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Estimation of the spawning time of
Japanese eels in the open ocean
Takatoshi Higuchi1*, Yoshiaki Yamada2, Shun Watanabe3, Takahito Kojima4 &
Katsumi Tsukamoto5
To understand the spawning ecology of the Japanese eel, the spawning time of this species was
estimated based on measurements of the ascending speed of eggs and previously obtained data.
Two types of water temperature parameters were calculated assuming an arbitrary spawning time.
The ‘incubation temperature’ of 53 eggs collected in the spawning area was estimated based on
the developmental stage of each egg and experimentally determined relationships between water
temperature and incubation duration. The ‘experienced temperature’ of eggs ascending in the water
column after spawning was estimated based on an ascending egg speed of 3.69 m/h and spawning
depth of 230 m determined from a pop-up satellite archival tag release experiment on silver eels
conducted in the same area. The incubation and experienced temperatures of the eggs coincided only
at 20:20–22:30 h, 3 days prior to the new moon. This period is only a few hours after the diel vertical
migration of Japanese eels in the evening, when adults move up from a depth of ~800 m (approximately
5 °C) to shallower waters of 200–250 m depth (approximately 20 °C). Our findings will facilitate
improvements in aquaculture techniques and the detection of eel spawning events in the open ocean.
An exponential decrease in freshwater eel resources began in the late 1900s1. With less than 1% of eel resources
remaining in the Atlantic, the International Union for the Conservation of Nature and Natural Resources (IUCN)
decided to list four anguillid eel species, namely the European eel Anguilla anguilla, American eel A. rostrata,
Japanese eel A. japonica, and Borneo eel A. borneensis, as threatened species in 20142. Several factors have been
suggested to have contributed to the decline in eel resources, including overfishing and the destruction of estuarine environments and freshwater habitats3,4. Environmental fluctuations in oceanic spawning habitats and
migration pathways may also have influenced the fluctuation in freshwater eel resources4–8.
In order to gain an understanding of the mechanisms underlying the fluctuations in eel resources, the entire enigmatic reproductive ecology of anguillid eels must be studied in detail. In 2008 and 2009, spawning adults and eggs of
the Japanese eel were respectively collected from the west side of the Mariana Islands9–11, revealing the existence of
Japanese eel spawning sites near the southern end of the West Mariana Ridge in the Philippine Sea10,12. However, the
courtship behaviour of these freshwater eels and the structure of spawning populations must also be characterised in
order for us to fully comprehend their spawning ecology. Direct observation of the spawning behaviour of adult eels
in the field is the obvious way to achieve this objective. However, although various efforts involving the manned submersible JAGO (Max Planck Institute) and SHINKAI 6500 (JAMSTEC), the underwater survey system Deep-Tow
(JAMSTEC), and the UNA-CAM drifting camera systems (JAMSTEC and Nihon University) have attempted to
observe spawning events13,14, the tracking of spawning eels has yet to be accomplished. To solve this problem, novel
methods that can be used to estimate the precise location and timing of spawning events are essential.
Recently, attempts have been made to identify the location of spawning areas in studies using a prediction
model based on the ‘Internal Tide Hypothesis’ (Higuchi et al., unpublished). In brief, adult eels might spawn in
high-energy patches of internal tide in the eels’ putative eel spawning area. Studies that have examined the otolith
microstructure of Japanese eel larvae suggest that spawning occurs during the new moon period of each month
in summer15,16. Moreover, the results of numerous studies on the eggs and hatched larvae of Japanese eels have
clearly indicated that spawning events occur a few days before the new moon10,12. Nevertheless, further detailed
estimations of the time of spawning are needed to locate the aggregations of spawning adult eels.
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Figure 1. Method used to estimate the spawning time of Japanese eels. Egg collection times (Supplementary
Fig. S4)10,12, ascending speed of eggs (Fig. 2), swimming depth of silver eels (Supplementary Fig. S2)18, and
Conductivity Temperature Depth profiler observed water temperatures are indicated by blue boxes. The
assumed spawning time (overlap of the incubation and experienced temperatures, indicated by orange boxes) is
considered to be the possible spawning time.
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Figure 2. Box plots showing a comparison of ascending speeds among eggs at the morula, ear and eye vesicle
formation, and immediately pre-hatching stages, and of newly hatched larvae of Japanese eels. The numbers
above each box plot indicate the sample sizes for each developmental stage. Different letters above the boxes
indicate a significant difference.

