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ABSTRACT 
 Archival tagging operations of chum salmon (Oncorhynchus keta), which record the 
geomagnetic intensity and inclination fields, were carried out in the Bering Sea in 2012. Data 
storage tags were attached to the body of chum salmon on board the research ship. Tagged chum 
salmon was recaptured near the coast of Hokkaido, Japan in 2012. The tags stored temperature, 
depth, geomagnetic intensity, inclination, compass heading vector and tilt of the fish during the 
homing migration. Data by archival tag on chum salmon indicated it moved from the Bering Sea 
to the coast of Japan in 74 days. To determine the ocean location of tagged fish after release, we 
estimated the homing migration route using a progressive vector which is the product of the 
swimming speed and compass heading vector of the tag. It was found that the estimated homing 
migration route was approximately along the isoline of the magnetic intensity at the recapture site. 
Simple homing migration model reproduced the homing migration route in the open sea. From 
these results it was found that although both the geomagnetic intensity and inclination play more 
important roles on homing migration of chum salmon, with the effect of geomagnetic intensity 
for the homing migration in the open sea was larger than the geomagnetic inclination. 
 
 
INTRODUCTION 
 
 Chum salmon (Oncorhynchus keta) is the most abundant salmon species in Japan and 
Japanese chum salmon support commercially important fisheries. They remain in the North 
Pacific Ocean and the Bering Sea for 1–7 yr before spawning in their natal rivers. They mainly 
mature in the summer of their fourth or fifth year when they return to their natal rivers. Their 
homing behavior from the oceanic feeding grounds to their natal rivers is well known (Wada and 
Ueno 1999; Walker et al. 2000; Tanaka et al. 2000; Friedland et al. 2001; Azumaya and Ishida 
2005). Freidland et al. (2001) investigated whether Japanese chum salmon took a direct route 
along the Kuril Islands or a more northerly route through the Sea of Okhotsk using archival tags. 
From the water temperature experienced by the chum salmon, a short transit through the cold 
water around the Kuril Islands prior to their approach to the warmer coastal waters off Japan was 
deduced (Friedland et al. 2001). Thus, they suggested a direct course between the release and the 
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recapture sites, and the direct route may also be guided by geomagnetic navigation. Azumaya et 
al. (2016) estimated the rough homing migration routes using the data storage magnetic tags 
(Star-Oddi Gardabaer Iceland) and showed that the homing migration route was linear from the 
central Bering Sea to the coast of Japan. Quinn (1984) proposed for oceanic migrating salmon a 
magnetic map sense based on the inclination and declination of the earth's magnetic field. On the 
other hand, near the natal river, salmon may approach the natal river using olfactory cues (Ueda 
2011). However, details of the homing migration route of Japanese chum salmon are not clear in 
the open sea.  
 Several animal taxa have been shown to determine their geographic position using 
information from the Earth’s magnetic field such as the geomagnetic field intensity and 
inclination (Lohmann et al. 2007; Lohmann 2010; Putman et al. 2014). They can perceive these 
variables and can use the geomagnetic field to navigate towards specific locations. Under the 
geomagnetic imprinting hypothesis, juvenile salmon use the imprinted magnetic field value in 
combination with the coastline to navigate toward their natal river (Lohmann et al. 2008), and the 
difference between the imprinted geomagnetic value and that at a salmon’s ocean location 
potentially can guide its homeward migration (Barcis and Anderson 2012). Putman et al. (2013) 
found that the proportion of sockeye salmon (Oncorhynchus nerka) using each route can be 
predicted from geomagnetic field drift. Azumaya et al. (2016) showed that the estimated homing 
migration routes were consistent with the isoline of the geomagnetic intensity at the recapture site. 
These results supported the magnetic imprinting hypothesis of natal homing and implied that 
salmon use geomagnetic cues to guide the open ocean portion of their spawning migration. 
 Bracis and Anderson (2012) demonstrated a homing migration model for Columbia River 
spring Chinook salmon (Oncorhynchus tshawytscha). Salmon movement calculated on a daily 
time step was the vector sum of the ocean surface current displacement and the fish homing 
behavior. In the homing behavior model, the swimming angle was a function of the distance from 
the home isoline of geomagnetic fields. Thus, the homing migration route by the model was 
consistent with the home isoline, geomagnetic inclination or intensity. The model showed that 
both inclination and intensity are sufficient to direct Chinook salmon to the river mouth from the 
eastern North Pacific. However, how is Japanese chum salmon navigate from the open sea to the 
coastal area not clear. Thus, the aims of the present study were to present details of the homing 
migration route of Japanese chum salmon using data of an archival tag and to investigate the 
factors of determination of homing migration route using the simple migration model. 
 
