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1.  INTRODUCTION

The movement and distribution patterns of many
marine fishes are often driven by changing environ-
mental conditions (Crawshaw 1977, Magnuson et al.
1979, Block et al. 2011, Secor 2015, Hays et al. 2016).
Understanding the external factors that influence the
movement patterns of organisms is essential for estab-
lishing a movement ecology para  digm (Nathan et al.
2008). This information is also useful for optimizing

fisheries management and marine conservation (Mc-
Gowan et al. 2017, Lowerre-Barbieri et al. 2019). Yel-
lowtail Seriola quin que radiata is a migratory fish spe-
cies that is also an important fishery resource around
Japan. However, while the fishery for this species is
strongly influenced by oceanographic conditions,
such as water temperature structure (Hara 1990, Tian
et al. 2012), advances in tracking technology and ana -
lysis of movement processes have not been used to elu-
cidate the mechanism of this influence in yellowtails.
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The distribution of yellowtails extends from the
continental shelf of the East China Sea (ECS) to the
coastal waters of Hokkaido, both in the Japan Sea
and the Pacific Ocean (Fig. 1). The primary spawning
grounds of this species extend from the ECS to the
coast off of west Kyushu, Japan. The main spawning
season is in the spring and tends to start earlier in the
southern reaches of the spawning area (Mitani 1960,
Yamamoto et al. 2007, Shiraishi et al. 2011). The lar-
vae of yellowtails that hatch in the main spawning
grounds are carried by the surface layer of the Tsu -
shi ma Warm Current and Kuroshio Current to the
waters around Japan (Fig. 1; Ochiai & Tanaka 1986).
Juvenile yellowtails are associated with drifting sea-
weed (Ohno 1984, Uehara et al. 2006, Hase gawa et
al. 2017) during spring and early summer (Ochiai &
Tanaka 1986). During this period, Japanese fishers
locate drifting seaweed mats to collect juvenile yel-
lowtails for use as aquaculture seed stock. When ju-
venile yellowtails attain a total length of approxi-
mately 16 cm, they leave drifting seaweed and recruit
to the coastal waters of Japan (Mitani 1960).

The movement characteristics of yellowtails after
recruitment to coastal waters have been studied
by mark− recapture (Tanaka 1984, Murayama 1992,
Yama moto et al. 2007) and archival tagging (Ino et al.

2008). These studies indicated that juvenile yellow-
tails (age 0−1) exhibit restricted movement, as most
fish were recaptured near the release area. How-
ever, adult yellowtails make large-scale movements
from Hokkaido to the main spawning ground in the
southern part of Japan (Ino et al. 2008). Yellowtails
are mainly caught by set nets and purse seines in
Japan (Kubota et al. 2019a). The set net fisheries for
yellowtails are traditionally important in Japan. For
example, large-sized yellowtails caught by set nets
in winter are called ‘Kan-Buri’ (winter-yellowtail);
these fish have a high market price and are impor-
tant as traditional gifts, particularly in the prefec-
tures around Toyama Bay near the middle of the
Japan Sea (Fig 1). The fishery conditions that deter-
mine yellow tail catch rates with set nets largely
depend on the distribution and movement patterns
of the fish, which are influenced by oceanographic
conditions (Hara 1990, Tian et al. 2012). For exam-
ple, the water mass structure, such as the location
and movement of coldwater eddies formed offshore
in the Japan Sea, affects the southward movement
pattern and fisheries conditions for yellowtails
(Ogawa 1976, Hara 1990).

Electronic tagging has emerged as a powerful tool
for elucidating the movement patterns of fish, and
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how these patterns are correlated with oceano-
graphic conditions (Kitagawa et al. 2004, 2007, Block
et al. 2011, Brownscombe et al. 2017, Furukawa et al.
2017, Chmura et al. 2018, Fujioka et al. 2018). This
information is used in fisheries management and
stock assessments (Taylor et al. 2011, Carvalho et al.
2015, Sippel et al. 2015). A pilot study by Kasai et al.
(2000) used electronic temperature−depth recorders
to record the spatial and diurnal movement patterns
of age-1 juvenile yellowtails in relation to environ-
mental conditions (such as temperature and wind) in
Sagami Bay, on the Pacific side of Japan. However,
the temperature− depth recorders used in this previ-
ous study did not measure fish position; thus, the hor-
izontal movement pattern could only be inferred
from ambient environmental conditions.

In comparison, Ino et al. (2008) identified 3 migra-
tory patterns in 26 age-4+ yellowtails in the Japan
Sea using archival tags providing light-based geolo-
cation data: (1) migrants between the ESC and west
coast of Hokkaido, (2) migrants between the ESC and
the Noto Peninsula or Sanin district, and (3) residents
that remained around the Noto Peninsula for more
than 1 yr. Spawning yellowtails migrated from the
Japan Sea to the ECS spawning grounds on the shelf
edge zone of the East China Sea and south of Kyu -
shu, Japan (Ino et al. 2008). However, raw geoloca-
tions derived from light-based algorithms are often
very noisy, and the errors in position estimates can be
hundreds of kilometers (Gunn et al. 1994, Musyl et
al. 2001, Sibert et al. 2003). A widely used, and in
most cases successful, approach to make sense of
these raw geolocations is based on a state-space
model (Lam et al. 2008, 2010, Jonsen et al. 2013). Un -
for tu nately, however, a study in which archival tag-
ging was applied to yellowtails did not use this state-
space approach and only roughly estimated the
individual position of one point per month using an
ad hoc approach (Ino et al. 2008). Therefore, that
study could not examine the behavioral response of
yellowtails to spatiotemporal changes in water tem-
perature structure on a fine scale (Ino et al. 2008).

