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Abstract

The Japanese eel, Anguilla japonica, spawns within the North Equatorial Current that bifurcates into both northward and
southward flows in its westward region, so its spawning location and larval transport dynamics seem important for
understanding fluctuations in its recruitment to East Asia. Intensive research efforts determined that Japanese eels spawn
along the western side of the West Mariana Ridge during new moon periods, where all oceanic life history stages have been
collected, including eggs and spawning adults. However, how the eels decide where to form spawning aggregations is
unknown because spawning appears to have occurred at various latitudes. A salinity front formed from tropical rainfall was
hypothesized to determine the latitude of its spawning locations, but an exact spawning site was only found once by
collecting eggs in May 2009. This study reports on the collections of Japanese eel eggs and preleptocephali during three
new moon periods in June 2011 and May and June 2012 at locations indicating that the distribution of lower salinity surface
water or salinity fronts influence the latitude of spawning sites along the ridge. A distinct salinity front may concentrate
spawning south of the front on the western side of the seamount ridge. It was also suggested that eels may spawn at
various latitudes within low-salinity water when the salinity fronts appeared unclear. Eel eggs were distributed within the
150-180 m layer near the top of the thermocline, indicating shallow spawning depths. Using these landmarks for latitude
(salinity front), longitude (seamount ridge), and depth (top of the thermocline) to guide the formation of spawning
aggregations could facilitate finding mates and help synchronize their spawning.
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indicated that spawning area of the Japanese eel is located
latitudinally from about 12-15°N [17-19] within the continuous
westward flow of the North Equatorial Current (NEC) that is
present from about 8-17°N [23,24], and longitudinally along the
western side of the West Mariana Ridge, which is the southwestern
extension of the Izu-Bonin-Mariana Arc system (see Gardner
[25]). Further, otolith analyses for the larvae collected during the
surveys showed that spawning of Japanese eels occur during new
moon periods [17,26].

Various types of research have been conducted recently to
understand the oceanic life histories of anguillid eels. The
physiological ecology of migration [27,28], biology of maturation

Introduction

Freshwater eels of the genus Anguilla are catadromous fishes that
spawn over deep water at tropical latitudes and use the ocean for
their larval development before entering estuarine and freshwater
growth habitats [1,2]. All three northern temperate species of
anguillid eels consist of single panmictic populations [3—7], with all
of their reproductively maturing individuals migrating long
distances offshore to spawn in a single spawning area for each
species [2,8].

Anguillid eel populations including those of the Japanese eel,
Angwilla japonica, have declined worldwide in recent decades [9,10],

but the exact causes of the declines are difficult to determine partly
because their reproductive ecology is hidden by the vast open
ocean. The spawning areas of the Atlantic eels, the European eel,
Anguwilla angwilla, and the American eel, Anguilla rostrata, were
discovered early in the last century [11] and were later found to be
associated with temperature fronts in the Sargasso Sea based on
the distribution of small larvae [12,13], with spawning occurring
across a wide latitudinal area [14,15]. The spawning area of the
Japanese eel in the western North Pacific (Fig. 1) was discovered in
1991 [16] and has been intensively studied in the last few decades
[17-19]. The surveys that succeeded to collect newly hatched
larvae [19-21], eggs and spawning-condition adults [19,21,22]

PLOS ONE | www.plosone.org

and spawning behavior [29-31], or geomagnetic sense [32] has
been studied in the laboratory. Pop-up satellite transmitting tags
have been used to learn about the migratory behavior of both
Northern [33,34] and Southern [35-37] Hemisphere anguillids.
These studies suggest that anguillid silver eels have incredible long-
term swimming abilities that might be guided in part by a
geomagnetic sense while they migrate through the ocean using
distinct diel vertical migration behaviors. Exactly how they find
their spawning areas and decide where to form spawning
aggregations has remained a mystery however [31] and spawning
eels have not yet been observed directly [38].
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Figure 1. The Japanese eel, Anguilla japonica, spawning area in the western North Pacific region. Japanese eel leptocephali are
transported from their spawning area (light-red oval) by the North Equatorial Current (NEC) into the Kuroshio Current (blue lines), which transports
them towards waters near their recruitment areas where they metamorphose into glass eels (A). Recruitment areas of A. japonica are shown with
green lines on coastlines (inland habitats not shown), and currents or eddies shown in light-brown are inappropriate or disadvantageous pathways
for leptocephali. The location where a 42.8 mm A. japonica leptocephalus was collected in the Celebes Sea outside of its normal recruitment region is
shown with a red square. The blue rectangle shows the areas of the other maps (Fig. 2,4), and the South Equatorial Current (SEC), Halmahera Eddy
(HE), Mindanao Eddy (ME) and other currents are also shown. The left panel (B) shows the bathymetric structure of the West Mariana Ridge and that
preleptocephali were only collected on the western side of the southern region of the ridge in previous surveys (within the blue shaded area) from

2005-2009 and eggs were only collected in one area in 2009 (blue circle) [19].

doi:10.1371/journal.pone.0088759.g001

A shallow salinity front that forms within the NEC where
Japanese eels spawn [14,34] (Fig. 1) has been hypothesized to
affect the latitude of spawning [39,40]. Indeed, collections of small
leptocephali [39] or eggs [19] were made near the southern edge
of the spawning area when the salinity front was located far to the
south in two different years. Larger leptocephali were also found
south of the salinity front further to the west during their larval
transport [16]. However, in some years there are no distinct
salinity fronts in the spawning area [17,41], so what determines
spawning locations at those times has remained unclear.

Understanding how Japanese eels decide their latitude of
spawning is of special importance because the NEC bifurcates
into both northward and southward flows (Fig.1). The latitude of
bifurcation of the two current flows can change in different months
or years [42-44], which may strongly affect how many Japanese
eel larvae get entrained into the southward flowing Mindanao
Current and transported away from their recruitment areas
[43,45]. Therefore, at what latitude the eels decide to spawn could
have a significant affect on the recruitment success of their larvae
[40,43,45].