 
MATERIALS AND METHODS  
 
Data 
 Chum salmon were captured by hook and line for tagging on a Japanese research vessel 
Hokko maru in 2012 in the central Bering Sea. Data storage tag (DST) which record the earth’s 
magnetic field were attached the body of chum salmon on board. The chum salmon carrying tags 
(n=8) were released in the central Bering Sea (56°28'N, 179°54'E) (Fig. 1). It was recaptured in 
coastal fisheries off Hokkaido, Japan (44°44'N, 142°52'E) at 74 days after release in 2012 (Table 
1). The DST magnetic tag was 15 mm in diameter, 46 mm in length and 19 g (12 g) in air (water). 
Housing material of the tag was alumina (ceramic). The tag measured and recorded geomagnetic 
field (intensity, inclination), tilt of the fish, compass heading vector, temperature and pressure 
(depth) every 60 minutes. Temperature has a resolution of 0.1°C and depth has a resolution of 
0.08 m and tilt has a resolution of 0.2°. Compass resolution was 1° and geomagnetic field 
intensity resolution was 30 nT. For the geomagnetic field data, 25 hour running mean was 
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performed for raw data, since the geomagnetic data included periods less than 24 hours. 
Temperature, geomagnetic inclination and intensity shallower than the depth of 5 m by the tag 
were averaged every day.  
 
Homing Migration Route 
 We estimated the homing migration route by two methods. The first was from available 
online sources approach, that is the daily averaged data for the tag were compared with the 
available daily grid SST (http://podaac.jpl.nasa.gov/) and grid geomagnetic field (EMM) 
(https://www.ngdc.noaa.gov/geomag/EMM/) respectively, and the grid in which data of the tag 
coincided with the available grid data was identified from eastward of the recapture site. The 
daily averaged temperature of the tag was more consistent with the daily SST in autumn than 
summer, since vertical mixing developed in the subarctic region from autumn. Daily grid SST 
data and grid geomagnetic field data by EMM were provided for grid of 0.011° x 0.011°. 
 For the second for the progressive vector approach, we estimated the homing route by the 
progressive vector which is the product of the swimming speed and the compass heading vector 
of the tag. However, the tag did not measure the swimming speed. In this study, assuming a 
constant swimming speed, the salmon homing migration route was estimated by the progressive 
vector. The shortest (great circle route) distance and periods between release and recapture sites 
were 2875km and 74 days (Fig. 1), and the horizontal velocities calculated from these data were 
0.46m/s. The progressive vector using a constant swimming speed of 0.46m/s did not reach the 
coast of Japan from the central Bering Sea. Although the constant swimming speed that the 
progressive vector reaches the recapture site from the release site was estimated by trial and error 
was 0.66m/s, about one fork length/s (FL/s), the daily SST and the geomagnetic field on the 
estimated homing migration route was not consistent with those of the tag. Thus, swimming 
speed was estimated to vary 0.2m/s to 2.0 m/s at each section 180° and 175°E, 175°E and 170°E, 
170°E and 160°E, 160°E and 150°E, 150°E and 140°E, and the migration route where the 
progressive vector reached the recapture site through the Kuril Islands from the release site was 
estimated. To evaluate the validity of the migration route, the daily SST and geomagnetic 
intensity and inclination on the estimated route were compared with those of the archival tag data.  
 