In the present study, we aimed to examine how the
migratory pathways and swimming behavior of
yellow tails are associated with the spatiotemporal
change in temperature structure of the ocean. To
accomplish this objective, we used archival tags to
collect data on the swimming depth, ambient tem-
perature, and geographic position of free-ranging
adult yellowtails in the Japan Sea. We analyzed hor-
izontal and vertical movements of yellowtails in rela-
tion to spatiotemporal changes in the temperature
structure of the ocean.

2.  MATERIALS AND METHODS

2.1.  Tags, attachment, and data collection

The main body of the archival tag used for the pre -
sent study (LAT 2310; Lotek Wireless) was 16.0 mm
in diameter, 76 mm long, and weighed 45.0 g. A thin,
flexible stalk, 154 mm long, was at tached to the main
body. The sensors for light and external temperature
were embedded at the end of the stalk, while the
sensors for pressure and internal temperature were
installed in the main body of the tag. Data on exter-
nal and internal temperature, swimming depth, and
light levels were collected every 60 or 120 s. The res-
olutions of the depth and temperature channels were
0.25 m and 0.02°C, respectively.

On 27 May 2004, yellowtails were captured using set
nets near the Noto Peninsula of the Japan Sea (Fig. 1).
In this set net, fish could swim after entering the net,
and net hauling was usually conducted every day
every day. Archival tags were implanted with a sterile
scalpel, which was used to make a small (2.0− 3.0 cm
long) incision through the ventral wall, through which
a tag was inserted into the peritoneal cavity. A total of
26 yellowtails, ranging from 61 to 90 cm in fork
length, had tags inserted and were released in the
vicinity of the set net used to capture them. Of these
fish, 17 (65.4% of the total) were re captured. How -
ever, abnormal readings were de tected in the temper-
ature and light intensity data of 5 individuals (e.g.
continuous recording of water temperatures below
−10°C), which were therefore ex cluded from the ana -
lysis. Data for 8 individuals were obtained for 2 or
more months; hence, only these 8 individuals were in-
cluded in the study (Table 1). These fish were consid-
ered to be 4+ yr old based on fork length, the age at
which they reach maturity (Shiraishi et al. 2011, Ku -
bota et al. 2019a). However, no movements to spawn-
ing grounds were observed during the present study
period (see Section 3 and Fig. 1), and most of our data
acquisition period was outside of the spawning
period. Therefore, it was as sumed that the present
data did not include spawning movement or behavior.

2.2.  Geolocation data analysis

The light level data were processed using the tem-
plate-fit algorithm (Ekstrom 2007) provided by the tag
manufacturer (LAT Viewer Studio, Lotek Wireless) to
return raw location estimates. We used a Bayesian
switching state-space model (SSSM), as described by
Jonsen et al. (2005, 2013) and Jonsen (2016), to refine
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the raw geolocation estimates to create the most prob-
able track and to estimate the behavioral state of yel-
lowtails. We modeled the movement of yellowtails as
a compound first-difference correlated random walk
model, because it is possible to separate this model
into 2 or more discrete behavioral states. In brief, the
model distinguished 2 movement states: (1) a ‘rapid
movement’ state, which included relatively fast and
typically directionally persistent movement, and (2) a
‘resident or slow movement’ state, which included rel-
atively slow movement that had frequent course re-
versals (Fig. 2). This model is able to discriminate sto-
chastic switches between behavioral states, with the
2 states being defined by a unique combination of
2 movement parameters: (1) the mean turn angle θbt
and (2) the persistence of movement bt, which denotes
the behavioral state at time t, where b = 1 (rapid
movement) or 2 (resident or slow movement).

This state-space model is composed of a process
model and observation model. The process model is
described as:

xt = xt–1 + γbt T(xt–1 – xt–2) + MultiNormal(0,Σ) (1)

where xt and xt−1 are the unobserved true locations of
fish at times t and t−1. In order to allow for lesser de-
grees of autocorrelation we add the term γbt

, with γbt
= 0

yielding a random walk and 0 < γbt
< 1 yielding  a ran-

dom walk with correlation in both direction and mov-
ing speed. T is a matrix describing the mean turn angle,
θbt

, between displacements xt − xt−1 and xt−1 − xt−2:

(2)

and Σ is a variance-covariance matrix specifying the
magnitude of stochasticity in 2-dimensional (longi-
tude and latitude) movement:

(3)

Switching between behavioral states is regulated by
a Markov chain that has fixed transition prob abilities:

Pr(bt = i |bt−1 = j) = αji (4)

where αji is the probability of switching from behav-
ioral state j at time t − 1 to behavioral state i at time t.
In a 2-state context, αji represents the elements of a 2
× 2 transition matrix:

(5)

where α11 and α22 are the probabilities of remaining
in b = 1 and b = 2, respectively; α12 and α21 are the
probabilities of switching from b = 1 to b = 2 and
from b = 2 to b = 1, respectively. These transitions
are estimated by assuming a first-order Markov
 categorical distri bution. In practice, it is only neces-
sary to estimate α11 and α21, because the rows of α
must add up to 1.

