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Abstract: Stock origin and ocean distribution of chum salmon in the Bering Sea and its adjacent North Pacific
waters during the summer and fall of 2002-2004 were estimated using a mitochondrial DNA control region. The
percentage of immature chum salmon samples was more than 97% in the fall of 2002 and 2003, and 80—-88% in
summer 2003 and 2004. The genetic stock identification (GSI) and GSl-estimated CPUE (catch per unit effort)
suggested that immature chum salmon were mostly from Japanese and Russian stocks, and they were widely
distributed in the Bering Sea. The abundance of North American stocks was much lower than that of Asian stocks
in the Bering Sea, while it increased in the North Pacific Ocean in the fall of 2003. In the central Bering Sea, Japa-
nese chum salmon stocks were most predominant among regional stocks. All regional stocks were distributed in
proportion to sea surface temperatures (6.6—11.9°C) available during each survey period. The distribution pattern
and abundance of chum salmon CPUE in the Bering Sea was different among years and seasons, while those

changes were not significantly related to the favorable sea surface temperature range in the Bering Sea.
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INTRODUCTION

Chum salmon (Oncorhynchus keta) are the most widely
distributed salmon species around the Pacific Rim and are
considered an important commercial fisheries resource. Es-
timation of stock origins of chum salmon is important to
clarify the stock assessment and the patterns of ocean migra-
tion.

Stock identification of chum salmon on the high seas has
been attempted with tagging methods, thermal otolith mark-
ing, and genetic characters (e.g. Ishida et al. 1989; Wilmot
et al. 1998; Seeb and Crane 1999; Urawa et al. 2000b). Off-
shore tagging experiments indicated that maturing Japanese
chum salmon were widely distributed in the Bering Sea and
North Pacific Ocean in summer (Ogura and Ito 1994). Oto-
lith-marked chum salmon were collected in the Bering Sea
and North Pacific Ocean, and of those, approximately 90%
were found to have been released from Japanese hatcheries
(Sato et al. 2009). Genetic stock identification (GSI) analy-
sis were performed using allozyme and mitochondrial DNA

(mtDNA) markers, and the results showed that Japanese and
Russian chum salmon stocks are predominant in the central
Bering Sea during summer and fall (Urawa et al. 2004, 2005,
2009; Moriya et al. 2007, 2009). Those results support the
ocean migration model of Japanese chum salmon that shows
that immature fish inhabit mainly the Bering Sea after over-
wintering in the North Pacific Ocean (Urawa 2000; Urawa
et al. 2001). However, it is still unclear whether or not the
marine distribution of particular stock shows inter-annual
changes.

Marine habitat conditions affect salmonid ocean distri-
bution. Ocean temperatures should be an important factor
affecting the ocean distribution of chum salmon (Urawa et
al. 2000a). Welch et al. (1995) also postulated thermal limits
and sea surface temperature (SST) as determinants of salmo-
nid distribution in the open ocean. However, the relation-
ships between distribution pattern of specific stocks and SST
are unclear.

Japanese scientists have participated in the Bering/Aleu-
tian Salmon International Survey (BASIS) program to clar-
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ify the effect of environmental factors on the distribution of
Pacific salmon in the Bering Sea. In the 2002 and 2003 sum-
mer and fall seasons, biological data on Pacific salmon and
oceanographic data were collected in the Bering Sea and its
adjacent North Pacific waters (Azumaya et al. 2003; NPAFC
2004). In summer 2004, biological and oceanographic sur-
veys for Pacific salmon were also conducted in the Bering
Sea and North Pacific Ocean (Azumaya et al. 2005). The
objective of the present study was to clarify the inter-annual
changes in ocean distribution patterns of chum salmon stocks
and to examine the relationships between stock distribution
patterns and marine habitat conditions, particularly SST. We
estimated the stock origin and ocean distribution of chum
salmon in the Bering Sea and North Pacific Ocean during
the summer of 2004 using a mtDNA marker. The 2004 es-
timates were compared with the previous 2002-2003 data
and the relationships between stock-specific distribution and
SST were examined using randomization tests.

