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Abstract

Background The Japanese eel Anguilla japonica has a single spawning area on the west coast of the Mariana Islands,
and the larvae disperse widely via the North Equatorial Current and the Kuroshio Current to freshwater and coastal
areas of East Asia for nursery and growth habitats. Spawning adults reared in their respective habitats begin their
migration to spawn from September to February, but little is known about regional differences in migration routes,
their contribution to spawning populations, or their migratory behavior. To better understand the spawning migra-
tions of Japanese eels, we tracked adult migratory stage eels (silver eels) captured in coastal areas of three regions
(Tokai region, Sea of Japan coastline, and Tohoku region) from October 2019 to February 2020 using pop-up satellite
archival tags.

Results Twenty-three tagged eels were released in each coastal area, and data were collected on 15 eels for a maxi-
mum of 59 days. Eels released in the Tokai region migrated southeast along the Kuroshio Current. On the other

hand, eels on the Sea of Japan coastline and in the Tohoku region tended to migrate westward and southward
against the ocean current, respectively, but no eels from either region reached waters near the Kuroshio Current. In
addition, the present study found region-specific vertical movement patterns among the eels. Eels from the Tokai
region showed typical diurnal vertical movements, while an eel from the Sea of Japan coastline repeated non-diurnal
vertical movements, which was attributed to regional differences in bathymetry and water mass structure. Except

for one eel suspected of being preyed upon, all other eels did not venture into depth zones with temperatures
below 4 °C, thus suggesting that the maximum depth of vertical movement is limited by water temperature.

Conclusions This study provided new insights into the migratory behavior of Japanese silver eel from the Sea
of Japan coastline and the Tohoku region, but further long-term tracking is required to reveal the fate of the spawning
adults from the coast of Japan.
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including the European eel A. anguilla and the Ameri-
can eel A. rostrata [4]. The Japanese eel is widely dis-
tributed in freshwater and coastal areas of East Asia,
including the Japanese coast, the Korean peninsula,
mainland China, and the Philippines [5], and has a sin-
gle spawning ground in the waters to the west of the
Mariana Ridge [6—8] (Fig. 1A). Therefore, management
measures need to be implemented throughout the dis-
tribution area based on an understanding of the species
population structure and life history.

Larvae (leptocephali) hatched on the spawning
ground are transported westward by the North Equato-
rial Current [6, 7]. The North Equatorial Current bifur-
cates along the east coast of the Philippines, becoming
the northward flowing Kuroshio Current and the south-
ward flowing Mindanao Current, and the larvae trans-
ported by the Kuroshio Current are distributed to the
coastal areas of East Asia [9]. In the process of trans-
port to the coastal zone, leptocephali metamorphose
into glass eels. After reaching the coastal zone, they
enter estuaries and rivers for further growth, beginning
the yellow eel phase. After 5 to 15 years of the yellow
eel growth phase, Japanese eels transform into migra-
tory silver eels, and during their migration, their gonads
mature and their eyes enlarge [10—12]. Japanese silver
eels from each region of East Asia begin their spawn-
ing migrations in the autumn and winter period, spe-
cifically from October to February [13-15], and migrate
to the spawning grounds thousands of kilometers away.
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Recent studies using pop-up satellite archival tags
(PSATs) on migrating stage individuals have provided
useful information on the oceanic migration of anguil-
lid eels [16—20]. Seven species of anguillid eels have been
tagged with PSATs, and European eels have been tracked
for up to 273 days [21]. American eels were tracked
throughout their migration from the Scotian Shelf to
the spawning area, the northern boundary of the Sar-
gasso Sea, suggesting that rivers and estuaries around
the Scotian Shelf are growth areas for juvenile American
eels that contribute individuals to the spawning popula-
tion [21]. Moreover, a previous study of European eels
from throughout the species distribution showed that
the migration routes of the spawning adults leaving from
different locations corresponded to the ocean current
that transports larvae, implying that European eels are
able to return to their spawning grounds regardless of
the growth area [21]. A series of satellite tracking studies
have shown that all species of silver eels tagged by PSAT
exhibit diel vertical migration (DVM) in pelagic waters.
Silver eels have been shown to descend to deep waters
(500-800 m) during the day and ascend to shallow waters
(100-400 m) at night. Swimming depth appears to vary
within species [22] and is thought to be affected by the
ambient light conditions (lunar and sun altitude) [23].
DVM behavior has been reported to be absent in shallow
waters [24] and to be interrupted in areas where strong
currents are present [25]. Therefore, DVM behavior dur-
ing oceanic migration is also considered to be affected by
water structure, bathymetry, and currents [23, 25].
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Fig. 1 The distribution area of the Japanese eel and the research sites of the present study. A The range of the Japanese eel (green). Japanese
eel spawns in the waters around the Mariana Islands (red-shaded area). The larvae are transported by the North Equatorial Current and dispersed
to East Asia by the Kuroshio Current and the branches (yellow arrows). B The Japanese eel is widely distributed along the coast of Japan. Eels