This study analyzes the results of three sampling surveys for eggs
and pre-feeding stage preleptocephali in 2011 and 2012 that were
conducted to learn more about what factors may determine where
Japanese eels form spawning aggregations. The three sampling
surveys were designed to determine the distribution of eggs and
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preleptocephali in the NEC along the ridge during new moon
periods to evaluate where spawning may have occurred and where
it did not occur by the same set of protocols. Because the
temperature structure of the warm surface layer of the NEC does
not include any distinct gradients or fronts at the latitudes where
the Japanese eel spawns [23,41,46], the salinity structure was
evaluated in relation to where eggs and larvae were collected. This
information along with the findings of previous studies is used to
propose a hypothesis for where this species will spawn along the
seamount ridge.

Materials and Methods

Survey Strategy of Cruises

The three cruises of this study were conducted during 24 June—
10 July in 2011 (KH-11-6), and 13 May—1 June (leg 1 of KH-12-2)
and 6 June-28 June 2012 (leg 2 of KH-12-2, Table 1).
Oceanographic observations were made at the beginning of each
cruise to particularly know the location of the salinity front as it
crossed the seamount chain before deciding where to sample for
eggs just before new moon. Based on the salinity structure, a
region along the ridge was chosen for sampling for eggs just before
new moon, and an arrangement of stations was set along the west
side of the ridge. These stations were sampled until eggs were
collected, and then a new grid of stations was arranged around the
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location of the first egg collection, which was intensively sampled
until the eggs would likely be hatching into preleptocephali. Then
transect surveys were conducted to find newly hatched prelepto-
cephali at different latitudes along the ridge to estimate where else
spawning may have occurred during each new moon period.
These transects were designed to detect spawning near the ridge
based on the presence of preleptocephali, but were not extensive
enough to exclude spawning in other areas with certainty if
preleptocephali were not collected if there were longitudinal
variations in where spawning may have occurred in relation to the
ridge.

Locating the Salinity Front

Oceanographic observations were made to construct salinity
and temperature sections using profiles from either conductivity,
temperature, depth (CTD) sensor system (Seabird, USA) deployed
from a cable on the side of the ship (to a depth of 500 m depth) or
expendable X-CTD probes (Tsurumi Seiki Co. Ltd., Japan)
deployed from the back of the slowly moving ship (to a depth of
1000 m depth). Stations were planned east and west of the ridge,
but some stations were cancelled on one or the other side of the
ridge after the location of the sanity front had been determined

(Fig. 2,3).

Collecting Eggs and Preleptocephali

Sampling to determine the horizontal distributions of fertilized
eggs (embryos) and preleptocephali was conducted using stan-
dardized oblique tows of a 3-m diameter ORI-Biglish ring net
with 0.5 mm mesh that fished mostly in the upper 200 m. Salinity
structure was primarily used to decide the starting point of
sampling for eggs, and once eggs were found then their
distribution was examined in a grid of stations (Fig. 4). After the
new moon when the eggs hatched into preleptocephali during all
three cruises, transect surveys were carried out over the entire
length of the ridge within the spawning area. The stations were at
similar distances from the outer ridge, which shifts further to the
west and becomes wider with deeper seamounts in the southern
region, to determine the possible range of spawning latitudes based
on the distribution of preleptocephali (Fig. 4). Most stations had
only one ORI-BF tow, but a few had more than one tow. During
June 2011, 9 stations were sampled in the egg grid area (including
7 tows in the depth experiment at Stn. 4), followed by 46 stations
for preleptocephali after new moon. In May 2012, 8 stations in an
overlapping area as the later stations (14.6-16.0°N, not shown)
were sampled before new moon prior to sampling in the egg grid,
which was followed by 25 stations for preleptocephali. In June
2012, 13 stations (13.5-15.2°N, not shown) were sampled before
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the egg grid, followed by 37 stations for preleptocephali. For
clarity and simplicity, catches of eggs and preleptocephali are
presented as number of specimens collected, which is directly
understandable, rather than as catch rate values, because their
presence or absence is the main factor to consider in this study, not
their quantitative relative abundances calculated using the amount
of water filtered by the net. The lengths of the preleptocephali
(~4-5 mm) were not evaluated in this study, because these are a
short duration pre-feeding stage of larvae, which do not grow until
they develop into leptocephali and begin feeding.

For these research surveys, all necessary permits to conduct the
biological sampling and hydrographic observations in the Exclu-
sive Economic Zone of the coastal states for both 2011 and 2012
were issued by the United States Department of State, Bureau of
Oceans and International Environmental and Scientific Affairs,
Department of Foreign Affairs, Federated States of Micronesia
and the Ministry of State of the Republic of Palau. No specific
animal welfare permit is required in Japan for collecting
planktonic organisms.

Eggs (Fig. S1) and preleptocephali (Fig. S2) were sorted out of
the plankton samples and morphologically identified before
subsamples were genetically confirmed onboard. After being
sorted out of the plankton samples, the morphology of the eggs
and preleptocephali were examined and photographed using a
Nikon SMZ1500 dissecting microscope and a Nikon DMX1200F
digital imaging system (Nikon, Tokyo Japan) (Fig. SI1, S2).
Specimens were then mostly preserved in 99% ethanol to enable
later DNA analyses.

Onboard Genetic |dentification

Before deciding to conduct a grid survey around an egg
collection location, eggs with the appropriate size of about 1.6 mm
and morphology [47] were genetically identified using an onboard
real-time polymerase chain reaction (PCR) based ABI PRISM
7300 Sequence Detection System (Applied Biosystems, USA)
[48,49] as described previously [19,47]. Some preleptocephali
were also confirmed onboard to be of the Japanese eel using this
system.