MATERIALS AND METHODS
Fish Samples and DNA Extraction

Samples of chum salmon were collected from 18 sta-
tions in the Bering Sea and North Pacific Ocean (50°38’N—
57°58°N, 175°14°’E-170°00°W) aboard the research vessel
R/V Kaiyo maru between 24 June and 8 July 2004 (Table
1). A net was trawled in the surface layer (down to 50m)
for 1 hour at 5 knots. We calculated the catch per unit ef-
fort (CPUE) of chum salmon as the number of chum salmon
caught per one hour of trawling at a station. Whole blood
samples were collected from the caudal vasculature or gills
of chum salmon (n = 1,014) and frozen at -40°C. DNA was
isolated from the whole blood samples by a Puregene™ DNA
purification kit (QIAGEN Inc., Valencia, CA) following the
manufacturer’s instructions. DNA was extracted at the labo-
ratory of the National Salmon Resources Center, Fisheries
Research Agency.

MtDNA Analysis and GSI Estimation

Thirty mtDNA haplotypes of chum salmon that were
collected from the Bering Sea and North Pacific Ocean were
detected by the DNA microarray method (Moriya et al. 2005)
and assigned origins (Japanese, Russian, or North American
stocks) using a previously reported mtDNA dataset (Yoon
et al. 2008) as baseline data. This baseline data was created
from about 4,200 individuals from 96 populations of chum
salmon in the Pacific Rim. In previous simulation stud-
ies using this baseline data, estimates for the Japanese and
North American regions were about 90% accurate (91.6%
for Japanese stocks and 94.5% for North American stocks),
whereas an estimate for the Russian region was 80.2% ac-
curate (Moriya et al. 2009).

Stock contributions of the mixed samples were estimat-

ed via a conditional maximum likelihood (Pella and Milner
1987; Masuda et al. 1991). A conjugate-gradient search-
ing algorithm using a square root transformation was used
because it provides good performance with large baselines
and small stock differences (Pella et al. 1996). Standard
deviations and 90% symmetric confidence intervals were
estimated by 1,000 bootstrap resamplings of the baseline
and mixture samples. Estimates were made to individual
stock and then pooled to regional stock groups: Japan, Rus-
sia, and North America. These regional stock groups were
categorized based on previous genetic analysis for the base-
line data set of 96 populations of chum salmon in the Pacific
Rim (Yoon et al. 2008). Computations were performed with
the Statistics Programs for Analyzing Mixtures (SPAM ver-
sion 3.7b), which was originally developed by Debevec et al.
(2000).

Estimation of Stock-specific CPUE

GSl-estimated CPUE of chum salmon by stock ori-
gin in the Bering Sea and North Pacific Ocean was calcu-
lated for five areas: central Bering Sea (55°57°’N—58°30°N,
179°42°E—-174°42°W), southern Bering Sea (51°41°’N-
54°40°N, 179°42’E—-174°59°W), eastern Bering Sea
(53°05°N-56°00"N, 169°57°W-170°34’W), western Bering
Sea (52°52°’N-56°10°N, 172°30’E-177°29’E), and North
Pacific Ocean (49°50°N—53°29°N, 164°46’W—174°49"W)
in each survey period (2002 fall, 2003 summer and fall, and
2004 summer). The GSI data during summer and fall of
2002 and 2003 were referenced from Moriya et al. (2009).
CPUE data for chum salmon during 2002—-2004 are shown in
Fig. 1.

Randomization Test

The randomization test of cumulative frequency was
used to show the difference in distribution for each regional
stock group and SST (Perry and Smith 1994). In this test,
the Cramer-von Mises test statistics and 999 permutations
of random combinations of 2 variants were used for the sig-
nificance (Syrjala 1996). Relationships between the distri-
bution of each regional stock and SST were tested by the
randomization test for cumulative functions of CPUE and
stations over SST in each year. The randomization test was
calculated using an EXCEL macro.

RESULTS
Distribution and Maturity

A total of 2,149 chum salmon were collected in summer
0f2004. Chum salmon were widely distributed in the survey
areas during 2002-2004 (Fig. 1). The abundance of chum
salmon in the Bering Sea was higher than the abundance in
the North Pacific Ocean during summer/fall 2003 and sum-
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mer 2004. However, their distribution patterns in the Bering
Sea were different among those three years and seasons. In
2002, chum salmon were mainly collected in the southern
Bering Sea between 172°30°W-177°30°W (Fig. 1A). In
2003, chum salmon were widely distributed in the survey
areas of the Bering Sea, but the CPUE in fall was higher than
that in summer (Fig. 1B, C). In 2004, about 30% of chum
salmon were caught at a single station (H18, see Fig. 1D).
The percentage of immature chum salmon samples was >
97% in the fall of 2002 and 2003. On the other hand, the
occurrence of immature fish was < 90% in summer 2003 and
2004 (80.2% in 2003 and 88.1% in 2004).