Location uncertainty is accounted for via the obser-
vation model. We assumed a t-distribution for the
error structure of the observation model because its
heavy tails allow for large measurement errors. The
observation model for this model was specified as:

yt = xt + tdist(0,βc φt,c,νc) (6)

where φt,c are the scale parameters for each coordi-
nate c (i.e. latitude and longitude) at time t, which
was estimated by the template-fit algorithm (Ekstrom
2007) provided by the tag manufacturer (LAT Viewer
Studio, Lotek Wireless); βc is a correction factor that
allows for variability in the scale of error arising from
variability among tags; and νc represents degrees of
freedom for the t-distribution.

Environmental temperature and bathymetry masks
were applied to constrain the range of location esti-
mates. Sea surface temperature (SST) is frequently
used to improve light-based geolocation from archi -
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Fish ID Fork length (cm)                Period of analysis (d)                  Swimming depth,            Ambient temperature,
                        Release    Recapture                                                                     m (maximum)                          °C (range)

A1393                  85               94               1-Jun to 9-Dec-2004 (192)              28.9 ± 25.2 (247.0)              19.0 ± 2.4 (2.2−24.4)
B2820                   80               91               1-Jun to 28-Nov-2004 (181)           28.0 ± 23.1 (291.5)              20.2 ± 2.0 (4.4−24.6)
B2821                   86               94               1-Jun to 26-Nov-2004 (179)           20.3 ± 18.1 (256.0)              19.4 ± 2.0 (4.1−24.5)
B2824                   86               93               1-Jun to 9-Dec-2004 (192)              29.8 ± 26.1 (253.9)              19.5 ± 2.1 (2.2−24.7)
B2826                   85               92               1-Jun to 9-Dec-2004 (192)              28.8 ± 24.6 (229.5)              19.6 ± 2.1 (2.8−24.1)
B2827                   87               93               1-Jun to 10-Dec-2004 (193)            21.4 ± 20.4 (282.5)              18.8 ± 2.2 (3.5−24.1)
B2832                   82               92               1-Jun to 13-Dec-2004 (196)            26.6 ± 23.5 (260.2)              19.2 ± 2.1 (2.7−24.7)
B2883                   85               90               1-Jun to 20-Dec-2004 (203)            26.1 ± 21.9 (259.2)              19.0 ± 2.1 (4.2−24.7)

Table 1. Fork length, period of deployment, recording duration, and summary statistics (means ± SD with maximum values or 
ranges given in parentheses) for swimming depth and ambient temperature of yellowtails Seriola quinqueradiata
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val tags (Teo et al. 2004, Nielsen et al. 2006, Lam et
al. 2008, 2010). Unfortunately, 16.8−39.1% (for the 8
individuals) of daily surface temperatures were not
recorded because the individuals remained at depths
greater than 10 m. The shallowest daily swimming
depths for all tagged individuals ranged from 5.3 to
47.7 m, although these fish seemed to be distributed
above the thermocline. Therefore, the ambient tem-
perature recorded in the shallowest layer of each
10 m bin recorded by the tags was used and com-
pared to reanalyze model depth−temperature prod-
ucts each day from the ‘Four-dimensional Variational
Ocean Reanalysis for the western North Pacific’
(FORA-WNP30, 0.1° resolution; Usui et al. 2017). We
also used the 0.1° resolution bathymetry gridded
dataset of the ETOPO1 1 Arc-Minute Global Relief
Model (Amante & Eakins 2009) via the ‘marmap’
package (Pante & Simon-Bouhet 2013) of R 3.6.1 (R

Core Team 2019). The constraint was incorporated
into the SSSM as:

ot = Bernoulli(pt) (7)

where ot is a dummy variable of 1 s (termed the ‘Ones
Trick’ in WinBUGS; Lunn et al. 2000) that is of the
same length as the number of location states xt to be
estimated; pt is the associated probability from a like-
lihood, which was assumed as:

(8)

where zt is the bathymetric value of the 0.1° grid cell
containing location state xt, and ztag,t is the daily max-
imum swimming depth. Ttag,t is the mean ambient
temperature of the shallowest 10 m depth bin con-
taining the daily minimum tag-recorded depth.
TFORA,t is the temperature of FORA-WNP30 at the
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depth closest to the depth level of FORA-WNP30 at
which Ttag,t was obtained, and σ2 is fixed at 0.5. This
approach constrained the estimation of location state
xt so that it had zero probability of occurring in water
where the bathymetry was shallower than the tag-
recorded maximum depth, and a high probability of
occurring in water where the ambient temperature of
the shallowest layer recorded by the tag matched the
temperature of FORA-WNP30.