Vertical Distribution of Eggs

During the KH-11-6 survey, the vertical distribution of eggs was
studied by making multiple tows at the same station after eggs
were collected there. This was conducted on 29 June 2011 at Stn.
4 (13°00N, 141°55'E) (Fig. 4C). The ORI-BF net was deployed in
7 tows that had 20 min of horizontal towing at one of 6 depths (60,
120, 150, 180, 250, 420 m) from 07:38 to 16:20 during the day.
The catch rate of eggs in each tow was used as a measure of

Table 1. Overview of the number of stations sampled during the different parts of each of the three surveys in relation to the
timing of new moon and the number of eggs or preleptocephali that were collected in 2011 (KH-11-6, new moon 1 July) and 2012
(KH-12-2: leg 1, new moon 20 May 2; leg 2, new moon 19 June).

Cruise Pre-survey Egg grid survey Preleptocephalus survey
No. of
No. of stations No of eggs No. of No. of prelepto.
Period stations Period (tows) collected Period stations collected
KH-11-6 28 June 3 29-30 June 9 (17) 147 1-6 July 46 83
KH-12-2 leg 1 18 May 8 18-20 May 14 (15) 131* 20-25 May 25 153
KH-12-2 leg 2 14-15 June 13 16-19 June 29 (45) 284 19-23 June 37 47

*4 eggs were collected on 21 May (one day after New moon) after the egg grid survey.
doi:10.1371/journal.pone.0088759.t001
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Figure 2. Hydrographic stations along the West Mariana Ridge. The locations of CTD or X-CTD profile stations during the three surveys in
2011 and 2012 are shown with black dots. The estimated location and angle of the salinity front crossing the ridge (red line) and the northern extent
of the layer of low salinity water usually associated with the salinity fronts (=34.5) (blue lines) if present are also shown. Three shallow seamounts

(SM) previously investigated are shown (red triangles).
doi:10.1371/journal.pone.0088759.9002

abundance at each depth layer based on the amount of water
filtered by the net calculated from the flow meter revolutions. Two
tows were made at 150 m to obtain more eggs for a different study,
so the catch rates of the two tows were averaged at that depth in
Figure 5. The depth of the net was monitored acoustically with a
net depth monitoring system (Scanmar, Norway). The net was
open during each tow, but there was no evidence of contamination
from other layers, because eggs were only collected at two layers.

Results

The hydrographic sections of the upper 500 m of the ocean
from the three different surveys showed similar general patterns of
temperature and salinity structure, except for the patterns of the
lower salinity water in the upper 100 m. Water temperatures in
the upper 100 m ranged from 26-30°C: in the 3 sections, and no
temperature fronts were present (Fig. 3A,C,E). The depth of the
warmest water in the surface layer became shallower in the north
in all three sections, but 30°C water was only detected in June
2012 (Fig. 3E). The patterns of fluctuations of the depth of the
isotherms appeared to vary in conjunction with salinity structure
in all three pairs of sections in Figure 3. Water with a salinity of
34.5 has been found to be a reliable marker associated with the
salinity fronts [16,39,40,46], so this salinity value was used in the
present study to show the distribution of salinity levels. Surface
water with a salinity of =34.5 is shown by red lines in
Figure 3B,D,F that correspond to the blue-green shaded water
in Figure 4 (left panels). In all three sections the lower salinity
water (=34.5) that is usually associated with the salinity fronts was
present in the upper 100 m, but its depth and latitudinal extent
varied among surveys (Fig. 3B,D,F). Each hydrographic section
showed that the salinity increased with depth until about 75—
150 m where there was a layer of high salinity water of various
thickness and northerly extension (Fig. 3,4). This subsurface layer
of high salinity water is referred to as the North Pacific Tropical
Water [40].

In the June 2011 survey there was a shallow layer of lower
salinity water =34.5 extending almost to 16°N (solid red line in
Figure 2B), but there was a distinct salinity front extending deeper
between about 12.5 and 13.5°N. Eggs were collected at two
stations within the frontal zone (n =147, 2 days before new moon),
and preleptocephali were only collected in the same area (10
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stations, n=283) (Fig. 4A,B,C). No preleptocephali were found
either to the north or south of that area after new moon (Fig. 4B).

In leg 1 of the survey in May 2012 a deeper layer of =34.5
water extended slighter further to the north compared to in June
2011 and almost reached 16.5°N (Fig. 2D). Eggs were collected in
9 tows at 6 stations near 15°N (n=128, 0-3 days before new
moon, and 4 eggs collected one day after new moon) about 1°
south of a possible weak subsurface salinity front associated with
the northern limit of the low salinity water (Fig. 4D,E,I). There
were 153 preleptocephali collected at 7 stations from 13°30-15°N
within the low salinity water after new moon (Fig. 4D,E).

During the next month in the June 2012 leg 2 survey, the layer
of lower salinity water =34.5 extended all across the study area
and to the north of 17°N (Fig. 2F). There was a pool of even lower
salinity water =34.3 (dotted red line near surface) extending
almost to 14.4°N and a separated patch of that water was also
detected in the north. Eggs were collected at 8 stations near 14°N
at the northern edge of that southern layer of =34.3 water
(n=284, 1-3 days before new moon) (Fig. 4G,H,I). Preleptoce-
phali were collected both north and south of the egg collection
area, with 2 being caught in the patch of =34.3 water in the north,
and 1 being caught in the southwest area after new moon
(Fig. 4G,H).

The tows made at Stn. 4 to study egg depth distribution in the
June 2011 survey collected 21 eggs in two depth layers (150,
180 m), but no eggs were caught in the tows at layers above and
below (60, 120, 250, 420 m) as shown in Figure 5. The layer of egg
collection was near the top of the thermocline within the center of
the high salinity water and just below the chlorophyll maximum,
with the most eggs being caught in the 150 m layer.