for satellite tracking were collected from a total of six sites located in the Tohoku, Tokai, and Sea of Japan regions
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Attempts have been made to track the oceanic migra-
tion of Japanese silver eels to their spawning grounds,
and these studies have provided information on their
behavior and migration routes in the open ocean [18, 23,
26, 27]. However, due to their relatively small body size
(0.8—1.2 kg) compared to other Atlantic and South Pacific
species (> 2 kg), long-term tracking has not been success-
ful, and the tracking trajectories are fragmented. Satellite
tracking of Japanese eel has been limited to areas near the
Kuroshio Current. Migrating silver eels have also been
found in the East China Sea [14] and the Tohoku region
of Japan [28], but the migratory behavior of eels leaving
their respective growth habitats is poorly understood.
In the present study, we released PSAT-tagged Japanese
silver eels from six sites in three regions along the coast
of Japan to study the spawning migration of Japanese eels
and to provide information on the early phase of oceanic
migration of Japanese eels (Fig. 1B).

Results

Tag fate and tracking profiles

A total of 23 eels were tagged and released in the coastal
area near their capture site (Table 1), and 15 PSATs suc-
cessfully transmitted data (6 of 10 X-tags, 60%; 9 of 13
mrPATs, 74%) (Fig. 2). All PSATs popped-up prematurely,
and the actual duration of PSAT attachment ranged from
1 to 59 days (Table 2). The maximum geographic track-
ing range in great circle distance (GCD) was 382 km
(Table 1). The movement speed calculated from the GCD
ranged from 0.9 to 37.5 km day !, excluding one preyed
eel (HM1902 in Table 1). Two eels were considered dead
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shortly after their release (JZ1906 and GK1901 in Table 1)
because they sank to the bottom and remained there for
three days. All eels released in the Tokai region migrated to
the southeast or east, and two eels reached nearby Hachi-
jojima Island (Fig. 2A). Three out of five eels released from
the Sea of Japan coastline showed a westward movement
pattern, but one eel (JZ1903) was observed to move in a
northeasterly direction (Fig. 2B). Only two of seven tags
attached to eels released in the Tohoku region transmitted
pop-up positions from south of the release site (Fig. 2C),
but for unknown reasons one tag, attached to 1S1901, did
not transmit temperature data.

Vertical movement and ambient water temperature

Time series of depth and water temperature were
obtained from the X-tagged individuals, and daily max-
imum and minimum water temperatures were obtained
from the mrPAT-tagged individuals (Figs. 3 and 4).
Among the individuals released in the Tokai region,
X-tagged individuals exhibited a pattern of DVM,
diving to depths of 500-800 m during the day and
ascending to 100-500 m at night (HM1905, HM2001,
and HM2006 in Fig. 3A, C, and E). Although one eel
(HM2006) released in December 2020 showed a similar
pattern of DVM to the other two eels (Fig. 3A, C, and
E), it tended to stay at a deeper depth (250-600 m) dur-
ing the night compared to the two (100-400 m) (Figs. 3
and 5). Two of the three X-tagged eels (HM1905 and
HM2001) exhibited similar depth and water tempera-
ture profiles, experiencing water temperatures of 4—10
°C during the day and 14-22 °C at night (Figs. 3 and

Table 1 Information on the capture, release and tag type of the 15 eels for which data transmission was confirmed