Homing Migration Model 
 We constructed a simple homing migration model. The homing migration model with a 
0.011 x 0.011 grid resolution is essentially the same as the model of Azumaya and Ishida (2004). 
The model simulates the Lagrangian drift caused by only directional swimming of salmon. 
Because velocities of currents by FRA-ROMS (http://fm.dc.affrc.go.jp/fra-roms/index.html) in 
the areas from the Bering Sea to the North Pacific and the Okhotsk Sea were considerably 
smaller than the swimming speed of salmon. Thus, we did not include the effect of the ocean 
current to simplify the model. The position of each fish in the model was calculated at each time 
step as follows: 
 
X t+1 = X t +Fx Δt,                                                 (1) 
Y t+1 = Y t +Fy Δt,                                                 (2) 
 
where t is time in seconds and Δt is the time step, X and Y are the positions of fish (m) from 
140°E , 40°N and Fx and Fy are the east–west and north–south components of velocity (m/s) of 
directional swimming. The directional swimming speed, F = �Fx2 + Fy2 , is 1 FL/s (Ware, 
1978)). A time step (Δt) of 10 s was used in the numerical integration of the equation. Homing 

http://podaac.jpl.nasa.gov/
https://www.ngdc.noaa.gov/geomag/EMM/
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migration simulations were carried out for 74 days. Starting position of migration for the 
Japanese chum salmon was in the central Bering Sea as observation (56.5°N, 180°). The 
positions of fish were sampled every day.  
 The direction of swimming of the salmon in the model depends on the Homing Migration 
Index (HMI). The HMI consists of 2 elements, since only one element cannot determine the 
precise natal site. Specifically, HMI is the product of indexes of geomagnetic intensity and 
inclination as follows: 
 

HMI(i, j)=�I(i, j)intensity x I(i, j)inclinatiion.          (3) 

 
Here, I(i, j) is the index of each element assuming a normal distribution and is dimensionless as 
shown below: 
 
I(i,j) =exp｛ −(A(i,j)−A1)2

2 X ASD
2 }                                        (4) 

 
where i and j are the grid numbers in longitude and latitude, respectively. A(i, j) the value 
(intensity, inclination) of each grid and ASD is the standard deviation in the whole area (40°N-
65°N, 140°E-180°) of this study. A1 was assumed to be the geomagnetic value at the natal site. 
The difference between A1 and A(i, j) of each grid was standardized to a value from 0 to 1 as the 
index. The value of field of HMI also ranges from 0 to 1 and is dimensionless. As the value of 
HMI closes to 1 in a grid, it is possible for the grid to be the natal site (Fig. 2). The role of 
directional swimming was as follows: HMI at the position of a fish in the model was interpolated 
from the HMI at four grid points, and the contour line gradient of interpolated HMI was 
calculated. The direction of swimming of salmon was assumed to be θ (0°-180°) which is the 
angle with respect to the gradient of the contour of the interpolated HMI. θ is not the angle of the 
compass heading vector of fish. The direction that chum salmon approach to the higher value of 
HMI was selected from the two directions. In the case of θ to be 90°, effect of intensity and 
inclination is equal for the homing migration. In the case of θ to be more (less) than 90°, the 
effects of geomagnetic intensity (inclination) are more than that of inclination (intensity) for the 
homing migration.  
 