Discussion

This study collected both eggs and preleptocephali along the
West Mariana Ridge during each of three sampling surveys that
were timed in relation to the new moon periods of May or June of
2011 and 2012. The eggs were found just before new moon at
three different latitudes along the ridge, which corresponded to the
locations of the salinity front or being within the latitudinal extent
of the low salinity surface water. Egg catches to the south of the
strong salinity front in June 2011 were consistent with the
hypothesis that the salinity front influences the latitude of
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Figure 3. Temperature and salinity structure along the West Mariana Ridge. Hydrographic sections showing the temperature (left panels)
and salinity (right panels) structure during the three sampling surveys in 2011 (A, B, June) and 2012 (C, D, May; E, F, June) made using some of the
CTD or X-CTD profile stations shown in Figure 2. In the temperature sections, the orange color shows the water in the surface layer <24°C, with
contours plotted for every 1°C. In the salinity sections, the solid red lines show the bottom of the 34.5 water, with the 1-2 dotted red lines above or
below showing salinity intervals of 0.2 (every second contour), as also shown in Figure 4A,D,G. The southern portion of the eastern transect in E and F
was combined with the western transect of that cruise, but the other sections from each cruise are not shown.
doi:10.1371/journal.pone.0088759.g003

spawning [16,39,40]. The catch locations of preleptocephali were the broad latitudinal distribution of preleptocephali just a few days

also limited to the frontal area during that survey. This suggests after they were spawned. A similar situation was found in 2008
that spawning ecels may have focused on that particular area to when preleptocephali were collected over almost 2 degrees of
form spawning aggregations. The first collections of Japanese eel latitude within the low salinity water [19,41]. Although no
eggs in May 2009 were also in a similar area just south of a salinity preleptocephali were collected near the northern edge of the low
front, with no preleptocephali being collected at stations to the salinity water in May of 2012, the two surveys in that year suggest
north of the front [19]. Surveys in previous years have found no that if there is no distinct salinity front, Japanese eels may spawn at
evidence of spawning on the east side of the ridge [19], which is multiple latitudes south of the northern limit of the lower salinity
why there were no stations there during this study. surface water. The limited distribution of stations that sampled for
However, there were no clear salinity fronts in the two 2012 preleptocephali was not wide enough in each of the three surveys
surveys and in some previous studies [17,41], so the eels must of this study to determine all places where spawning did not occur,
sometimes have to decide where to form spawning aggregations but the collections of preleptocephali were good indications of the
without a distinct salinity front as a landmark. In May and June of general latitudes where spawning likely did occur.
2012 of this study, eggs were collected within the latitudinal range The importance of the salinity front for the Japanese eel was

of the low salinity surface water and the catch locations of first suggested in 1991 when many leptocephali mostly about
preleptocephali suggested that spawning had also occurred at a 10-20 mm were collected further west in the NEC, just south of a
wide range of latitudes. Eddies could redistribute some larvae to distinct salinity front around 16°N [16]. Similarly, leptocephali
slightly different latitudes than those at which they were actually were found in waters south of a salinity front in 1994 [50] and in
spawned, but in the two 2012 surveys, it is unlikely to account for 2002 [39]. The distributions of eggs and preleptocephali revealed
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Japanese eel eggs and preleptocephali were collected during R/V Hakuho Maru cruises along the West Mariana Ridge in (A-C) June 2011, (D-F) May
2012, and (G-I) June 2012. The latitudes of the salinity structure panels on the left correspond directly to the latitude in the maps in the middle, and
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the blue-green color in the left panels shows low salinity water =34.5, light-purple shows 35.0 salinity, and dotted-red lines show contours spaced at
0.2 salinity intervals above or below the bottom of the =34.5 water in the surface layer. In the middle panels, light-green circles show
preleptocephalus catches and black dots show no-catch stations, and in the right side insets, light-blue circles show egg catches and white circles
show no-catch stations, with numbers of specimens shown with numbers. Four eggs were caught at a station sampled again in the preleptocephali
transect (light-blue circle in E). Orange shows shallower depths associated mostly with the West Mariana Ridge and the Mariana Ridge including
Guam (middle panels), and blue shows deeper depths down to 10,000 m in the Mariana Trench, which is the deepest place in the world’s oceans.
Scale bar shows 50 km (H). More than one tow was made at stations 4 and 8 in (C) and (F), respectively.

doi:10.1371/journal.pone.0088759.g004

in the present study showed that the salinity structure across the
spawning area can influence the range of latitudes at which
spawning may occur during each new moon period within the
spawning season. When a distinct salinity front is present, eels may
attempt to aggregate and spawn at or south of the front as
occurred in June 2011 and May 2009 [19] even if it is located in
the southern part of the NEC (~12°N). Using a landmark such as
a front might facilitate finding mates and increase the successful
fertilization of the eggs by having many eels of both sexes involved
in the spawning aggregations, rather than just a few as a result of
spawning being spread over a wide range of latitudes. Temper-
ature fronts have been hypothesized to have the same function for
spawning of Atlantic eels to stop their migration in the Sargasso
Sea and look for mates [51,52].

Disolved oxygen (ppm)
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Figure 5. Vertical distribution of Japanese eel, Anguilla japonica,
eggs. Catch rates of eggs in tows at the 150 m and 180 m depth layers
are shown in relation to the hydrographic parameters at Stn. 4 where
they were collected on 29 June 2011. Zeros on the y-axis show the
depths of tows that collected no eggs.
doi:10.1371/journal.pone.0088759.9g005
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Although the surveys of this study and previous ones have
usually had the problem of not having enough time after new
moon to adequately determine the precise spatial extent of
spawning by sampling for preleptocephali in multiple gridlines at
different longitudes, an interesting pattern has emerged neverthe-
less. Eggs and preleptocephali have been collected at various
latitudes mostly between 12.2—-15.3°N on the west side of the West
Marina Ridge and not on the east side during multiple years
[18,19], indicating that the seamount chain acts as a landmark of
the eastern edge of the spawning area. The location of the salinity
front has been linked to the estimated spawning locations in
several different years [16,19,39] including 2011, but in some
years low salinity water extends across the spawning area and no
distinct fronts are present [41] as was the case in 2012.