ID Capture point Region TL(cm) BW(g) Tagtype Releasedate Predation Duration GCD (km) Azimuth (deg.)
(days)
HM1902 Hamana Lake  Tokai 77 790 mrPAT 2019/12/11 Endothermic fish 2 123 85
HM1905 Hamanalake  Tokai 81 790 X-tag 2019/12/11 55 322 136
MK1902  Ise-Mikawa Bay Tokai 89 1140 mrPAT 2020/02/07 47 243 131
HM2001 Hamanalake  Tokai 81 960 X-tag 2020/11/27 9 218 100
HM2006 Hamanalake  Tokai 85 900 X-tag 2020/12/24 12 181 88
HM2007 Hamana Lake  Tokai 79 850 mrPAT 2020/12/24 47 42 103
HM2008 Hamana Lake  Tokai 81 850 mrPAT 2020/12/24 12 166 92
JZ1901  Jinzai Lake Seaof Japan 74 800 mrPAT 2019/11/12  Suspected 59 87 247
171902 lJinzai Lake Sea of Japan 83 1200 mrPAT 2019/11/12 21 287 264
JZ1903  Jinzai Lake Sea of Japan 785 1000 X-tag 2019/11/12 18 382 19
JZ1905  Jinzai Lake Sea of Japan 765 960 mrPAT 2019/11/12 7 61 309
JZ1906  Jinzai Lake Sea of Japan 785 900 X-tag 2019/11/12 3 12 69
GK1901  Genkai Sea Seaof Japan 796 810 X-tag 2020/02/04 3 8 63
1S1901 Ishinomaki Bay  Tohoku 86.5 980 mrPAT 2019/11/07 6 225 194
IS1902  IshinomakiBay Tohoku 87.5 1120 mrPAT 2019/11/07 7 60 250

TL: total length; BW: body weight; GCD: great circle distance
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Fig. 2 Eel release points and pop-up satellite archival tags (PSATs) pop-up points. Silver eels were released from three regions: A the Tokai region,
B the Sea of Japan coastline, and C the Tohoku region. Red circles represent the release points of tagged eels and yellow triangles represent
the pop-up points of PSATs. The labels on the contour lines indicate the water depth in meters (m)

Table 2 The summary of the fate of tags attached to eels in each catchment

Region Total Transmit Duration (days) GCD (km) Azimuth (deg.) Movement
speed (km
day™)

Tokai 10 7 26 (2-55) 185 (42-322) 05 (85-136) 18.1 (0.9-61.5)

Sea of Japan 6 6 18 (2-59) 134 (8-382) 162 (19-309) 8.8(1.5-21.2)

Tohoku 7 2 6.5 (6-7) 143 (60-225) 222 (194-250) 23.0(8.6-37.5)

Total 23 15 21 (2-59) 161 (8-382) 143 (19-309) 15.0 (0.9-61.5)

GCD: great circle distance. Duration, GCD, Azimuth, and moving speed are represented as means. The minimum and maximum range is given in parentheses
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Fig. 3 The temperature and depth profiles of tagged eels released from the Tokai region. The time series data retrieved from pop-up satellite
archival tags are shown: A, B HM 1905, C, D HM 2001, E, F HM2006, G MK1902, and H HM2007. The tag type is represented in the parenthesis
after each eel ID. A, C, E The time series data of depth and temperature retrieved from the X-tags are shown as colored lines. The gray shaded
area denotes nighttime and yellow triangles indicate the surfacing time of the X-tag. B, D, F-H The daily minimum and maximum temperatures

recorded for each individual eel are represented by the gray bar lines

5). An eel released from Ise-Mikawa Bay in February
2020 (MK1902) also showed a similar pattern of daily
temperature range (Fig. 3G). Eel HM2006, which stayed
at deeper depths during the night, also experienced a
lower temperature range throughout the entire track-
ing period compared to other eels released in the Tokai
region (Fig. 3E and F). A similar pattern of temperature
range was also found in another eel, HM2007, released
on the same day (Fig. 3H).