We used JAGS (Plummer 2017) software from R to
fit the SSSM to yellowtail tracks via a Markov chain
Monte Carlo (MCMC) analysis in the ‘rjags’ package
(Plummer 2016). We removed geolocations outside
the possible range of this species (latitude 20°− 50° N,
longitude 120°− 150° E) before fitting the SSSM; other-
wise the model did not converge. In all cases, 2 MCMC
chains of 22 000 000 samples were run, and the first
2 000 000 from each chain were discarded as burn-in.
Thinning values were set to 1000 to reduce within-
chain sample autocorrelation. Although the parame-
ters were estimated as probability distributions, be -
cause we performed Bayesian estimations, the plots
that were developed of the tracks and the data that
were analyzed used the posterior median of the lon-
gitude, latitude, and behavioral state estimates.

2.3.  Temperature and depth data analysis

To visualize the thermal structure around the
tagged fish, a temperature-at-depth matrix with 1 d
bins and 10 m depth bins for all individuals was con-
structed by calculating the mean temperature in each
depth bin within each time bin. As a proxy for thermo-
cline depth, we defined the isothermal layer depth
(ILD) as the depth at which temperature changed by
−0.8°C relative to 10 m depth (Kara et al. 2000). For all
days, we calculated the ILD using the temperature
data of FORA-WNP30 (0.1° resolution; Usui et al. 2017)
at the estimated daily fish location. The frequency dis-
tribution of swimming depth during the daytime and
nighttime was calculated each month for each 10 m
bin. The vertical temperature structure was deter-
mined by calculating the mean value for each bin.

Although yellowtails spent most of their time
within the surface mixed layer, they sometimes made
frequent short-duration dives through the thermo-
cline (see Section 3). A dive was defined as starting
when a descending fish passed below the ILD and
ending when the fish ascended above the ILD. Dive
depth was defined as the greatest depth reached dur-
ing a dive. Dive duration was the time that elapsed
during a single dive. Dives that extended more than

50 m from the ILD (dive depth − ILD > 50 m) were
used in the dive analysis.

2.4.  Clustering analysis of daily vertical
movement patterns

To examine the diving behavior and depth distri-
bution of yellowtails in more detail, we performed a
k-means cluster analysis. This method has frequently
been used to categorize the behavior of diving ani-
mals (Schreer & Testa 1996, Lesage et al. 1999, Davis
et al. 2003, Sakamoto et al. 2009, Yasuda et al. 2013).
To classify daily vertical movement patterns, we ag -
gregated the daily behavioral components (i.e. mean
depth, standard division of depth, maximum depth,
mean dive depth, mean dive duration, number of
dives) for each day and night, which were used in the
k-means analysis. Whether daytime dive or night-
time dive was determined based on the intermediate
time of dive. If a fish did not dive on a given day, then
dive depth, dive duration, and the number of dives
were set to 0. The k-means analysis was performed
using pooled data of all individuals. To determine the
number of clusters (k), we used the gap  statistic (Tib-
shirani et al. 2001), which is one of the most popular
and reliable algorithms used to predict the optimum
number of clusters. We used the ‘fviz_nbclust’ func-
tion of R 3.6.1 (R Core Team 2019) to determine
the number of clusters via the gap statistic. The opti-
mum number of clusters was estimated to be 7 (see
Section 3). Details on the gap statistic algorithm are
available in Tibshirani et al. (2001).

2.5.  Statistical analysis

Generalized additive mixed models (GAMMs) were
used to quantify the relationship between oceano-
graphic parameters and the spatial distribu tion of
 yellowtails. GAMMs allow for multiple nonlinear rela-
tionships between a response variable and its covari-
ates in a semiparametric manner (Wood 2008). To
make general inferences about the spatial distribution
of tagged yellowtails, we calculated the monthly cu-
mulative total number of observed days for each indi-
vidual in 0.5° × 0.5° grid cells within the area of the
Japan Sea that was south of 50° and east of 134°, and
included 0 observations. These values were compared
against monthly mean oceanographic parameters (i.e.
SST, ILD, chlorophyll a) in each grid cell using GAMM.
Monthly mean SSTs and ILDs in each grid cell were
calculated from the temperature data of FORA-
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WNP30. Monthly composite chlorophyll a concentra-
tions (9 km resolution, measured by Aqua-MODIS)
were downloaded from the Ocean Color Web (https://
oceancolor.gsfc.nasa. gov/), and the mean values in
each cell were calculated. The longitude and latitude
value of the center of the grid cell was also used as a
GAMM covariate. A regional effect and soap film
spline (Wood et al. 2008) were used to impose land re-
strictions for this term. Specifically, GAMMs were
fitted with a negative binomial distribution, log link
function, and random effect of individual yellowtails.
Grid cells with an SST of less than 9°C were excluded
from the GAMM analysis to reduce cal culation time.
Because the SST ranged from 13.1 to 23.1°C in each
grid cell where tagged yellowtails were detected, it
was considered that sufficient re sults could be obtained
even when excluding SST of less than 9°C. Multinomial
logistic regression (MLR) with a random effect model
was used to quantify how the oceano-
graphic parameters and movement state
affected the fraction of the vertical be-
havioral mode (see Section 3), and was
fitted with a multinomial distribution,
logit link function, and random effect of
 individual yellowtails. GAMM and MLR
were constructed in R using the ‘mgcv’
package. Model selection was based on
an information-theoretic approach
through the minimization of the
Bayesian information cri terion. Unless
stated otherwise, all errors in this paper
are reported as 1 SD.

