apparently migrate quickly in a coun-
terclockwise direction around the Gulf of
Alaska. The abundance of chum salmon also
shifted to the north between the early and late
seasons, decreasing at WCVI and to the south
and also at IP, but increasing at SEAK and at
GAK while remaining about the same at C-
BC (Figure 2; Table 5).

Yearling Chinook salmon may also mi-
grate rapidly to the north and also offshore.
Between seasons, the CPUE and F.O. of
yearling Chinook salmon decreased greatly
in OR-WA and WCVI, the two areas where
they were most abundant in early summer,
which is consistent with migration of this life
history type out of these two regions. How-
ever, no concomitant increase in abundance
of these fish occurred in regions to the north,
thus providing little direct evidence for north-
ward migration (Figure 2). Nevertheless, tag
recoveries (Hartt and Dell 1986; Orsi and
Jaenicke 1996; Orsi et al. 2000) indicate
rapid northward migration of some yearling
Chinook salmon during the summer. In fact,
most tagged yearling Chinook salmon caught
between June and September in outside wa-
ters of southeast Alaska originated in Wash-
ington or Oregon (Orsi and Jaenicke 1996;
Orsi et al. 2000). The very low abundance of
yearling Chinook salmon during the late sea-
son in all regions (Figure 2) would be consis-
tent with relatively early off shelf movement
of fish of southern origin into deeper waters
of the Gulf of Alaska, a suggestion also made
by Hartt and Dell (1986), or with movement
to depths below our sampling gear. Unlike
the fish originating in Oregon and Washing-
ton, many of the yearling Chinook salmon

originating in southeast Alaska and British
Columbia remain through the fall and win-
ter in inside waters (Orsi and Jaenicke 1996;
Orsi et al. 2000) or in inside waters and on
the open shelf (Morris et al. 2004; Trudel et
al. 2004).

In contrast to the hypothesized rapid mi-
grations of sockeye and yearling Chinook
salmon, migrations of some chum and pink
salmon from British Columbia may be quite
slow. Between seasons there was little change
in abundance of pink or chum salmon in C-
BC (Figure 2). Similarly, in the 1990s, large
numbers of juvenile pink and chum salmon
also were found in the inside waters of the
Strait of Georgia well into the fall (Beamish
and Folkes 1998; Beamish et al. 2003). These
data suggest that the alongshore coastal mi-
grations of some British Columbia pink and
chum salmon stocks may be quite slow, with
many fish feeding in the Strait of Georgia,
Queen Charlotte Sound, Hecate Strait, and
Dixon Entrance areas for several months dur-
ing the summer and early to late fall. Recent
survey data indicate that by February, in most
years, pink and chum salmon have moved off
the shelf and into deeper water or north of
southeast Alaska (Morris et al. 2004).

The northward shift in abundance of
coho salmon between the early and late sam-
pling seasons was quite subtle, CPUE and
F.O. decreasing only moderately in regions
from SEAK south and increasing only mod-
erately at IP and GAK (Figure 2). This re-
sult suggests that the northward migration
of coho salmon may be relatively slow and
prolonged, and some individuals may not mi-
grate far. For example, coho salmon were still
being caught in September at IP, after chum,
sockeye, and pink salmon had already left the
area (Table 5). Similarly, at GAK, the peak in
abundance and F.O. of coho salmon was not
reached until October, long after the peak in
abundance of chum, sockeye, and pink salm-
on (Table 5).
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Pearcy and Fisher (1988) also found that
CPUE of juvenile coho salmon in the Ore-
gon—Washington area decreased only moder-
ately between June and September and that
coded-wire-tagged fish from the Columbia
River and coastal Oregon locations were
still present off Washington in September,
suggesting that a fairly substantial portion
of this southern population of coho salmon
remained over the entire summer near where
they entered the ocean. Recent genetic stock
identification of coho salmon confirms that
Columbia River, coastal Oregon, and coastal
Washington fish comprise most of the catch
in both June and September in the OR-WA
region, with some influx of Puget Sound
coho onto the Washington shelf in September
(Teel et al. 2003; Van Doornik et al. in press).
However, data from recoveries of fish tagged
as juveniles and subsequently recovered as
adults (Hartt and Dell 1986) also clearly indi-
cate that some juvenile coho salmon migrate
rapidly to the north and west in the Gulf of
Alaska during their first summer. In addition,
Morris et al. (2007) determined from recov-
eries of CWT fish that both fast- and slow-
migrating coho salmon often originate in the
same river basins.