In contrast to the eels departing from the Tokai
region, which showed a clear DVM, an eel released
in the Sea of Japan (JZ1903) did not show a DVM, but
instead repeated vertical movements at irregular inter-
vals (Figs. 4A and 5M-P). This eel never dived deeper
than 200 m and sometimes stayed near the surface
(Fig. 5N). Ambient temperatures detected by the tag of
this eel did not differ between day and night and ranged
from 5 to 20°C (Fig. 5N, and P). Daily maximum water
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temperatures experienced by all eels released on the Sea
of Japan coastline were in close proximity to the sea sur-
face temperature (SST) range of 18—-20°C (Fig. 6). Daily
minimum water temperature showed daily variation,
even within the same individual, and ranged from 1 to 18
°C (Figs. 4B-E and 6).

Comparing the water mass structure in the areas where
the eels migrated, the temperature in the Tokai region
gradually decreased with depth, reaching 4 °C around
500-1000 m (Fig. 5B, F, and J), while in the Sea of Japan,
the thermocline was at a shallow depth and the water
temperature reached 4 °C around 150 m (Fig. 5N). Except
for one eel (JZ1901), the lowest recorded water tempera-
ture for all eels never dropped below 4 °C (Figs. 4C and
6).

Predation

Among the 15 tags that transmitted data, one tag
(HM1902) recorded temperatures 4 °C higher than the
surrounding sea surface temperature (Fig. 7), indicating
predation by an endothermic animal. In particular, since
the maximum temperature was 25.5 °C, an endothermic
fish, such as tuna, or an endothermic shark, is thought
to have preyed on the eel. An eel released in the Sea of
Japan was suspected to be predated based on the pop-up
location and its recorded data. The tag, which took 59
days for its first transmission, popped-up 87 km from its
release site (Fig. 2B and Table 1). In addition, this was the
only tag to record water temperatures lower than 4°C,
down to 1 °C (Fig. 6). Because the mrPAT used in this
study did not provide fine-scale time series data on depth
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and temperature, it was difficult to definitively determine
if the eel was predated.

Discussion

The PSAT has been widely used to track the large-scale
movements of animals, making it a valuable tool for
monitoring the oceanic migrations of silver eels. In

particular, many PSATs have been attached to both Euro-
pean and American eels [21, 29], and studies have shown
that the PSAT is capable of tracking the migrations of
these eels over long periods [21], with the European eel
being tracked for up to 273 days. Although attempts have
been made to track the spawning migrations of Japanese
eels, long-distance tracking has not yet been achieved to
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the same extent as for American and European eels due
to the comparatively small size of the species. In the pre-
sent study, we used the relatively small PSATSs to track the
oceanic migration of Japanese eels. However, the PSATs
detached from the eels prematurely, and the eels were not
followed throughout their entire oceanic migration to the
spawning ground, which is about 3000 km away from the
Japanese coast. The maximum attachment duration of
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PSATs was 55 days, except for the eels suspected of pre-
dation, which was an intermediate value compared with
other studies of Japanese eels (21 days, Chen et al., 2018
[27]; 39 days, Manabe et al., 2011 [18]; 43 days, Higuchi
et al., 2018 [26]; 69 days, Higuchi et al., 2021 [23]). The
migration speed estimated from the great circle distance
ranged from 0.9-37.5 km day ', and the speeds were not
much different from the previous studies of Japanese eel
[18, 23, 26].

Migration behavior

Three possible migratory routes to the spawning
ground have been proposed for the Japanese eel,
although the actual route remains unknown. The first
hypothesis is that Japanese silver eels move eastward
with the Kuroshio Current and then, when they reach
the south coast of Japan, they start to migrate south-
ward to the spawning area [30]; the second is that
they migrate directly from each growth habitat to the
spawning area via the great-circle route (shortest route)
[31]; and the third hypothesis is that they swim to the
spawning ground following the Kuroshio and North
Equatorial Current, i.e., in the reverse direction of lar-
val drift [32]. According to migration simulations of
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Fig. 7 Temperature ranges recorded by the mrPAT of a predated eel. A Temperature ranges of HM1902 released from the Tokai region.