3.  RESULTS

3.1.  Horizontal movement

One fish (B2826) rapidly moved north
in June, resided near the west coast of
Hokkaido from August to October, and
moved south starting in late October or
early November (Fig. 2). This fish occu-
pied an area to the east of the release lo-
cation and started rapid movement
northward on 23 June, reaching the
western part of Tsugaru Strait within 6
d (Fig. 2B). Most tagged fish began a
northward and rapid movement state in
June (Figs. 2B, 3, & 4A,H,O). During this
northward movement phase (mostly in
June), the mean travel distance in the
rapid movement state ranged from 36.4

± 20.0 km d−1 (B2827) to 62.3 ± 33.7 km d−1 (B2883),
with a maximum value of 96.1 km d−1 (B2883) (Fig. 3C).
In July, all tagged fish had reached locations near the
west coast of the Tsu garu Strait, and were horizontally
distributed along the west coast of Hokkaido in August
(Figs. 2 & 4). The horizontal movement state showed
that these fish resided in this region from July to Au-
gust (Figs. 2C & 4B,C,I,J,P,Q), and re mained in the
area to the west of Hokkaido (Figs. 2E,F & 4D,E,K,
L,R,S) from September to October.

From late October to early November, all fish started
the southward movement along the coast from Hokka -
ido to Honshu. The frequency of the rapid movement
state increased during this period (Fig. 3A), with indi-
vidual travel distances ranging from 32.9 ± 12.9 to 60.8
± 27.7 km d−1 (range of maximum indi vidual daily dis-
tances: 47.1−101.4 km). Some fish reached the area
around Noto Peninsula in November to December
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state-space model, (B) latitude, and (C) travel distance per day for all tagged
yellowtails Seriola quinqueradiata. The medians are represented by solid
lines, and dark grey and light grey shaded areas represent the 50th and 95th

percentiles, respectively
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Furukawa et al.: Horizontal and vertical movement of yellowtails

(Fig. 4F,G,M,N,T,U). During this southward movement
(November to December), a cold water mass formed
offshore, particularly around the northern part of Sado
Island. The coldwater mass edge located near Sado Is-
land in December was characterized by an SST of
14−16°C (Fig. 4G) and ILD of 80−100 m (see Fig. 8N),
while the water temperature at 100 m depth was
10−14°C (see Fig. 5U). Yellowtails rarely entered this
offshore coldwater mass (Fig. 4F,G, M,N,T,U).

3.2.  Vertical movement

A total of 1527 daily vertical movement modes
were observed from the 8 fish, and were classified
into 7 clusters. For the general visualization of diur-
nal changes in the vertical distribution and move-
ment of each cluster, we calculated the median, 50th,
and 95th percentile values of the depth and diving
depth throughout the thermocline at 1 h intervals
from 00:00 to 24:00 h local time (Fig. 5). The daily

behavioral components for each cluster from all
pooled individuals are summarized in Table 2. Clus-
ter 1 was predominant (44.9% of all tracks), and cor-
responded to the high use of the surface, both during
the daytime and nighttime, with occasional shallow
dives during the daytime (Fig. 5A,H, Table 2). Mean
daytime dive depth, dive duration, and number of
dives per day for Cluster 1 were 79.5 ± 10.6 m, 16.9 ±
28.1 min, and 0.0 ± 10.6 (Table 2). We referred to
Cluster 1 as the ‘surface’ behavior mode. Clusters 2,
3, and 4 had common characteristics, with fish swim-
ming in the surface layer at night, with repeated
short dives to greater depths, usually during the day-
time. Although the number of clusters was deter-
mined using gap statistics as an index, Clusters 2, 3,
and 4 showed similar vertical movement patterns
(Fig. 5B−D, I−K), and it might not be ecologically rel-
evant to separate them into 3 behavior modes. There-
fore, these 3 modes were grouped as a single mode
termed ‘diel brief deep dive’ (DBDD) behavior. Clus-
ter 5 was distinguished by constant deep swimming.
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The mean swimming depths during the daytime and
nighttime in this cluster were 58.7 ± 24.3 and 54.0 ±
19.8 m, respectively (Table 2). Cluster 5 noticeably
differed from the other clusters because the fish did
not enter the surface layer during the daytime or
night time (Fig. 5E,L). We referred to Cluster 5 as the
‘continuous deep swimming’ (CDS) mode. The total
frequency of Clusters 6 and 7 was less than 2%
(Table 2). Although rare behavior might be ecologi-
cally important, we assigned these 2 clusters to
‘other’ behavior for the purposes of this study.