Finally, the absence in both the early and
late seasons of subyearling (ocean-type) Chi-
nook salmon in areas north of where their
parent spawning populations occur, coupled
with their fairly high abundances in southern
regions in the late season, suggests that their
migrations during the summer and early fall
may be quite limited in extent (Figure 2).

Although the temporal shifts in abun-
dance of juvenile salmon are largely con-
sistent with the counterclockwise migration
model of juvenile salmon in the Gulf of
Alaska, it is important to keep in mind that
temporal changes in the abundance of juve-
nile salmon in regions of the continental shelf
are also determined by processes other than
alongshore migration, including (1) the mi-

gration of fish from local inside waters onto
the open shelf (e.g., Orsi et al. 2000; Cooney
etal. 2001; Jaenicke and Celewycz 1994), (2)
the migration of fish off the shelf into deeper
water or to depths below our sampling gear,
and (3) mortality. Furthermore, interannual
variability in abundance and the timing and
rates of migration of the different species and
life history types of salmon may be high. For
example, between the early and late seasons
in 2004, the CPUE of sockeye salmon de-
creased greatly in BC-SEAK while increasing
moderately at GAK, a result consistent with
northward (or offshore) migration of sockeye
salmon out of the BC-SEAK area and of im-
migration of sockeye salmon to the GAK area
(Appendix A, Figure A15). However, between
seasons in 2000, little change occurred in the
CPUE of sockeye salmon in BC-SEAK north
of Vancouver Island, providing little evidence
for emigration of fish from the BC-SEAK area
(Appendix A, Figure A13). Repeated monitor-
ing over a period of years at different locations
along the coast will be needed in order to un-
derstand how the migrations of the different
juvenile salmon may respond to changing
oceanographic conditions on interannual or
interdecadal time scales.

Salmon Distribution Versus Depth,
Temperature, and Salinity

The results of this and previous studies indi-
cate a strong association between Chinook
salmon, particularly subyearling Chinook
salmon, and the shallow inshore regions of
the coastal shelf. In all regions where they
occurred, subyearling Chinook salmon were
distributed in shallower water than the other
juvenile salmonids (Figure 4; Table 7). In the
regions where they were most abundant (from
BC-SEAK south), yearling Chinook salmon
also were found in shallower water than the
other four species of salmon (Figure 3; Table
7). A shallow distribution of Chinook salmon
was also apparent from an ordination analysis
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by Orsi et al. (2007, this volume) of the fish
and squid assemblages caught in the coastal
zone, in which juvenile Chinook salmon had
the shallowest position of all salmon species
along the axis most strongly correlated with
bottom depth. Similar nearshore distributions
for subyearling Chinook salmon have been
reported in the area bracketing the mouth of
the Columbia River (Miller et al. 1983) and
in the CA-OR and OR-WA regions (Fisher
and Pearcy 1995; Brodeur et al. 2004, 2005).
Miller et al. (1983) found that the abundance
of Chinook salmon less than 130 mm FL
was much greater in very shallow water (<9
m bottom depth) than in deeper water (>30
m bottom depth). From this result, they con-
cluded that offshore movement of Chinook
salmon was size-dependent.

Evidence of depth preferences among the
other species is less clear. Coho salmon were
very rare over water deeper than about 250
m, and in CA-OR and BC-SEAK, where a
significant fraction of the sampling was over
deeper water, they were most abundant be-
tween about 30-m and 150-175-m bottom
depth (Figure 5). However, in IP and GAK,
coho salmon were caught routinely out to
250-m bottom depth (Figure 5). Although in
OR-WA and BC-SEAK, chum, sockeye, and
pink salmon tended to occur in deeper water
than Chinook or coho salmon (Table 7), in
the regions where they were most abundant,
the depth distributions of the three “northern”
salmon species usually followed the depth
distributions of the sampling over the conti-
nental shelf fairly closely (Figures 6-8).

Within regions, evidence of temperature
or salinity preferences was lacking generally
among the different salmon species, especial-
ly in regions where the fish were abundant
(Figures 3-8). There were some exceptions.
For example, consider OR-WA where coho
salmon were not found in the coldest or most
saline water associated with inshore coastal
upwelling (Figure 5) and where abundance

of subyearling Chinook salmon in the near-
shore, cold, and saline waters was high (Fig-
ure 4). The distribution of Chinook salmon
likely indicates a preference to stay close to
shore in shallow water, rather than a prefer-
ence for a particular salinity regime. Excep-
tions also occurred in regions where juvenile
salmon occurred infrequently. For example,
in OR-WA, chum, sockeye, and pink salmon
were largely absent from the warmest and
freshest water associated with river plumes
and were not found in the coldest and most
saline water associated with coastal upwell-
ing (Figures 6-8).