 
RESULTS AND DISCUSSIONS 
 
 Chum salmon remained near the sea surface during the first few days after being tagged 
and released. This behavior of salmonids is similar to that reported by Wada and Ueno (1999), 
Walker et al. (2000) and Azumaya and Ishida (2005). After a period of about 15 days post-
tagging, fish showed a diel vertical movement pattern with an average depth of 28.8 m (Table 
2)(Fig 3).Chum salmon was usually within the top 100 m. In the coastal area, the fish underwent 
large (up to 173.5m) vertical movements.  
 Timeseries data of geomagnetic inclination and intensity had a diel cycle. The timeseries 
of geomagnetic inclination showed the negative trend from the release to the recapture. It 
approached the geomagnetic inclination value of 59.25° at the recapture site (Fig. 4 (a)). 
Timeseries of geomagnetic intensity did not indicate the variations like the geomagnetic 
inclination (Fig. 4(b)). The geomagnetic intensity had a negative trend until 30 day, and was less 
than 51000 nT. After that, it fluctuated between 49000nT and 53000nT. The geomagnetic 
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intensity approach 50645nT at the recapture site.   
 
Homing Migration Route 
 According to the magnetic imprinting hypothesis, it is supposed that the homing 
migration route is consistent with the isoline of the geomagnetic intensity or geomagnetic 
inclination at the recapture site. Homing migration route was estimated from available sources 
approach as shown in Fig. 5. After release, chum salmon migrated southwestward in the Bering 
Sea, after that it moved westsouthwestward in the North Pacific. From south of the Kamchatka 
Peninsular to the Okhotsk Sea, chum salmon moved westward. After that it reached the coast of 
Japan from the north. Homing migration route estimated by the progressive vector approach is 
shown in Fig. 6. The swimming speeds were 0.27, 1.43, 1.92, 0.41 and 1.43 m/s between 180° 
and 175°E, 175°E and 170°E, 170°E and 160°E, 160°E and 150°E, 150°E and 140°E, 
respectively. Swimming speeds were high in the relatively warm areas of the North Pacific and 
the Okhotsk Sea. After release, chum salmon swam westward in one week in the Bering Sea and 
moved southwestward until the 26th day. In the western North Pacific, chum salmon moved 
westsouthwestward. The homing migration routes were approximately along the isoline of 
geomagnetic intensity, 50645nT at the recapture site. Around the Kuril Islands, chum salmon 
swam northward. The direction of chum salmon abruptly changed from southwest to west on 
50th day after the release and chum salmon moved over the isoline of geomagnetic intensity at 
the recapture site. From the east coast of Sakhalin, the direction of chum salmon was southward, 
and chum salmon reached the coast of Japan. The homing migration route estimated by the 
progressive vector approach was similar to that estimated by the available sources approach. In 
the North Pacific, the estimated homing migration route was also similar to the results of 
Azumaya et al. (2016).  
 Daily SST on the estimated homing migration route by the progressive vector was 
compared with the experienced temperature from the tag (Fig. 7(a)). The correlation coefficient 
between daily SST and temperature from the tag was 0.81 (p<0.01). Although both daily SST and 
the temperature from the tag were more than 12°C in the North Pacific, they were less than 10°C 
around the Kuril Island. In the Okhotsk Sea, both temperatures were more than 14°C. The 
geomagnetic inclination on the estimated homing migration route by the progressive vector was 
picked up from the geomagnetic inclination map of EMM and they were compared with the 
geomagnetic inclination by the tag (Fig. 7(b)). The time change in geomagnetic inclination on the 
migration route was similar to that of the tag. The correlation coefficient between both is 0.75 
(P<0.01). The geomagnetic inclination on the homing migration route approached the value of 
geomagnetic inclination at the recapture site (59.25°) gradually. The geomagnetic intensity on the 
estimated homing migration route was picked up from the geomagnetic intensity map of EMM, 
and they were compared with the geomagnetic intensity by the tag (Fig. 7(c)). Both intensity of 
EMM and that of the tag fluctuated around value (50645nT) as that at the recapture site from 25 
to 55 day after release. After that, geomagnetic intensity increased more than the intensity of the 
recapture site until 70 day. The geomagnetic intensity on the migration route was similar to that 
of the tag (R=0.88, p<0.01). However, the geomagnetic intensity of the tag was higher than that 
on migration route for 20 days after release. It was suggested that chum salmon was located in 
the northern area than the estimated position. Thus, correct speed data are needed to estimate the 
correct migration route. From these results, the estimated route by the progressive vector was 
considered as the proper one for the homing migration route.  
 HMI on estimated homing migration route using the progressive vector was investigated 
(Fig. 8). The value of HMI increased after release and approached near to1.0 on 50 day. When 
the value of HMI decreased and increased abruptly 70 days after release, migration route deviated 
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from the isoline of geomagnetic intensity at recapture site in the Okhotsk Sea. 
 