The horizontal red line represents the sea surface temperature (SST) near the tag's pop-up location and the yellow triangle indicates

when the maximum value recorded by the tag exceeded the SST. B The release (red filled circle) and pop-up location (yellow filled triangle). The
colored grid and black lines on the map represent the SST and isotherm, respectively
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Japanese silver eels, oceanic currents have a large influ-
ence on migration cost and duration, and eels are able
to take advantage of the Kuroshio Current, recircula-
tion, and subtropical gyre to save energy and time [33].
The eels released on the south coast of Japan and Tai-
wan, the areas facing the Kuroshio Current, have been
shown to migrate along the Kuroshio Current, support-
ing the first hypothesis [18, 23, 27]. In the present study,
we released Japanese eels in the Tokai region, located
on the south coast of Japan, and all eels tracked moved
towards the east or southeast (Fig. 2A and Table 2). The
results of the present study partially support the notion
that silver eels, at least those departing from areas fac-
ing the Kuroshio Current, might utilize the Kuroshio
current in the early phase of the spawning migration.
It should be noted, however, that we cannot rule out
the possibility that the tags were still too large for the
Japanese eels and that the silver eels were carried away
easier than usual by the Kuroshio Current.

In contrast to the eels released in the Tokai region,
which followed the ocean current, those released from
the Sea of Japan coastline tended to migrate westward
against the ocean current, in the opposite direction of the
larval transport route (Fig. 2B and Table 2). The longest
tracked eel reached as far as the boundary between the
Sea of Japan and the East China Sea (JZ1902 in Fig. 2B).
In the East China Sea, migrating silver eels are reported
to be caught on the sea surface from autumn to win-
ter [14]. As the fishery area shifts southward in winter
compared to autumn, it is thought that silver eels might
migrate southward through the East China Sea to the
Pacific Ocean. The oceanic migration of eels leaving
from the Tohoku region is poorly understood, and to
date, only one case of silver eel caught in bottom trawls
off the coast of Sendai Bay has been reported [28]. In
this study, eels released in the Tohoku region also moved
southward against the ocean currents and larval trans-
port route (Fig. 2C). The migration directions of the eels
from the Tohoku region and the Sea of Japan coastline
were roughly consistent with the direction to the spawn-
ing ground. Although it is not completely clear how Japa-
nese eels can move to the spawning ground, it has been
reported that Japanese eels released in the Kuroshio
Current and subtropical regions can migrate toward the
spawning grounds while compensating for the effects of
ocean currents suggesting that they have sufficient navi-
gational ability [34] as shown in other temperate eels [19,
21]. However, whether in the Sea of Japan or the Tohoku
region, the number of tracked fish is still small, and the
tracking period is not long enough. Therefore, further
tracking studies are needed to gain a better understand-
ing of the spawning migration of Japanese eels from these
regions.
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Migratory behavior that appears to be straying or a
deviation has been observed in European eels [21]. It is
not clear what causes this migratory behavior, but it has
been attributed to entrapment within eddies or navi-
gational responses to hydrographic or bathymetric fea-
tures [21]. Among the eels released in the Sea of Japan,
JZ1903 migrated in a direction unrelated to the spawning
grounds, and this aberrant migratory behavior may be
due to the same reasons (Fig. 2B).