The vertical movement patterns of yellowtails also
changed according to the spatiotemporal change in
vertical temperature structures (Figs. 6 & 7). The
monthly mean daytime depth ranged from 15.4 ±
15.6 m (in July) to 55.1 ± 30.5 m (in December), and
was deeper than the depths recorded at night (10.8 ±
15.8 m in June and 48.9 ± 26.0 m in December) for all
tagged fish. Thus, yellowtails made diel vertical
movements. A seasonal thermocline developed in
shallow waters during July and August when tagged
fish distributed along the west coast of the Tsugaru
Strait to the west coast of Hokkaido (Fig. 7B,C).
Mean ILDs of 16.1 ± 2.6 m in July and 18.1 ± 3.2 m in
August were recorded for all individuals. The swim-
ming depths of the fish tended to be confined to the
shallow mixed layer, with the mean swimming
depths of all tagged yellowtails being 13.8 ± 13.9 m in
July and 17.5 ± 12.0 m in August. Mean monthly am-
bient temperature was 20.1 ± 1.8°C in July and 21.9 ±
1.7°C in August for all tagged fish. The surface mode
(i.e. when fish mainly swam in the surface layer) was
the most frequently documented vertical behavioral
mode (62.1%) during the daytime, followed by
DBDD through the thermocline (36.1%) (Fig. 8B,C)
from July to August. These results showed that yel-
lowtails spent most of their time in the surface mixed
layer during the day and night, but sometimes made
frequent short dives through the thermocline, espe-

cially during the day, in this period. In comparison,
CDS was not documented between June and August,
because of the shallow thermocline.

Although the seasonal thermocline gradient was
still present, ILD gradually increased (Fig. 7D,E)
when all tagged fish remained in the waters west of
Hokkaido. The mean ILD was 16.2 ± 2.6 m (B2883)
and 18.7 ± 3.2 m (B2821) in August, increasing to
35.3 ± 4.5 m (B2826) and 42.1 ± 4.17 m (B2883) in
September, and 47.7 ± 14.2 m (B2820) and 59.0 ±
7.6 m (B2883) in October. The thermocline became
deeper after August, with fish also swimming in
deeper layers in September and October compared
to August (Fig. 7D,E). Thus, the range of swimming
layer increased with increasing thermocline depth
(i.e. ILD). In September and October, the DBDD state
was dominant (51.3%), followed by surface (44.2%)
(Fig. 8D,E); thus, DBDD below the thermocline oc -
curred frequently in these months. Mean monthly
ambient temperature was 21.0 ± 1.5°C (in September
for A1393) and 17.0 ± 2.1°C (in October for A1393).

From late October to December, yellowtails mi -
grated southward without entering the offshore cold-
water mass, which was corroborated by the ambient
temperature experienced by individuals. For exam-
ple, the ambient temperature (mean: 17.2 ± 0.5 to
18.6 ± 0.4°C) changed minimally in association with
vertical movements, and mean ILD ranged from
107.6 ± 11.5 m (B2883) to 123.2 ± 5.4 m (B2824) in
December (Fig. 7G), suggesting that yellowtails oc -
cupied areas with a temperature structure different
from that of the coldwater mass. In addition, individ-
uals rarely swam near the surface, with their swim-
ming depth increasing during the southward move-
ment (Fig. 7F,G). The overall monthly frequency in
CDS obtained from all individuals that constantly
swam in the deep layer was 61.3% in November and
74.3% in December (Fig. 8F,G). CDS was the most
frequently recorded behavior during this period. The
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Cluster  Vertical    Frequency Overall swimming Dive frequency Dive depth       Dive duration
            movement        (%) depth (m)          (d−1)             (m)                     (min)
                mode                             Day            Night             Day        Night              Day             Night                   Day               Night

1             Surface          44.9     17.2 ± 12.7   15.8 ± 11.2    0.3 ± 0.7   0.0 ± 0.2      79.5 ± 10.6  72.4 ± 4.6           16.9 ± 28.1       6.0 ± 6.2
2              DBDD           28.0     27.3 ± 24.1   19.2 ± 13.7    4.4 ± 3.0   0.0 ± 0.1      113.9 ± 32.4  69.3 ± 4.4           26.8 ± 55.3       4.6 ± 4.2
3              DBDD            2.8      39.5 ± 32.4   28.4 ± 27.5    1.3 ± 0.6   0.1 ± 0.5      126.4 ± 52.1  100.8 ± 23          358.7 ± 206.8   30.3 ± 35.1
4              DBDD            7.3      31.6 ± 27.0   32.0 ± 26.5    2.4 ± 3.1   1.4 ± 0.8      115.1 ± 36.5 103.1 ± 27.0         29.3 ± 58.4     54.8 ± 78.5
5               CDS             15.1     58.7 ± 24.3   54.0 ± 19.8    0.1 ± 0.5   0.0 ± 0.0      144.3 ± 23.2 0.0 ± 0.0           55.6 ± 33.3       0.0 ± 0.0
6              Other             1.8      32.7 ± 37.1   33.2 ± 37.5    5.6 ± 6.9   8.1 ± 3.3      99.7 ± 31.5 110.9 ± 35.4       45.6 ± 131.4   16.3 ± 34.2
7              Other             0.2      23.0 ± 11.7   20.8 ± 8.4      0.3 ± 0.6       1.0                 69.4      70.5 ± 4.3                  4.0         1054.0 ± 309.2

Table 2. Frequency and mean ± SD of overall swimming depth, number of dives, dive depth, and dive duration for all behavioral clusters. 
CDS: continuous deep swimming; DBDD: diel brief deep dive
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mean monthly swimming depth was 63.5 ± 21.1 m (in
November for B2824) and 34.2 ± 19.8 m (in December
for B2827) during this period.