Homing Migration Model 
 In the case of θ to be less than 90°, the particle released at 56.5°N, 180° went out of the 
area in this study. But, another particle released at near 56.5°N, 180° moved along neighborhood 
of the isoline of inclination (59.25°) and approach the recapture site (not shown). In the case of θ 
to be 90, particle moved southward to the center of between the geomagnetic intensity isoline 
(50645nT) and inclination isoline (59.25°) at the recapture site (Fig. 9). After that, it moved 
westsouthwestward along the center of between the geomagnetic intensity and inclination isoline 
of the recapture site. This modeled track was not similar to the estimated homing migration route 
by the progressive vector. The experienced HMI on the route was more than 0.9 on 10 day and 
was near 1.0 on 60 day (Fig. 10). The time change in HMI was also not similar to observation. In 
the case of θ to be 155°, the particle moved southwestward. Then it moved along the 
geomagnetic intensity isoline rather than the geomagnetic inclination one. This modeled track 
was similar to the estimated homing migration route by the progressive vector with the exception 
of the Okhotsk Sea. HMI on the track was 0.96 on 30 day and larger than observation, 0.9. HMI 
on the track on 50 day was near 1.0. In the case of θ to be 165°, particle move westward. It 
reached the Kamchatka Peninsular. HMI on the track on 20 day was 0.86 and smaller than 
observation. From those results, the geomagnetic intensity plays a more important role than 
geomagnetic inclination on homing migration of chum salmon in the open sea. However, the 
natal site is not determined by one element (geomagnetic intensity or inclination). Thus, chum 
salmon may use geomagnetic inclination at natal site to search for their natal site. 
 The homing migration route of chum salmon was clarified using the progressive vector.  
In the Okhotsk Sea, homing migration route was not along the isoline the geomagnetic intensity 
of the recapture site. Putman et al. (2014) showed that drift of the geomagnetic field accounted 
for 23.2% of variation in the migration route for sockeye salmon, and SST accounted for 13.3% 
of the variation in migration. Chum salmon experienced relatively high water temperatures, 13°C 
in the western North Pacific, while the water temperature was lower than the upper thermal limit, 
15.6 °C for chum salmon (Azumaya et al. 2007). Thus the homeward migration route was not 
influence by SST in the North Pacific. However, in the Okhotsk Sea, the water temperature 
experienced by chum salmon was higher than the upper thermal limit for chum salmon as shown 
in Fig. 3, and the thermocline in the Okhotsk Sea deeper than that in the western North Pacific. 
Therefore, it is suggested that chum salmon may deviated from the isoline the geomagnetic 
intensity of the recapture site.  
 
 In conclusion, the homing migration route of Japanese chum salmon was could be 
determined using the progressive vector. In the North Pacific the estimated migration route was 
along the geomagnetic intensity at the recapture site. The homing migration model reproduced 
the observation except of the Okhotsk Sea. Both geomagnetic inclination and intensity were 
sufficient to direct chum salmon to their natal site from the Bering Sea. It was suggested that 
although both the geomagnetic inclination and intensity are important factors for the homing 
migration, chum salmon migrate to the natal river using the geomagnetic intensity isoline rather 
than inclination isoline of the recapture site in the open sea.  
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Table 1. Release and recapture information for chum salmon tagged with archival tag in the Bering Sea and recovered in Hokkaido, 
Japan. Days at sea: days between release and recovery dates. Distances: shortest distance between release and recovery sites. Age 
was determined from scales (Ito and Ishida 1998). FL = fork length. 