Genetic Stock Identification

The stock composition of immature chum salmon in the
Bering Sea and North Pacific Ocean in the summer of 2004
is shown in Table 1. The stock composition in the central
Bering Sea (HO07, H09, H20, and H21) was 59.6-67.4%
Japanese, 19.1-36.1% Russian, and 4.3-21.0% North
American stocks. The estimated stock composition of chum
salmon in the southern Bering Sea (HI11 and HI8) was
33.3-47.5% Japanese, 36.7-58.1% Russian, and 8.7—15.8%
North American stocks. Chum salmon in the eastern Ber-
ing Sea (H03-06) were estimated to be 25.7-65.5% Japa-
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nese, 15.7-60.7% Russian, and 5.6-30.9% North American
stocks. The stock composition in the western Bering Sea
(H22-H25) was 14.3—19.0% Japanese, 13.8-54.2% Russian,
and 26.8-70.3% North American stocks. In the North Pacif-
ic Ocean (HO1, HO2, H13, and H14), the stock composition
was estimated to be 28.2-49.8% Japanese, 1.8—41.6% Rus-
sian, and 17.3-70.0% North American chum salmon.

CPUE Distribution

GSl-estimated CPUE analysis of immature chum salmon
indicated that Asian (Japanese and Russian) stocks were
widely distributed in the surveyed areas, and were relatively
abundant in the central and southern Bering Sea (Fig. 2, Ta-
ble 2). Particularly, Japanese stocks were predominant in the
central Bering Sea during 2002-2004. Stock abundance in
the southern Bering Sea fluctuated highly among years. The
CPUE of Russian stocks was higher than that of Japanese
and North American stocks in the western Bering Sea during
2002-2004. The abundance of North American stocks was
much lower than that of Asian stocks in the Bering Sea (Fig.
2, Table 2). In the North Pacific Ocean, North American
stocks showed a high CPUE in fall 2003, while their CPUE
was almost the same or lower than other stocks in summer
2003 and 2004 (Fig. 2).
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Fig. 1. Catch per unit effort (CPUE) distribution of chum salmon in the Bering Sea and North Pacific Ocean in the fall of 2002 (A), the summer
(B) and fall (C) of 2003, and the summer of 2004 (D). CPUE indicates the number of catches per one-hour trawl.
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Table 2. Estimation of stock-specific CPUE of immature chum salmon in five surveyed areas of the Bering Sea and North Pacific Ocean during
the summer and fall of 2002-2004. CPUE, the number of catches per one hour trawl; St., number of stations in each survey area; Cl, symmetric
confidence interval. Genetic-estimated CPUE data from 2002-2003 were calculated using GSI data from Moriya et al. (2009).

CPUE (Mean + SD (90% Cl))

Japan

Russia

North America

Seasons (sampling date)/Areas St.  Mean SST
2002 fall (Sep 3-18)
Central Bering Sea 4 10.2
Southern Bering Sea 9.0
Western Bering Sea 6 9.9
2003 summer (Jun 28-Jul 18)
Central Bering Sea 5 8.0
Southern Bering Sea 4 7.7
Western Bering Sea 4 7.3
Eastern Bering Sea 3 9.1
North Pacific Ocean 7 9.5
2003 fall (Aug 30-Sep 19)
Central Bering Sea 4 10.8
Southern Bering Sea 4 9.3
Western Bering Sea 4 101
Eastern Bering Sea 3 10.7
North Pacific Ocean 7 1.7
2004 summer (Jun 26-Jul 8)
Central Bering Sea 4 8.4
Southern Bering Sea 2 7.8
Western Bering Sea 4 8.0
Eastern Bering Sea 4 8.1
North Pacific Ocean 4 8.3

72.8+10.9 (55.3-90.6)
55.3+18.6 (33.4-89.5)
27.149.6 (15.9-46.1)