When salinity fronts form within the latitudes of the spawning
area, which all types of data suggest is from about 12-16°N [17-
19], spawning will occur at or south of the front and the eggs will
be found along the west side of the seamount ridge. When no front
is present within the latitudes of the spawning area, spawning can
occur at various latitudes within the lower salinity surface water
and eggs may appear in many places along the west side of the
ridge. It is unclear if other factors such as differences in current
velocities of parts of the NEC may have some influence on the
latitude of spawning in the absence of a distinct salinity front, but
there has been no clear indication of this occurring.

In the vertical axis of ocean depth, the eggs were only collected
at the two layers of 150 and 180 m and not in the 2 shallower and
2 deeper layers. Previous catches of preleptocephali [19,21] within
the same depth layer as the eggs in this study suggest spawning
occurs near this depth stratum located at the top of the
thermocline. However, since eggs and preleptocephali may be
positively buoyant compared to seawater at these approximate
temperatures [53], the eggs may rise up until they reach the depth
stratum where they seem to accumulate. The development time of
Japanese cel eggs at these temperatures are about 1.5-2 days
before hatching [54], so they have time to float up to the
thermocline. Catches of adult eels in the spawning area in the
upper 250 m [19,21,22] also suggest that spawning probably
occurs at depths of about 160-250 m. Combining all this
information, spawning by the Japanese eel seems to be relatively
shallow as previously hypothesized [19] and not much deeper as
was indirectly suggested by the observation from a submersible of
a possible American eel at a depth of about 2000 m on the bottom
in the Bahamas far from the American eel spawning area [55]. A
possible male Japanese eel was observed 2 days before new moon
within the spawning area along the West Mariana Ridge by a
underwater camera system “Deep-Tow”(JAMSTEC) at a depth of
179 m in July 2012 [38], but like the possible American eel seen
previously, the eel could not be identified for certain.

In the temporal axis, spawning of the Japanese eel appears to be
timed to occur in the few days just before new moon. This has
been shown by otolith analyses of leptocephali in several different
years that showed back-calculated hatching dates were centered
only on new moon periods [17,26]. More direct evidence of new
moon spawning has been found by the collections of eggs just
before new moon in 2009 [19], and in 2011 and 2012 in this study.
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Similarly, preleptocephali have only been collected near or just
after new moon in 2005 [20], 2007, 2008, 2009 [19] and in this
study. Spawning condition adults were also only caught within the
spawning area during new moon periods [19,21,22].

Therefore, it is hypothesized that Japanese eels spawn just
before new moon near or below the top of the thermocline along
the seamount ridge, which is determined latitudinally by the
northern extent of shallow lower salinity waters. How they
determine where these locations are before each new moon period
and why these locations would have been established as preferred
spawning locations are still unclear though, because little is known
about silver eel migrations in the ocean [31]. Pop-up tag studies for
the Japanese eel [34] and other anguillid eels [33,35-37] showed
that they mostly migrate between depths of about 100400 m at
night (much deeper during the day). However, they can sometimes
come into even shallower layers at night [34,35] at depths close to
where they would be able to detect the low salinity surface layers
described in this study. There is no evidence that these eels have
reached their spawning areas though, so their behaviors might
drastically change once they reach the spawning area to include
more movements into depths closer to the surface where they
could find some aspect of the low salinity water mass, or its
absence. Japanese cels and other anguillids are known to have a
geomagnetic sense [32,56,57] that might be used to help find their
spawning areas, but there has also been speculation that they
might use various types of odors associated with fronts or different
water masses, or pheromones from each other, to locate their
spawning sites and to find mates [31,51,52]. However, it is
essentially still a mystery how the eels reach their spawning areas
and find mates for spawning.

Regardless of how the eels accomplish the challenge of reaching
their spawning area, for the Japanese eel, the patterns of currents
in the western North Pacific have the potential to influence the
recruitment success of its larvae. Southward shifts of the spawning
locations following ElI Nifio events or shifts of the NEC bifurcation
latitude have been hypothesized to increase entrainment of
Japanese eel leptocephali into the Mindanao Current and reduce
their recruitment to East Asia [39,40,43,45]. Evidence that this
can occur was seen when a 42.8 mm A. japonica leptocephalus was
collected in the Celebes Sea [58] (Fig. 1). The modeling studies
showed that a slight difference (1°) in latitudes of spawning can
theoretically have a significant effect on the proportions of larvae
entering the Kuroshio (chance for successful recruitment) or the
southward branch entering the Mindanao Current (recruitment
failure) [43,45]. Other ocean-atmosphere or climatic factors have
been also suggested to be related to the recruitment success of the
Japanese eel or other species, including productivity changes
affecting larval survival [58-65]. The detection of unusual
temporal patterns of glass eel recruitment has also raised the
question about the possibility of there being a shift in the spawning
season recently [66]. Which of these factors may be more
important in influencing the decline or interannual recruitment
fluctuations of the Japanese eel is not known. It is also not known if

References

1. Tesch FW (2003) The eel: biology and management of anguillid eels. Blackwell
Publishing, London.

2. Aoyama J (2009) Life history and evolution of migration in catadromous eels
(Genus Anguilla). Aqua-BioSci Monographs 2: 1-42.

3. Wirth T, Bernachez L (2003) Decline of North Atlantic eels: a fatal synergy?
Proceedings of the Royal Society of London B 270: 631-688.

4. Dannewitz ], Maes GE, Johansson L, Wickstrom H, Volckaert FAM et al. (2005)
Panmixia in the European eel: a matter of time... Proceedings of the Royal

Society of London 272: 1129-1137

PLOS ONE | www.plosone.org

Spawning Sites of the Japanese Eel

having a clear landmark to assist Japanese eels to decide where to
spawn might improve their spawning and recruitment success,
compared to when spawning aggregations are more spread out
latitudinally.