Vertical movement and water mass structure
Anguillid eels have been reported to exhibit DVM during
their spawning migrations, diving into deep waters dur-
ing the day and ascending into shallow waters at night.
In the present study, the individuals released in the Tokai
region also showed regular DVM (Fig. 5A, I, and M).
The ecological reasons for the DVM of silver eels during
spawning migration are considered to be predator avoid-
ance behavior or behavioral thermoregulation [29].
Recently, in the context of behavioral thermoregula-
tion, it has been proposed that the empirical day—night
temperature difference in spawning migratory eels may
be a consequence of DVM rather than a driver [25].
European eels released in the Mediterranean Sea showed
DVM in the region, although there was no day—night
temperature difference (about 13 °C) despite DVM (day-
time 450—-650 m; nighttime 250-450 m). In the present
study, the eels released in the Tokai region stayed in dif-
ferent depth and temperature environments during the
daytime and nighttime, and the nighttime water tem-
peratures recorded by tagged eels released in late Decem-
ber 2020 were lower than those of individuals released
in late November 2020 or early December 2019. It has
been suggested that lunar age, water clarity, and tempera-
ture should also affect nighttime depth in DVM [23, 26],
but in our study nighttime depth does not appear to be
largely affected by temperature. Previous studies have
also shown that water temperature should have a signifi-
cant effect on the maximum daytime depth in the DVM
[23, 27]. In our study, the eels exhibiting DVM experi-
enced a narrow temperature range and showed a ten-
dency to swim along the depth of the 5 °C isotherm in
the daytime (Fig. 3A, C, and E). Furthermore, the other
eels also seemed to avoid water temperatures below 5 °C
(Fig. 6). This trend is consistent with previous studies that
show Japanese silver eels rarely stay in water tempera-
tures below 5 °C during oceanic migration [18, 23, 27].
An eel released in the Sea of Japan showed repeated
vertical movements, not regular DVM, unlike the eels
released in the Tokai region (Fig. 5M). In addition, the
maximum depth experienced by this eel in the Sea of
Japan was about 150 m, while the eels released in the
Tokai region ranged from 750 to 1000 m (Fig. 5). It is
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known that American and European eels do not show
regular DVM, similar to the eel released in the Sea of
Japan, and American eels have shown similar vertical
movement behavior in the early stages of migration, such
as on the continental shelf [24]. The difference in verti-
cal movement behavior of eels in the Sea of Japan and on
the Pacific coast can be attributed to the bathymetry and
water mass structure of the Sea of Japan. In the Sea of
Japan, the shallow depth zone continues for a while near
the coast, which is very different from the Pacific Ocean,
where the depth zone deepens rapidly offshore. As for
the water mass structure, the surface layer in the Sea of
Japan is warm, but the water temperature drops sharply
after 100 m depth (Fig. 5N), in contrast to the gradual
decrease in water temperature observed off the southern
coast of Japan (Fig. 5B, F, and J). It is likely that the eels
released in the Sea of Japan did not use the deep waters,
but instead made repeated vertical movements in the
shallow depth zone due to the low water temperature in
the middle layer. Although we cannot directly know the
vertical movement of the eels with mrPATs (tags without
depth sensors), the daily maximum and minimum water
temperatures suggest that these eels also used a limited
shallow depth zone near the surface, as the daily mini-
mum water temperatures were never below 4 °C (except
for one eel) and the maximum values were close to the
SST (18-20 °C) (Figs. 4 and 6). There have been cases of
migrating silver eels captured at the surface in both the
Sea of Japan and the East China Sea, but no eels have ever
been captured at the surface near the southern coast of
Japan, where the Kuroshio Current flows. The cases of
surface-captured migrating silver eels in both the Sea of
Japan and the East China Sea may reflect regional differ-
ences in vertical migration behavior.

Predation

Migratory European and American silver eels are
known to be predated by endothermic fishes (tunas or
endothermic sharks) [20, 27], ectothermic fishes [21],
and marine mammals [21, 25, 35], suggesting that these
animals are also potential predators for Japanese eels.
In fact, predation by tunas and swordfish has been
reported in Japanese eel [18, 23, 27], and in the present
study, an eel released from the Tokai region is thought
to have been predated. The predated PSAT (HM1902)
recorded a maximum temperature of 25.5 °C on the
second day after release, 4°C higher than the SST near
the tag surfacing location (Fig. 7). Body temperatures
several degrees above water temperature have been
reported for mako and salmon sharks and tuna spe-
cies, with stomach temperatures of 25-28 °C [36, 37].
In other endothermic animals (cetaceans and birds),
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the body temperature is about 35 °C or higher. Thus, we
infer that this eel was predated by an endothermic fish
(e.g., tuna or endothermic shark).

One eel, JZ1901, which was released on the Sea of
Japan coastline, was also probably predated because its
mrPAT recorded a water temperature of 1 °C (Fig. 6) and
its surfacing point did not differ greatly from its release
point 59 days earlier (Fig. 2). Alternatively, it is also pos-
sible that Japanese eels can tolerate water temperatures
below 1 °C, as has been shown for European eels, which
can experience water temperatures of 1 °C in the Nor-
wegian Sea [21]. However, European eels in other parts
of the species distribution do not experience such tem-
peratures, and Japanese eels released on the Sea of Japan
coastline appeared to actively avoid such temperatures,
suggesting that this one eel (JZ1901) was preyed upon.
In contrast to HM1902, the highest water temperature
recorded by JZ1901 was not higher than the SST at the
release location and time, so if it was preyed upon, the
predator was likely an ectothermic fish.