55.7+10.5 (38.4-72.8)
46.6+10.2 (30.2-64.6)
38.416.5 (15.3-37.0)
58.7+9.9 (39.4-72.4)
7.042.4 (3.9-11.3)

89.8+17.0 (63.6-119.1)

104.8+19.9 (74.6-139.8)
36.3£10.7 (20.5-55.6)
34.9+13.1 (15.3-56.1)
20.7+6.0 (11.7-28.7)

79.6+10.7 (64.6-98.2)

154.2+50.0 (74.5-241.9)
13.0£7.5 (0.7-27.5)
25.646.0 (16.2-36.3)
33.37.7 (21.1-47.2)

40.5+14.7 (12.0-61.7)
87.2+39.0 (11.1-131.2)
41.5+19.7 (3.5-63.7)

26.3+13.0 (3.9-47.0)
29.8+14.2 (3.9-51.4)
22.418.8 (8.5-43.7)

34.3+13.5 (11.7-55.0)
13.645.8 (3.9-23.1)

58.4+24.0 (17.1-96.3)
63.7+27.6 (19.7-110.3)
64.8+20.5 (28.3-95.0)
67.2+25.4 (22.8-106.0)
23.4+14.7 (3.1-46.4)

29.0+13.9 (7.4-52.5)
193.5463.8 (81.3-286.7)
46.4+15.6 (20.6-71.2)
23.9+8.3 (8.7-36.6)
26.1+12.6 (4.6-45.7)

6.5+10.2 (0.0-29.8)
25.5+33.1 (0.0-9409)
12.3+12.3 (0.0-47.3)

10.648.6 (0.0-27.6)
10.7£11.0 (0.0-32.7)
6.246.4 (0.2-27.5)
9.4%9.7 (0.0-29.0)
9.345.6 (0.4-18.9)

23.1£18.2 (0.3-58.1)
45.5+23.5 (10.7-86.8)
24.1+17.8 (0.4-56.4)
44.0£22.9 (10.7-84.2)
56.3+14.2 (26.9-69.8)

14.4+12.1 (0.0-36.3)
48.8+47.6 (0.0-140.8)
22.2+14.9 (1.0-48.0)
6.046.1 (0.0-17.9)
18.0+10.9 (2.5-37.3)

Relationships between Stock-specific Distribution and
SST

Associations between cumulative frequencies of genetic-es-
timated CPUE for three regional stocks and cumulative fre-
quency of SST in each survey period were estimated based
on stock CPUE and SST data at each survey station. All
regional stocks were distributed in proportion to the avail-
able SST (6.6-11.9°C) in each survey period (Fig. 3). The
test values for statistical significance in 2002 fall indicated
negative values (Japanese stock, P = 0.085; Russian stock, P
=0.401; North American stock, P =0.534) (Fig. 3A). In the
2003 summer and fall, the randomization test showed non-
significant correlations between the distribution of each re-
gional stock and observed SST (summer: Japanese stock, P
= 0.187; Russian stock, P = 0.972; North American stock, P
=0.699) (Fig. 3B); (fall: Japanese stock, P = 0.052; Russian
stock, P = 0.981; North American stock, P = 0.508) (Fig.
3C). In the summer of 2004, the test values for statistical
significance also indicated negative values (Japanese stock,
P =0.876; Russian stock, P = 0.749; North American stock,
P=0.1) (Fig. 3D).

DISCUSSION

Our genetic stock estimates and GSI-estimated CPUE
indicated that immature chum salmon were mostly of Asian
(Japanese and Russian) origin, and were widely distributed
in the surveyed areas of the Bering Sea during summer and
fall. The abundance of immature North American stocks
was lowest in the Bering Sea during 2002-2004. Previous
allozyme analysis indicated that the relative abundance of
immature North American stocks was low in the Bering Sea
and high in the eastern North Pacific Ocean (Urawa et al.
2005, 2009). Many otolith-marked chum salmon released
from North American hatcheries were found in the southern
Bering Sea and eastern North Pacific Ocean (Urawa et al.
2005, 2009). These results suggest that the North American
stocks are mainly distributed in the North Pacific Ocean.

