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1. Introduction

2. Materials and Methods

• Chum salmon, Oncorhynchus keta, are distributed widely in the North Pacific Ocean, and about 76% 
of chum salmon were caught from Russian, Japanese, and Korean waters of the northwestern Pacific 
Ocean during the last 20 years (Fig. 1).

• The recent increase in salmon production might be aided by not only the enhancement program (Fig. 
2), but also by favorable ocean conditions since the early 1990s, though the ecological processes for 
determining the yield of salmon have not been clearly delineated.

• In this research, we investigate the relationship between climate and environmental variability, 
enhancement program, and chum salmon production in the northwestern Pacific Ocean. 
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Return rate 0.12 0.139 -0.492* -0.389 -0.486* -0.434 0.275

2.1 Data sets
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3. Results

Fig 1. (a) Schematic migration model of chum salmon released  from Korea (modified from Urawa et al.,
2000) and (b) Chum salmon productions from the western Pacific combined catch statistics from Korea, 
Japan, and Russia in 1925-2013.

<Climate and Ocean Environments >
• Sources of seawater temperature (Fig. 3a): (1) SST at ocean 

monitoring stations in April,  and Seawater temperature 
at the Sokcho Light House, the nearest place to the 
releasing point of salmon fry.

• PDO (Fig. 3b, http://jisao.washington.edu/pdo/PDO.latest)
• Sea--ice area in Okhotsk Sea (McKinnell & Dagg, 2010)
• Biomass/abundance of zooplankton and copepod (NIFS)

<Chum salmon production>
* Catch statistics from member

nations of the NPAFC
* Return rate to Yangyang

Hatchery (FIRA)

Fig 3. Study area and environmental variability used in this study. Seawater temperatures were 
collected from the ocean monitoring area (shaded) and the Sokcho Light House (white dot) in Korean 
waters, (b) monthly Pacific Decadal Oscillation (PDO), 1900-2009. Red line indicates 10-year moving 
average, (c) average sea surface temperature (SST) anomalies during negative PDO, May 1998-August 
2002, and (d) average SST anomalies during positive PDO, September 2002-Septemer 2007 (McKinnell
et al. 2010)

2.2 Methods

* Frequently, the northern and southern areas had a different or sometimes an opposite pattern of 
seawater temperature: the sea-ice coverage in the Okhotsk Sea indicated that a very cold environment 
in the late 1970s turned into a warm one in the early 1980s, while very low seawater temperatures 
prevailed in the Korean waters during the early-mid 1980s (Fig. 4). 
* The coastal environment off the Korean Peninsula also showed several different seawater temperature 
regimes in the surface layer during the last four decades, but sea ice extent in the Okhotsk Sea was very 
low (i.e., warm environment) except in the early 2000s.

Table 1. Correlation between return rate of chum salmon released from Yangyang hatchery and some 
environmental conditions for chum salmon fry at the coastal areas

 Negative correlations were found between the PDO and seawater temperatures off
the eastern Korean Peninsula (Fig. 3c, 3d).

• Although the changing pattern of CuSum on the PDO and salmon catch resembled each other, 
different time-scales of delayed effect were shown from each stock (Fig. 5a). 

• Each regional stock in the western Pacific showed a different correlation on chum salmon catch and 
PDO:  significant negative correlations between PDO and Russian stock with a time-lag of 0 and 1 
year; for Japanese stock, positive correlations  and statistically significant in the time-lag of 0 through 
2 years; and for Korean stock, positive correlations with time, but no statistical significance (Fig. 5b).

Fig 5. Relationship between environmental variability and chum salmon catch. (a) Trend of Cumulative 
Summation (CuSum) of regional chum salmon catches (thin lines) and PDO (dotted lines) during 1925-
2012, and (b) Cross-Correlation function (CCF) analysis n PDO and chum salmon catches. 

Fig 6. Time-series of (a) Return rate (%, dot) of chum salmon 
released from Yangyang hatchery and mean seawater 
temperature anomalies in April-May (line), and (b) Mean 
seawater temperature anomalies (bar) and the number of days 
(line) exceeding 14℃ in daily mean at Sokcho Light House in 
April-May. 

• The return rates of Korean chum salmon released from 
the Yangyang hatchery in a specific year were generally 
low ranging from 0.1% to 0.5% (Fig. 6a).

• Also, the high numbers in days exceeding 14°C in April 
and May appeared mostly in the 1990s through to the 
2000s (Fig. 6b), which means that warm ocean 
temperature may cause the high mortality of chum 
salmon fry in coastal areas in Korean waters.

 Detection of seawater temperature discontinuity: SRSD (Sequential Regime Shift Detector)
significance level = 0.1 / cut-off length = 7 yr / Hubuer’s weight parameter = 0.1

 Detection of climate and ecosystem regime shifts: Cumulative Summation (CuSum). 
 Examination of the lagged relationship between climate/environmental factors and chum salmon 

catches: CCF (Cross-Correlation Function)
 Return rate (𝑹𝒊) of chum salmon released in year i.

Release I = the number of fry released in year i, ci+1 = the number of chum salmon returning to the natal river in year i+1, 
and age2_p = the proportion of Age-2 salmon 

Fig 4. Changes in environment of seawater temperature in study areas. (a) Cumulative monthly sea ice 
extent of the Okhotsk Sea from Dec. to May for each year 1978/1979-2007/2008; plot points 
correspond to the year of the January in each sum (Radchenko et al. 2010), and (b) sea surface 
temperature off the eastern coast of the Korean Peninsula
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Fig 2. Interannual variability of chum salmon catch and the number of fry released at hatcheries in (a) 
Russia, (b) Japan, and (c) Korea 
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