3.3.  Effect of environmental factors

The GAMMs identified the thermal environment
that was correlated with the habitat use of tagged in-

dividuals at the foraging grounds. The best-fitting
model included region (longitude and latitude), SST,
and interaction of SST and ILD (N = 14 084, residual
degrees of freedom = 14 023.95, deviance explained =
76.8%). The smooth terms of all environmental vari-
ables included in this model were used as common
values for all individuals (Fig. 9). SST smooth term
curves showed that the probability of yellowtail oc-
currence was greater at approximately 18°C (Fig. 9C).
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In addition, the interaction of SST and ILD influenced
habitat use, even though the ILD-only term was not
included in the best-fit model (Fig. 9B). For example,
in the low SST area (<18°C), the occurrence of yellow-
tails was lower in shallow ILD (Fig. 9B), showing that
these fish were rarely distributed in the waters where
the swimming layer was limited to the surface layer
by a shallow thermocline where the water was al -
ready cool. However, even if the SST where fish were
likely to occur was high (14−24°C), the decrease in oc-
currence in offshore waters was reflected by the lati-
tude and longitude term (Fig. 9A) because the fish
were moving along the coast.

The MLR model showed that vertical movement
patterns were affected by ILD (i.e. thermocline,
Fig. 10; N = 1527, residual degrees of freedom =
1509.318, deviance explained = 28.8%). Furthermore,
SST and regional effect (longitude and latitude) were
not included in the best-fit model. Surface behavior
was frequent when ILD was shallow; however, as ILD

became deeper, intermittent deep dives across the
thermocline during the daytime (DBDD mode) in-
creased. Yet, DBDD did not monotonically increase
with increasing ILD, and the percentage of DBDD
peaked when ILD was 40.5 to 61.5 m, ranging from
26.8 to 63.5%. This condition was established in the
area to the west of Hokkaido in September and Octo-
ber (Fig. 8D,E, K,L). As the ILD deepened (>80 m, ap-
proximately), CDS was predominant for all individu-
als (Figs. 8F,G & 10). This phenomenon corresponded
to the period when yellowtails were migrating along
the coast of Honshu in November and December
(Fig. 8F,G,M,N).

4.  DISCUSSION

By applying the state-space model to the geoloca-
tion data of yellowtails obtained in the Japan Sea, the
relationship between individual behaviors and oce -
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anic temperature structures was examined at an un -
precedented level. The state-space model represents
a significant improvement in removing noisy data
from non-likelihood-based methods (Sibert et al.
2003, Jonsen et al. 2005). However, state-space ap -
proaches were not used to improve geolocation data
in a previous archival tagging study for yellowtails
(Ino et al. 2008), which was only able to report rough
estimates of the average location of individuals at
one point per month. Therefore, that study did not
report a yellowtail migratory response to the spatio -
temporal change in water temperature structure in
the Japan Sea.

In our study, the horizontal movement of tagged
yellowtails along the northwestern Japanese coast in
the northeastern Japan Sea was roughly divided into
3 phases: (1) northward movement from June to July,
(2) residency in the northern area from August to late
October, and (3) southward movement from Novem-
ber to December. These observations reflect the gen-
eral spatio-temporal changes in set net fishing condi-
tions for large-sized yellowtails in the Japan Sea

(Mitani 1960). Because yellowtails spent
most of their time within the surface
mixed layer above the thermocline, SST
represents a good indicator of move-
ment and distribution. In fact, signifi-
cantly more yellowtails were present
when SST ranged approximately from
16 to 21°C (Fig. 9C). This observation
was similar to that obtained by a previ-
ous archival tagging study around the
Noto Peninsula to the west of Hokkaido
in the same season (Ino et al. 2008).
However, even though the range over
which the smooth term of SST was
high (approximately 16− 21°C, Fig. 9C),
yellowtails did not use offshore areas
but were instead distributed along the
coast. The water mass structure, such
as the location and movement of cold-
water eddies, affects the yellowtail fish-
ery conditions (Ogawa 1976, Hara
1990). None of the 8 fish analyzed in
the current study entered the coldwa-
ter mass that formed offshore. Conse-
quently, it was not possible to distin-
guish whether the yellowtails were
absent in the offshore be cause of the
regional effect or the structure of the
water temperature. The thermal struc -
ture of the Japan Sea changes across
years (Isoda 1994, Choi et al. 2009, You

et al. 2010, Zhao et al. 2014). Accumulation of multi-
year archival tag data could reveal the relationship
be tween annual variations in water temperature
structure and yellowtail movements, although our
present study only included a single year of data, and
only 8 fish.