Japanese stocks were predominant in the central Ber-
ing Sea during summer and fall of 2002-2004 compared
to chum salmon stocks from all other countries. Allozyme
analyses also indicated that Japanese immature chum salmon
were most abundant in the central Bering Sea during summer
and fall 2002 and 2003 (Urawa et al. 2004, 2005). Why do
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Japanese chum salmon migrate and distribute themselves in
the central Bering Sea? Urawa et al. (2005, 2009) suggested
that one reason may be related with their overwintering habi-
tats. Japanese chum salmon stay in a narrow region of the
western North Pacific Ocean in the first winter and in the
Gulf of Alaska during the following winters (Urawa 2000).
During the overwintering period, chum salmon prefer wa-
ter with low temperatures between 4°C and 8°C (Nagasa-
wa 2000). The habitat in this temperature range was more
widely available in the eastern North Pacific than the western
North Pacific Ocean (Urawa et al. 2005). For Japanese chum
salmon in the eastern North Pacific, the shortest homing mi-
gration route is through the Bering Sea (Urawa 2000; Urawa
et al. 2005). MtDNA analysis of chum salmon in the North

2001 Central Bering Sea
1501

100+

501

2003 2004

2002

2003

Fall

Summer

1501

Western Bering Sea

CPUE

2003 2004 2002 2003
Summer Fall
1501 North Pacific Ocean
1004
504
2003 2004 2003
Summer Fall
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of Japanese stocks was higher in the central (180°) than in
the western (165°E—175°E) North Pacific Ocean (Sato et al.
2007). Perhaps Japanese chum salmon start to move into the
Bering Sea in late June or early July as estimated by Urawa
et al. (2001, 2005, 2009), and then rapidly move into the
central Bering Sea.

The CPUE distribution of chum salmon in the Bering
Sea was different among years and seasons. The chum salm-
on CPUE in fall 2002 was higher than in fall 2003, while
the CPUE in summer 2003 was lower than in summer 2004.
The CPUE of chum salmon in fall 2003 was also higher than
in summer 2003. Previous studies indicated that the density
and distribution of chum salmon in the Bering Sea fluctuates
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between odd and even years, because the interaction between
pink (O. gorbuscha) and chum salmon changes their density
and distribution (Azumaya and Ishida 2000). On the other
hand, most pink salmon leave from the offshore of the Ber-
ing Sea by August for their spawning migration. Thus, pink
salmon may influence the spatial and temporal distribution
and abundance of chum salmon during early and mid sum-
mer, while pink salmon may have no impact on the distribu-
tion of immature chum salmon in the late summer and fall.

Myers et al. (2007) reported that there was a strong
negative relation between the relative abundance of Rus-
sian chum salmon and SST in the central Bering Sea. They
estimated that this correlation might reflect the influence of
ocean temperature on run timing: in warm SST years Rus-
sian salmon may mature faster and leave the central Bering
Sea sooner, resulting in lower CPUEs in July. However, this
may not be the case for immature fish. Our randomization
test showed non-significant correlations between the distri-
bution of each regional stock of immature chum salmon and
observed SST during each survey period. These results sug-
gest that a response to SST may be different for maturing and
immature chum salmon.

Azumaya et al. (2007) showed that the upper thermal
limit was 15.6°C for chum salmon and that the southern limit
of chum salmon distribution was located in the Transition
Domain (43°N) in summer. In our study, all regional stocks
were distributed in proportion to the available SST (6.6—

11.9°C) during summer and fall. This SST range is basically
within the “preferred” temperature range of chum salmon.
Furthermore, SST anomalies (relative to 1970-2000 mean
values) in the Bering Sea for summer and fall of 2002-2004
showed + 0-2°C (Japan Meteorological Agency, data cita-
tion: 19 December, 2008). These results suggest that chum
salmon can inhabit most areas of the Bering Sea in sum-
mer without being affected by thermal limitations. In other
words, SST may not be the main factor limiting the distribu-
tion of immature chum salmon in summer in the Bering Sea.
The ocean distribution and migration patterns of salmon may
be affected by the abundance of food organisms, interactions
within or between species, ocean conditions, timing and lo-
cation of spawning, as well as winter habitat (Urawa et al.
2005, 2009). In future studies, we should clarify factors in-
fluencing the migration and distribution of chum salmon in
the ocean.
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