 Release    Recapture       
            

 Date Location FL Age Date Location FL Days 
at Distance sex Swimming 

      （mm）       (mm) liberty (Km)   Speed (m/s) 

 Jun 30 2012 Bering Sea    650 - Oct 11 2012 Oumu coast 605 74 2875 male 0.462 

  56°28'N    44°40'N      
  179°54'E    142°52'E      

 

 

Table 2. Statistics for the archival tag.      

      
 Temp. Depth Heading Inclination Intensity 

 (℃） （ｍ） compass （Degree) (nT) 

      （Degree）     
Min 1.27 0.83 3 36 46765 

Mean 9.65 28.82 243 63.19 51106 
Max 19.77 173.51 360 84 55496 
SD 3.61 21.13 60.31 5.95 1091.36 
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Fig. 1. Release (solid circle) and recovery sites (solid triangle) and great circle route (gray line). 

 

 
Fig. 2. Horizontal distributions of Homing Migration Index (HMI) and isoline of intensity 
(upper) and inclination (lower) at recapture site. Thick contour line intervals are 0.1, thin contour 
line intervals are 0.01. Star indicates the recapture site. 
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Fig. 3. Time-space diagram. Colors represent the water temperature (from Azumaya et al. 2016). 
Blue colors indicate less than 10°C, yellow and red colors indicate more than 10°C. The thin 
contour line interval is 1°C and the thick contour interval is 5°C. The black lines represent the 
swimming depth. X-axis represents the number of days from the release. Y-axis represents the 
depth.  
 

 
Fig. 4. Time series of the raw data of archival tags (black lines) and 25 hours running mean 
(white lines) (from Azumaya et al. 2016). X-axis represents the number of days from the release. 
Upper panel is the magnetic inclination (a) and lower one is the magnetic intensity (b). 
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Fig. 5. Homing migration route estimated from available data for the Bering Sea to the coast of 
Hokkaido Japan (thick line). Thin lines indicate the isoline of the geomagnetic inclination (lower 
line 59.25°) and intensity (upper line, 50645nT) for the recapture site, respectively.  

 
Fig. 6. The homing migration route estimated using the progressive vector of chum salmon from 
the Bering Sea to the coast of Hokkaido Japan (thick line). Thin lines indicate the isoline of the 
geomagnetic inclination (lower line, 59.25°) and intensity (upper line, 50645nT) for the recapture 
site, respectively. 
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Fig. 7. (a) Timeseries of SST on the homing migration route. Thick line indicates the sea water 
temperature by the tag. Thin line indicates the water temperature by the daily SST. X-axis 
represents the number of days from the release. (b)Timeseries of the geomagnetic inclination on 
the homing migration route. Thick line indicates the geomagnetic inclination by the tag. Thin line 
indicates the geomagnetic inclination by the EMM. Black horizontal line indicates the 
geomagnetic inclination value, 59.25° at the recapture site. (c)Timeseries of geomagnetic 
intensity on the homing migration route. Thick line indicates geomagnetic intensity by the tag. 
Thin line indicates geomagnetic intensity by the EMM. Black horizontal line indicates the 
geomagnetic intensity value, 50645nT at the recapture site. 
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Fig. 8. Timeseries of HMI on the homing migration route. X-axis represents the number of days 
from the release. Y-axis represents the value of index. 
 

 
Fig. 9. Modeled homing migration route. Thin line indicates θ=90°, thick line indicates θ=155°, 
and broken line indicates θ=165° 
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Fig. 10. Timeseries of HMI on the modeled homing migration route. X-axis represents the 
number of days from the release. Y-axis represents the value of index. Thin line indicates θ=90°, 
thick line indicates θ=155°, and broken line indicates θ=165° 
 