The vertical movement pattern of yellowtails also
changed seasonally and was influenced by spatio -
temporal changes in the temperature structure. The
tagged fish were mainly distributed within the surface
mixed layer (Fig. 7); thus, yellowtails might have
avoided entering colder water beyond the thermo-
cline. However, while yellowtails predominantly oc -
cupied the mixed layer (surface mode), they made fre-
quent short dives through the thermocline (DDBD),
especially during the daytime. A similar phe no menon
has been recorded in other fishes (Kitagawa et al.
2000, 2004, Thums et al. 2013, Nakamura et al. 2015,
Furukawa et al. 2017), in which frequent dives were
associated with foraging. Although yellowtail feed-
ing habits have not been directly observed in our
study area, the stomach contents of adult yellowtails
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caught in Wakasa Bay in the Japan Sea have been
reported (Mitani 1960). This previous study re vealed
that yellowtails are opportunistic feeders that con-
sume a variety of prey species, including Trachurus
japonicus, Engraulis japonicus, E. teres, Sardinops
mela nos tictus, Scomber japonicus, and Todarodes
paci fi cus. Of these, E. japonicus, S. melano stictus,
and E. teres are distributed in the upper layers of the
thermo cline (Ohshimo 2004, Charef et al. 2010). How -
 ever, some of the main prey species of yellowtails are
typically distributed below the thermocline, includ-
ing T. japonicus (Nakamura & Hamano 2009) and T.

pacificus (Suzuki et al. 1974, Fujino et al. 2010), sug-
gesting that frequent dives below the thermocline
may be related to foraging.

The fraction of the vertical behavioral mode (sur-
face, DBDD, and CDS) changed with increasing ILD
(Fig. 10). When a thermocline developed at a shallow
depth, the surface mode was the primary behavior
during the northward movement period from June to
July and during residency to the west of Hokkaido in
August, with DBDD also being observed. Thus, yellow -
tails might preferentially forage near the surface over
diving to deeper waters when thermoclines develop
in shallow waters. Thermal stratification at the depth
of the thermocline provides a physical means of verti-
cally aggregating prey species (Han sen et al. 2001,
Gray & Kingsford 2003, Pelletier et al. 2012). Thus,
yellowtails might maximize the probability of encoun-
tering prey through horizontal movements near the
surface when thermoclines develop in shallow water.

From September to October, tagged fish remained
to the west of Hokkaido, with DBDD representing the
most frequent behavioral mode, while the ILD be -
came deeper compared to August. A deeper thermo -
cline might reduce encounters with prey organisms
on the surface, which might increase the number of
dives made by yellowtails beneath the thermo cline.
Of note, more fishing activity for the Japanese flying
squid T. pacificus typically occurs in this region than
in any other region of the northeastern Japan Sea
coast from September to October (Kidokoro 2009,
Alabia et al. 2016), with T. pacificus being  distributed
below the thermocline during the daytime in this
region (Suzuki et al. 1974, Fujino et al. 2010). T. paci-
ficus is a large-scale fishery re source in the Japan
Sea (Arkhipkin et al. 2015, Kubo ta et al. 2019b) and
plays critical roles in marine food webs by serving as
an important prey species for numerous marine pred-
ators (Ohizumi et al. 2000), in cluding yellowtails
(Sakurai et al. 2013). Consequently, there is a high
biomass of potential prey species, such as flying
squid, below the thermocline in this area. In addition,
all individuals exhibited resident or slow movement
states in areas west of Hokkaido during the summer
to autumn months, which are not associated with
spawning (Kubota et al. 2019a), although the vertical
swimming pattern was not dependent on the hori-
zontal movement state based on our sta tistical analy-
sis. The prey biomass and individual residence state
phenomena suggest that the area west of Hokkaido
plays an important role as a feeding ground for yel-
lowtails in the Japan Sea.

From November to December, yellowtails rapidly
migrated southward in CDS mode, which was not ob -
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served in any other period. In particular, Mitani  (1960)
reported that many large yellowtails caught during
the southward movement had empty stomachs,
which might reflect a period of reduced feeding fre-
quency associated with spawning. Therefore, this
vertical movement pattern was probably not related
to foraging. There is a northeastward current derived
from the Tsushima Warm Current along the south-
ward movement path of yellowtails that has a gener-
ally strong current velocity at the surface (Watanabe
et al. 2006). Because the vertical temperature was
homogeneous during this period, yellowtails consis-
tently swam in the deep-water layers. Swimming in
deep water might help conserve energy during the
southward movement.

In this study, we demonstrated that horizontal and
vertical movement of yellowtails is driven by oceano-
graphic thermal conditions. We believe that this new
information helps to understand the external factors
affecting their movements, which is essential for
establishing a movement ecology paradigm (Nathan
et al. 2008). However, the sample size and fish size
classes were limited. Consequently, we did not ob -
tain the movement pattern of individuals moving
from the Japan Sea to the East China Sea, or of indi-
viduals that remained year-round in the middle part
of the Japan sea coast, as previously reported (Ino et
al. 2008). The geolocation data analysis used in this
study for individuals showing these movement pat-
terns will clarify the fishing processes associated with
these migratory routes, which were not revealed by
previous rough location estimates of Ino et al. (2008).
In addition, since sexing of the tagged fish was not
performed in this study, it was not possible to exam-
ine sex-specific differences in behavior. As some
migratory fish show different migratory habits be -
tween males and females (Shimose et al. 2012), it will
be necessary to consider the sex of individuals in
future studies. Furthermore, movement patterns
might differ for each age (or size) class (Maeda et al.
2010). In addition to further archival tagging surveys,
re-analysis of the past dataset (e.g. Ino et al. 2008)
using modern analysis techniques, such as the state-
space model, are needed to elucidate population
level movement patterns of yellowtails.
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