The predation rate of migrating silver eels clearly differs
between seasons or sea areas in European and American
eels [21, 38], but in the present study, we did not release
enough individuals to observe a trend in predation rates.
Thus, further long-term and regional studies may reveal
regional differences in the predation of Japanese eels.

Conclusions

In the present study, a total of 23 silver Japanese eels
with PSATs were released from three regions of Japan.
The migratory direction of the Japanese eels varied
among the release regions, and in all cases, it was con-
sistent with movement toward the spawning grounds.
All three X-tagged Japanese eels released in the Tokai
region showed regular patterns of DVM. During the day,
the tracked eels appeared to move along 5 °C isotherms,
while at night, one of them moved to a deeper depth
than the other two. The X-tagged eel released on the
Sea of Japan coastline exhibited repeated vertical move-
ments, in contrast to the DVM observed in eels from the
Tokai region. Japanese eels also seemed to avoid water
depths with a temperature lower than 4 °C during their
spawning migrations, with the exception of one eel. The
region-specific differences in migration behavior suggest
that bathymetric and water-mass structure affect migra-
tory behavior, especially DVM. In the present study, we
described the early phase of the oceanic migration of Jap-
anese eels and the region-specific migratory behavior of
this species. However, the route from each growth habi-
tat to the spawning area is still unknown, so further stud-
ies are needed to unravel the mysteries of the Japanese
eel spawning migration.
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Materials and methods

Study sites and animals

Fieldwork was conducted at six sites (Hamana Lake, Ise-
Mikawa Bay, Jinzai Lake, Genkai Sea, Ogawara Lake, and
Ishinomaki Bay,) from November 2019 to February 2020
and at Hamana Lake from November 2020 to December
2020. Hamana Lake and Ise-Mikawa Bay are located in
the Tokai region, central Honshu, Japan, adjacent to the
Kuroshio Current (Fig. 1B). Jinzai Lake and Genkai Sea
are adjacent to the Sea of Japan in southwestern Honshu,
Japan. Ishinomaki Bay and Ogawara Lake are located in
the Tohoku region, northern Honshu, Japan, the north-
ernmost distribution area of the species, and are adjacent
to the western Pacific Ocean. Hamana Lake, Jinzai Lake,
and Ogawara Lake are brackish lakes.

All of the silver eels used in this study were caught by
local fishermen at each study site. The eels collected in
Hamana Lake, Ise-Mikawa Bay, Jinzai Lake, and Ogawara
Lake were captured by set nets. The eels collected in the
Genkai Sea were captured with dip nets while migrat-
ing on the surface, and those collected in Ishinomaki Bay
were captured by tubular pots. Eels were held for two
days to one month before release. The silvering stages
of eels were determined as S1 and S2 stages, according
to the morphological index reported in a previous study
[39], and eels in the S2 stage were selected for tagging.
To avoid the negative effects of drag caused by the exter-
nal tags, small eels (< 750 g) were not selected. Three to
six hours after tagging, the fish were transported by char-
tered vessel to coastal release sites at each study site. The
release sites were located 1-53 km offshore, where the
water depths ranged from 10-700 m.