Across regions, however, there was an
obvious association between salinity and spe-
cies. Subyearling Chinook salmon were most
abundant in the areas of high salinity found to
the south, yearling Chinook and coho salmon
were abundant across a wide range of salini-
ty, and chum, sockeye, and pink salmon were
most abundant in areas of low salinity found
to the north (Table 7).

Conclusion

Combining information on the coastal dis-
tribution and abundance of juvenile salmon,
and how it changes seasonally, with stock-
specific information on catch composition
and migration provided by CWTs, thermal
marks , and genetic stock identification (e.g.,
Carlson et al. 2000; Teel et al. 2003; Brodeur
et al. 2004; Trudel et al. 2004; Morris et al.
2007; Van Doornik et al., in press), should
produce a more detailed understanding of
the early ocean life of the different salmon
stocks along the west coast of North Amer-
ica. Knowledge of the timing and migration
routes of specific stocks of salmon will allow
us to know when and where to look for biotic
and abiotic environmental factors that may
be critical in determining growth rates (e.g.,
Trudel et al. 2007b, this volume) and variabil-
ity in survival at interannual and interdecadal
frequencies (Mantua et al. 1997; Peterson and
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Schwing 2003). Combining data on the food
utilization (e.g., Brodeur et al. 2007; this vol-
ume), the community of potential predators
and competitors (e.g., Orsi et al. 2007), and
physical environment (e.g., this paper) with
which the juvenile salmon are associated will
also provide more complete insights into the
different environments the juvenile salmon
encounter along their migrations.
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Appendix A. Distribution maps by month in 2000, 2002, and 2004, of CPUE of subyearling Chinook
salmon, yearling Chinook salmon, and juvenile coho salmon, chum salmon, pink salmon, and sockeye
salmon in six regions from the central California coast to the northern Gulf of Alaska.
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Figure A1. CPUE (number x 1.5 nmi towed™") of subyearling Chinook salmon in 2000 by month, region,
and haul. Areas of circles vary continuously and are directly proportional to CPUE. The highest standard-
ized catch was 116 fish. Crosses represent 0 catch. June and July catches are shown in the top panel and
August—Qctober catches in the bottom panel. The 200-m and 500-m isobaths are indicated.
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Figure A2. CPUE (number X 1.5 nmi towed™") of subyearling Chinook salmon in 2002 by month, region,
and haul. Areas of circles vary continuously and are directly proportional to CPUE. Crosses represent
0 catch. June and July catches are shown in the top panel and August—October catches in the bottom
panel. The 200-m and 500-m isobaths are indicated.
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Figure A3. CPUE (number x 1.5 nmi towed™") of subyearling Chinook salmon in 2004 by month, region,
and haul. Areas of circles vary continuously and are directly proportional to CPUE. The highest standard-
ized catch was 123 fish. Crosses represent 0 catch. June and July catches are shown in the top panel and
August— November catches in the bottom panel. The 200-m and 500-m isobaths are indicated.
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Figure A4. CPUE (number X 1.5 nmi towed™") of yearling Chinook salmon in 2000 by month, region, and
haul. Areas of circles vary continuously and are directly proportional to CPUE. Crosses represent 0 catch.
June and July catches are shown in the top panel and August—October catches in the bottom panel. The
200-m and 500-m isobaths are indicated.
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Figure A5. CPUE (number X 1.5 nmi towed™") of yearling Chinook salmon in 2002 by month, region,
and haul. Areas of circles vary continuously and are directly proportional to CPUE. Crosses represent
0 catch. June and July catches are shown in the top panel and August—October catches in the bottom
panel. The 200-m and 500-m isobaths are indicated.
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Figure A6. GPUE (number X 1.5 nmi towed™") of yearling Chinook salmon in 2004 by month, region, and
haul. Areas of circles vary continuously and are directly proportional to CPUE. Crosses represent 0 catch.
June and July catches are shown in the top panel and August—-November catches in the bottom panel.
The 200-m and 500-m isobaths are indicated.
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Figure A7. CPUE (number X 1.5 nmi towed™") of juvenile coho salmon in 2000 by month, region, and
haul. Areas of circles vary continuously and are directly proportional to CPUE. The highest standardized
catch was 115 fish. Crosses represent 0 catch. June and July catches are shown in the top panel and