Even though some aspects of where and when Japanese eels
spawn are now known, many mysteries remain to be determined
about how these remarkable fish are able to find their spawning
areas and then detect small differences in salinity or other
oceanographic characteristics before they form aggregations to
spawn. Future efforts to observe spawning aggregations using
camera systems [38] may help to understand the reproductive
ecology of the Japanese eel, and efforts to learn how their
leptocephali are transported westward from different spawning
latitudes also needs to be investigated in relation to seasonal
patterns of recruitment. These types of information may be
important components of the process of finding out how to best
manage and conserve this species to help prevent further declines
in its population.

Supporting Information

Figure S1 Japanese eel, Anguilla japonica, eggs from the
spawning area. Photographs of various stages of freshly caught
Japanese eel eggs (embryos) caught along the West Mariana Ridge
during the three surveys at the locations shown in Figure 4. Some
late-stage embryos hatched out while being observed (A, bottom
right; B, right). Many early-stage eggs did not survive the agitation
and temperature shock of capture by the net (C, right).

(TIF)

Figure S2 Japanese eel, Anguilla japonica, preleptoce-
phali from the spawning area. Photographs of a 5.7 mm
carly-stage Japanese eel, Anguilla japonica, preleptocephalus (pre-
feeding stage larva) with a large oil globule and undeveloped head
(A), and a 5.0 mm late-stage preleptocephalus with a jaws, teeth,
and pigmented eyes, which were both collected at 13°00.1N,
141°24.9E on 21 June 2012 (B). Both larvae were confirmed to be
A. japonica using onboard Real-Time PCR. Scale bars show 1 mm.

(TIF)

Acknowledgments

We thank the captains and crew members of the R/V Hakuho Maru whose
excellent help made these research cruises successful. All the other scientists
and technicians who helped deploy the sampling and hydrographic gear
and carefully sort the many plankton samples looking for the tiny eggs and
preleptocephali during the cruises are also gratefully acknowledged.

Author Contributions

Conceived and designed the experiments: KT TO JA SW. Performed the
experiments: KT NM JA TY SW MJM. Analyzed the data: JA SW MJM.
Contributed reagents/materials/analysis tools: TO NM JA MJM TY SW.
Wrote the paper: JA MJM.

5. Als TD, Hansen MM, Maes GE, Castonguay M, Riemann L, et al. (2011) All
roads lead to home: panmixia of European eel in the Sargasso Sea. Molecular
Ecology 20: 1333-1346

6. Coté CL, Gagnaire P-A, Bourret V, Bourret V, Verreault G, et al. (2013)
Population genetics of the American eel (dnguilla rostrata): FST =0 and North
Adtlantic Oscillation effects on demographic fluctuations of a panmictic species.
Molecular Ecology 22: 1763-1776.

7. Han YS, Hung CL, Liao YF, Tzeng WN (2010) Population genetic structure of
the Japanese eel Anguilla japonica: evidence for panmixia in spatial and temporal
scales. Marine Ecology Progress Series 401: 221-232

February 2014 | Volume 9 | Issue 2 | 88759



20.
21.

26.

27.

29.

30.

31.

32.

33.

34.

36.

37.

38.

. Tsukamoto K, Aoyama J, Miller MJ (2002) Migration, speciation and the

evolution of diadromy in anguillid eels. Canadian Journal of Fisheries and
Aquatic Science 59: 1989-1998

. Dekker W, Casselman JM, Cairns DK, Tsukamoto K, Jellyman D, et al. (2003)

Worldwide decline of eel resources necessitates immediate action: Quebec
declaration of concern. Fisheries 28: 2830.

. Tsukamoto K, Aoyama J, Miller MJ (2009) The present status of the Japanese

eel: resources and recent research. In: Casselman J, Cairns D (eds) Eels at the
edge. American Fisheries Society Symposium 58: 21-35.

Schmidt J (1922) The breeding places of the eel. Philosophical Transactions of
the Royal Society of London 211: 179-208.

. Kleckner RC, McCleave JD (1988) The northern limit of spawning by Atlantic

eels (Anguilla spp.) in the Sargasso Sea in relation to thermal fronts and surface
water masses. Journal of Marine Research 46: 647-667.

. Munk P, Hansen MM, Maes GE, Nielsen TG, Castonguay M, et al. (2010)

Oceanic fronts in the Sargasso Sea control the early life and drift of Atlantic eels.
Proceedings of the Royal Society B 277: 3593-3599.

Schoth M, Tesch F-W (1982) Spatial distribution of 0-group eel larvae (Anguilla
sp.) in the Sargasso Sea. Helgolinder Meeresunters 35: 309-320.

. McCleave JD, Kleckner RC, Castonguay M (1987) Reproductive sympatry of

American and European eels and implications for migration and taxonomy.
American Fisheries Society Symposium 1: 286-297.

. Tsukamoto K (1992) Discovery of the spawning area for Japanese eel. Nature

356: 789-791.

. Tsukamoto K, Otake T, Mochioka N, Lee TW, Fricke H, et al. (2003)

Seamounts, new moon and eel spawning: The search for the spawning site of the
Japanese eel. Environmental Biology of Fishes 66: 221-229.

Shinoda A, Aoyama J, Miller MJ, Otake T, Mochioka N, et al. (2011)
Evaluation of the larval distribution and migration of the Japanese eel in the
western North Pacific. Reviews in Fish Biology and Fisheries 21: 591-611.