PSATs and tagging

A total of 23 silver eels were tagged with two different
types of pop-up satellite tags: 10 tags were X-tags from
Microwave Telemetry, and 13 were Mark Report PATSs
(mrPATs) from Wildlife Computers. The X-tag is 122 mm
long, has a maximum diameter of 33 mm, and weighs
45 g in air. The X-tags recorded depth, temperature, and
light intensity. The release mechanism of the X-tags was
triggered by a programmed period of time or constant
pressure for 3 consecutive days; they were actually drift-
ing on the surface for 3 days before the first transmission
location was calculated by the Argos system. The mrPAT
is 127 mm long, has a maximum diameter of 28 mm,
and weighs 40 g in air. mrPATs are equipped with tem-
perature, tilt, and wet/dry sensors. mrPATs begin trans-
mitting daily max/min temperature after they float to
the surface. The release mechanism of mrPATs was trig-
gered by a programmed date or detecting water surface
for a certain duration. The duration of surface detection
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was two consecutive hours between November 2019
and February 2020, but the duration was changed to 15
consecutive hours from November 2020. The maximum
tracking period of the PSATs was programmed to be 4
to 8 months from the start of each tag operation, but all
PSATSs were released by different triggers (constant pres-
sure or water surface detection) before this maximum
period was reached (Additional file 1: Table S1).

In order to attach PSATs, all fish were anesthetized
with FA100 (eugenol, 107 mgml~%; DS Pharma Animal
Health Co. Ltd, Osaka, Japan) at a concentration of 2.0—
3.0 mg ml~ L. Body size and mass were measured prior to
surgical tagging. Surgical tagging was then performed
by using the Westerberg method, described in a previ-
ous study [40], with three attachment points. A wire
with a loop at each end was made by twisting a 0.8-mm-
diameter stainless steel wire. The angle between the two
loops at each end was perpendicular. A leader was then
threaded through the tag and through one loop, and an
eye was made at the end. Three 0.8-mm-diameter stain-
less steel wires were threaded through needles and placed
under the skin of the fish. The wire closest to the head of
the fish was passed through the eye in the leader, the sec-
ond wire was passed through the loop threaded with the
leader and closed, and the third wire was passed through
the other loop and closed. Between November 2019 and
February 2020, fluorocarbon monofilament thread (¢ 1.5
mm, 215 1b.) was used as the leader for the PSATsS, after
which Zylon braid thread (¢ 0.8 mm, 325 lb.) was utilized.

Data analysis

Previous studies of PSAT-tagged European and Ameri-
can eels have used a geolocation method based on daily
sunrise and sunset data [41], and geolocation estima-
tion has been applied to the tropical eels [42]. These
methods were tested on the time-series depth data
derived from the X-tags in our study, but they did not
work. For this study, the pop-up point for each PSAT
was defined as the point where the PSAT first trans-
mitted its signal to the satellite and the great circle dis-
tance (GCD) and the azimuth between the release and
pop-up points of each eel were calculated using the
‘geosphere’ package in R. Tracking durations of PSATs
were calculated from the actual duration that eels were
tagged. For all tags, the beginning of the actual duration
was defined as the release date of the tagged eel. How-
ever, the determination of the end date varied by tag
type due to differences in tag release mechanisms. In
the case of X-tags, the end of actual duration was deter-
mined by the time of tag surfacing, which was recorded
in each tag as time-series depth data. mrPATs begin
transmitting within at least 1 day of surfacing, as their
programmed release mechanism is triggered by surface
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detection for 2 or 15 consecutive hours. Therefore, the
end of the actual attachment duration of mrPATs was
determined by the start date of transmission (Addi-
tional file 1: Table S1).

Since the depth and temperature data obtained from
the X-tag were a time-series of 15-min intervals, Igor
Pro V8.1 and its application of Ethographer were used
for data analysis [43]. The solar altitude at a point was
used to divide the data into daytime and nighttime.
Since the difference in longitude and latitude between
the eel release point and the PSAT pop-up point was
within 5 degrees, the coordinates for each eel were cal-
culated using the midpoint between the release point
and the pop-up point. Daytime and nighttime were
divided by the solar altitude of —6°, the boundary alti-
tude between civil and nautical twilight.

After predation, tags are assumed to record the depth
and/or temperature that reflects the swimming behav-
ior and body cavity temperature of the predator [18,
25]. To confirm predation by endothermic animals (e.g.,
tuna or whales), the surface temperature recorded by
PSAT was compared with the physical model, OISST
(optimal interpolation sea surface temperature), pro-
vided by NOAA (National Oceanic and Atmospheric
Administration, https://www.noaa.gov/).

Abbreviations

DVM Diel vertical migration

GCD Great circle distance

PSATs Pop-up satellite archival tags
SST Sea surface temperature
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