August-October catches in the bottom panel. The 200-m and 500-m isobaths are indicated.
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Figure A8. CPUE (number X 1.5 nmi towed™") of juvenile coho salmon in 2002 by month, region, and
haul. Areas of circles vary continuously and are directly proportional to CPUE. Crosses represent 0 catch.
June and July catches are shown in the top panel and August-October catches in the bottom panel. The
200-m and 500-m isobaths are indicated.
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Figure A9. CPUE (number X 1.5 nmi towed™") of juvenile coho salmon in 2004 by month, region, and
haul. Areas of circles vary continuously and are directly proportional to CPUE. Crosses represent 0 catch.
June and July catches are shown in the top panel and August—-November catches in the bottom panel.
The 200-m and 500-m isobaths are indicated.
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Figure A10. CPUE (number x 1.5 nmi towed™") of juvenile chum salmon in 2000 by month, region, and
haul. Areas of circles vary continuously and are directly proportional to CPUE. The highest standardized
catch was 295 fish. Crosses represent 0 catch. June and July catches are shown in the top panel and
August—Qctober catches in the bottom panel. The 200-m and 500-m isobaths are indicated.
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Figure A11. CPUE (number X 1.5 nmi towed™) of juvenile chum salmon in 2002 by month, region, and
haul. Areas of circles vary continuously and are directly proportional to CPUE. The highest standardized
catch was 470 fish. Crosses represent 0 catch. June and July catches are shown in the top panel and
Aug—October catches in the bottom panel. The 200-m and 500-m isobaths are indicated.
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Figure A12. CPUE (number X 1.5 nmi towed") of juvenile chum salmon in 2004 by month, region, and
haul. Areas of circles vary continuously and are directly proportional to CPUE. The highest standardized
catch was 498 fish. Crosses represent 0 catch. June and July catches are shown in the top panel and
August—November catches in the bottom panel. The 200-m and 500-m isobaths are indicated.
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Figure A13. CPUE (number X 1.5 nmi towed™") of juvenile sockeye salmon in 2000 by month, region, and
haul. Areas of circles vary continuously and are directly proportional to CPUE. Crosses represent 0 catch.
June and July catches are shown in the top panel and August-October catches in the bottom panel. The
200-m and 500-m isobaths are indicated.
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Figure A14. CPUE (number X 1.5 nmi towed™") of juvenile sockeye salmon in 2002 by month, region, and
haul. Areas of circles vary continuously and are directly proportional to CPUE. Crosses represent 0 catch.
June and July catches are shown in the top panel and August-October catches in the bottom panel. The
200-m and 500-m isobaths are indicated.
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Figure A15. CPUE (number X 1.5 nmi towed") of juvenile sockeye salmon in 2004 by month, region, and
haul. Areas of circles vary continuously and are directly proportional to CPUE. The highest standardized
catch was 1,562 fish. Grosses represent 0 catch. June and July catches are shown in the top panel and
August—November catches in the bottom panel. The 200-m and 500-m isobaths are indicated.
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Figure A16. CPUE (number X 1.5 nmi towed™") of juvenile pink salmon in 2000 by month, region, and
haul. Areas of circles vary continuously and are directly proportional to CPUE. The highest standardized
catch was 294 fish. Crosses represent 0 catch. June and July catches are shown in the top panel and
August-October catches in the bottom panel. The 200-m and 500-m isobaths are indicated.
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Figure A17. CPUE (number X 1.5 nmi towed™") of juvenile pink salmon in 2002 by month, region, and
haul. Areas of circles vary continuously and are directly proportional to CPUE. The highest standardized
catch was 239 fish. Crosses represent 0 catch. June and July catches are shown in the top panel and
August-October catches in the bottom panel. The 200-m and 500-m isobaths are indicated.
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Juvenile pink salmon, Aug. — Nov. 2004
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Figure A18. CPUE (number X 1.5 nmi towed™") of juvenile pink salmon in 2004 by month, region, and
haul. Areas of circles vary continuously and are directly proportional to CPUE. The highest standardized
catch was 1,083 fish. Crosses represent 0 catch. June and July catches are shown in the top panel and
August—November catches in the bottom panel. The 200-m and 500-m isobaths are indicated.