. Tsukamoto K, Chow S, Otake T, Kurogi H, Mochioka N, et al. (2011) Oceanic

spawning ecology of freshwater cels in the western North Pacific. Nature
Communications 2:179 doi: 10.1038/ncomms1174

Tsukamoto K (2006) Spawning of eels near a seamount. Nature 439: 929-929.
Kurogi H, Okazaki M, Mochioka N, Jinbo T, Hashimoto H, et al. (2011) First
capture of post-spawning female of the Japanese eel Anguilla japonica at the
southern West Mariana Ridge. Fisheries Science 77: 199-205.

. Chow 8, Kurogi H, Mochioka N, Kaji S, Okazaki M, et al. (2009) Discovery of

mature freshwater eels in the open ocean. Fisheries Science 75: 257-259.

. Kaneko I, Takatsuki Y, Kamiya H, Kawae S (1998) Water property and current

distributions along the WHP-P9 section (137°-142°E) in the western North
Pacific. Journal of Geophysical Research 103: 12,959-12,984.

. Reverdin G, Frankignoul C, Kestenare E, McPhaden M]J (1994) Seasonal

variability in the surface currents of the equatorial Pacific. Journal of
Geophysical Research 99: 20,323-20,344.

Gardner JV (2010) The West Marina Ridge, western Pacific Ocean:
Geomorphology and processes from new mulitbeam data. Geological Society
of America Bulletin 122: 13781388

Ishikawa S, Suzuki K, Inagaki T, Watanabe S, Kimura Y, et al. (2001) Spawning
time and place of the Japanese eel, Anguilla japonica, in the North Equatorial
Current of the western North Pacific Ocean. Fisheries Science 67: 1097-1103.
van Ginneken V, Antonissen E, Miiller UK, Booms R, Eding E, et al. (2005) Eel
migration to the Sargasso: remarkably high swimming efficiency and low energy
costs. Journal of Experimental Biology 208: 1329-1335.

. van den Thillart G, Dufour S, Rankin JC (eds) (2009) Spawning migration of the

European eel. Fish and Fisheries Series, Vol. 30. Springer.

van Ginneken V, Vianen G, Muusze B, Palstra A, Verschoor L, et al. (2005)
Gonad development and spawning behavior of artificially matured European eel
(Anguilla anguilla 1..). Animal Biology 55: 203-218.

Dou SZ, Yamada Y, Okamura A, Tanaka S, Shinoda A, et al. (2007)
Observations on the spawning behavior of artificially matured Japanese eels
Anguilla japonica in captivity. Aquaculture 266: 117-129.

Tsukamoto K (2009) Oceanic migration and spawning of anguillid eels. Journal
of Fish Biology 74: 1833-1852.

Durif CMF, Browman HI, Phillips JB, Skiftesvik AB, Vollestad LA, et al. (2013)
Magnetic compass orientation in the European eel. PLoS ONE §(3): ¢59212.
doi:10.1371/journal.pone.0059212

Aarestrup K, Okland F, Hansen MM, Righton D, Gargan P, et al. (2009)
Oceanic spawning migration of the European eel (Anguilla angwilla). Science 325:
1660.

Manabe R., Aoyama J, Watanabe K, Kawai M, Miller MJ, et al. (2011) First
observations of the oceanic migration of the Japanese eel using pop-up archival
transmitting tags. Marine Ecology Progress Series 437: 229-240

. Jellyman D, Tsukamoto K (2005) Swimming depths of offshore migrating

longfin eels Anguilla digffenbachi. Marine Ecology Progress Series 286: 261-267.
Jellyman D, Tsukamoto K (2010) Vertical migrations may control maturation in
migrating female Anguilla dieffenbachii. Marine Ecology Progress Series 404: 241~
247.

Schabetsberger R, Okland F, Aarestrup K, Kalfatak D, Sichrowsky U, et al.
(2013) Oceanic migration behaviour of tropical Pacific eels from Vanuatu.
Marine Ecology Progress Series 75: 177-190.

Tsukamoto K, Mochioka N, Miller MJ, Koyama S, Watanabe S, et al., (2013)
Video observation of an eel in the Anguilla japonica spawning area along the West
Mariana Ridge. Fisheries Science 79: 407-416.

PLOS ONE | www.plosone.org

39.

40.

41.

42.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

Spawning Sites of the Japanese Eel

Kimura S, Tsukamoto K (2006) The salinity front in the North Equatorial
Current: a landmark for the spawning migration of the Japanese eel (Anguilla
Japonica) related to the stock recruitment. Deep-Sea Research II 53: 315-325.
Kimura S, Inoue T, Sugimoto T (2001) Fluctuation in the distribution of low-
salinity water in the North Equatorial Current and its effect on the larval
transport of the Japanese eel. Fisheries Oceanography 10: 51-60.

Zenimoto K, Miyazaki S, Miyake Y, Morioka H, Mizorogi N, et al. (2012)
Studies on oceanic conditions of larval transport of the Japanese eel in the North
Equatorial Current. In: Watanabe S, Yokouchi K, Tsukamoto K (eds)
Preliminary report of the Hakuho Maru cruise KH-08-1. Atmosphere and
Ocean Research Institute, University of Tokyo. pp. 10-13.

Kim YY, Qu T, Jensen T, Miyama T, Mitsudera H, et al. (2004) Seasonal and
interannual variations of the North Equatorial Current bifurcation in a high-
resolution OGCM. Journal of Geophysical Research 109:C03040.

. Zenimoto K, Kitagawa T, Miyazaki S, Sasai Y, Sasaki H, et al. (2009) The

effects of seasonal and interannual variability of oceanic structure in the western
Pacific North Equatorial Current on larval transport of the Japanese eel Anguilla
Japonica. Journal of Fish Biology 74: 1878-1890.

Qiu B, Chen S (2010) Interannual-to-decadal variability in the in the bifurcation
of the North Equatorial Current off the Philippines. Journal of Physical
Oceanography 40: 2525-2538.

. Kim H, Kimura S, Shinoda A, Kitagawa T, Sasai Y, et al. (2007) Effect of El

Nino on migration and larval transport of the Japanese cel (dnguilla japonica).
ICES Journal of Marine Science 64: 1387-1395.

Kimura S, Hasumoto H, Koyayashi M, Inagaki T (1994) Hydrographic
structure of the North Equatorial Current. In: Otake T, Tsukamoto K (eds)
Preliminary report of the Hakuho Maru cruise KH-91-4. Ocean Research
Institute, University of Tokyo. pp. 9-21.

Yoshinaga T, Miller MJ, Yokouchi K, Otake T, Kimura S, et al. (2011) Genetic
identification and morphology of naturally spawned eggs of the Japanese eel
Anguilla japonica collected in the western North Pacific. Fisheries Science 77: 983
992.

Watanabe S, Minegishi Y, Yoshinaga T, Aoyama J, Tsukamoto K. (2004) A
quick method for species identification of Japanese eel (Anguilla japonica) using
real-time PCR: An onboard application for use during sampling surveys. Marine
Biotechnology 6: 566-574.

Minegishi Y, Yoshinaga T, Aoyama ], Tsukamoto K (2009) Species
identification of Anguilla japonica by real-time PCR based on sequence detection
system: a practical application to egg and larva. ICES Journal of Marine Science
66: 1915-1918.

Mochioka N, Hasumoto H, Otake T, Inagaki T, Tsukamoto K (1995)
Horizontal distribution of Anguilla japonica leptocephali. In: Inagaki T,
Tsukamoto K (eds) Preliminary report of the Hakuho Maru cruise KH-94-2
(Leg 3). Ocean Research Institute, University of Tokyo. pp. 33-36.

McCleave JD (1987) Migration of Anguilla in the ocean: Signposts for adults!
Signposts for leptocephali? In Signposts-in-the-Sea. Proceedings of a multidis-
ciplinary Workshop on Marine Animal Orientation and Migration (Hernnkind
WE, Thistle AB, eds), pp. 102-117. Tallahassee, FL: Florida State University.
McCleave JD, Kleckner RC (1985) Oceanic migrations of Atlantic eels (4dnguilla
spp.): adults and their offspring. Contributions in Marine Science 27: 316-337.
Tsukamoto K, Yamada Y, Okamura A, Tanaka H, Miller MJ, et al. (2009)
Positive buoyancy in eel leptocephali: an adaptation for life in the ocean surface
layer. Marine Biology 156: 835-846.

Ahn H, Yamada Y, Okamura A, Horie N, Mikawa N, et al. (2012) Effect of
water temperature on embryonic development and hatching time of the
Japanese eel Anguilla japonica. Aquaculture 330-333: 100-105

. Robins CR, Cohen DM, Robins CH (1979) The eels, Anguilla and Histiobranchus,

photographed on the floor of the deep Atlantic in the Bahamas. Bulletin of
Marine Science 29: 401-405.

Nishi T, Kawamura G, Matsumoto K (2004) Magnetic sense in the Japanese eel,
Anguilla japonica, as determined by conditioning and electrocardiography. Journal
of Experimental Biology 207: 2965-2970.

Nishi T& Kawamura G, (2005) Anguilla japonica is already magnetosensitive at the
glass eel phase. Journal of Fish Biology 67: 1213-1224.

Miller MJ, Kimura S, Friedland KD, Knights B, Kim H, et al. (2009) Review of
ocean-atmospheric factors in the Atlantic and Pacific oceans influencing
spawning and recruitment of anguillid eels. In: Haro A, Avery T, Beal K,
Cooper J, Cunjak R, et al. (eds) Challenges for Diadromous Fishes in a Dynamic
Global Environment. American Fisheries Society Symposium 69: 231-249.
Knights B (2003) A review of the possible impacts of long-term oceanic and
climate changes and fishing mortality on recruitment of anguillid ecls of the
Northern Hemisphere. Science of the Total Environment 310: 237-244.
Friedland KD, Miller MJ, Knights B (2007) Oceanic changes in the Sargasso
Sea and declines in recruitment of the European eel. ICES Journal of Marine
Science 64: 519-530.

Bonhommeau S, Chassot E, Rivot E (2008a) Fluctuations in European eel
(Anguilla  anguilla) recruitment resulting from environmental changes in the
Sargasso Sea. Fisheries Oceanography 17: 32-44.

Bonhommeau S, Chassot E, Planque B, Rivot E, Knap AH, et al. (2008b)
Impact of climate on eel populations of the Northern Hemisphere. Marine
Ecology Progress Series 373: 71-80.

Kette AJ, Bakker DCE, Haines K (2008) Impact of the North Atantic
Oscillation on the trans-Atlantic migrations of the European eel (dnguilla anguilla).

Journal of Geophysical Research 113: G03004. doi: 10.1029/2007]G000589.

February 2014 | Volume 9 | Issue 2 | 88759



Spawning Sites of the Japanese Eel

64. Durif CMF, Gjosaeter J, Vollestad LA (2010) Influence of oceanic factors on Japanese eel, Anguilla japonica, to Taiwan. PLoS ONE 7(2): ¢30805. doi:10.1371/
Anguilla anguilla (L.) over the twentieth century in coastal habitats of the journal.pone.0030805.
Skagerrak, southern Norway. Proceedings of the Royal Society B: Biological
Sciences 278: 464-473. doi: 10.1098/rspb.2010.1547.

65. Tzeng W-N, Tseng Y-H, Han Y-S, Hsu C-C, Chang C-W, et al. (2012)

Evaluation of multi-scale climate effects on annual recruitment levels of the

66. Aoyama J, Shinoda A, Yoshinaga T, Tsukamoto K (2012) Late arrival of Anguilla
Japonica glass eels at the Sagami River estuary in two recent consecutive year
classes: ecology and socio-economic impacts. Fisheries Science 78: 1195-1204.

PLOS ONE | www.plosone.org 10 February 2014 | Volume 9 | Issue 2 | e88759