Thus, the objective of the present study was to estimate the spawning time of Japanese eels using two different
types of water temperature measurement: (1) the incubation temperature, estimated based on the embryonic
developmental stage of each collected egg; and (2) the experienced temperature, calculated based on the speed of
eggs moving up the water column (hereafter referred to as the ascent speed) and the recorded ocean water temperature. The time of spawning is herein considered to be the period during which these two temperatures coincide. Our findings not only can be used to identify the spawning events of freshwater eels in the ocean but also
may contribute to the formulation of resource management plans and development of aquacultural procedures
for freshwater eels, which, despite substantial efforts for over half a century, have yet to be established.

Results

Estimation of spawning time.

In this study, we used two types of environmental water temperature
parameters experienced by the eggs to estimate spawning time, namely the incubation temperature and the experienced temperature (Fig. 1). Arbitrary spawning time (AST) was assumed at any time before the new moon, and
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the time elapsed from fertilisation (ET, unit: hour) until egg collection (EC, Supplementary Fig. S1) was calculated for each egg (Eq. 1).
(1)

ET = EC − AST

For example, if the arbitrary spawning time is assumed at 21:00 on 3 days prior to the new moon for one fertilized egg that is collected at 3:00 on 1 day prior to the new moon, the time elapsed from fertilisation is calculated
to be 30 hours.
The experienced temperature (unit: °C) is the temperature experienced by an egg prior to collection. This
temperature is defined as the mean water temperature experienced by each egg during its ascent from the depth at
which spawning occurred to the depth at which the egg ascent. Based on spawning depth (SD, unit: m), ascending
speed (AS, unit: m h−1) and ET, the ascent depth (ADET, unit: m) was calculated (Eq. 2).
ADET = SD − AS × ET

(2)

The rising arrival depth is deeper as the elapsed time from fertilisation is shorter. If the eggs reached the upper
border of the pycnocline near the 150 m layer in the spawning area12, it was assumed that the eggs would stop
rising at 150 m in the water column. The experienced temperature is the averaged value of the water temperature
that eggs experienced during the ascending process (Eq. 3). The water temperature is the observed water temperature (Tempn, unit: °C) at corresponding depth at which the egg was present throughout the ascending process
(ADn, unit: m).
Experienced temperature =

1 ET
∑ (TempADn )
ET n =1

(3)

The calculated experienced temperature is lower as the elapsed time from fertilisation is shorter.
The incubation temperature (unit: °C) is defined as the water temperature at which the collected egg reached
a certain developmental stage. On the basis of the relational equations between experienced temperature (variable x) and time required for an artificially fertilised egg to reach a certain developmental stage (variable y),
as reported by Ahn et al.17, incubation temperature values were obtained by assigning ET to the variable y in
the relational equation17. For eggs collected at different stages, the relational formulas reported by Ahn et al.17
corresponding to each developmental stage were used. (Eq. 4 for eggs at blastula stage, Eq. 5 for eggs at gastrula
stage, Eq. 6 for eggs at eye and ear vesicle formation stage, Eq. 7 for eggs at heart formation stage, Eq. 8 for eggs
at pre-hatching stage)
Incubation temperature (blastula) =

ET − 11.39
−0.2233

(4)

Incubation temperature (gastrula) =

ET − 15.383
− 0. 3

(5)

Incubation temperature (eye and ear vesicle formation) =

Incubation temperature (heart formation) =

Incubation temperature (pre hatching ) =

ET − 67.822
−1.9889

ET − 2.5222
−88.689

ET − 102.52
−2.8556

(6)

(7)

(8)

Thus, eggs at different stages collected at the same sampling station had different incubation temperatures.
Because the egg collection time is fixed, the time elapsed from fertilisation until egg collection is variable by
assumed spawning time. So, the elapsed time from fertilisation is shorter as the assumed spawning time is later,
and the calculated incubation temperature is higher as the elapsed time from fertilisation is shorter.
If the assumed spawning time was the actual spawning time, the incubation and experienced temperatures
were expected to coincide. Therefore, the overlap between these two estimated temperatures is herein considered
to indicate the time of spawning.

The ascending speed of eggs. By observing artificially spawned eggs and their resultant preleptocephali in

a cylindrical column tank, we determined the ascending speeds of eggs at the morula stage, ear and eye vesicle formation stage, and immediately prior to hatching, and of newly hatched larvae as 4.32 ± 0.11 (4.2–4.5), 3.69 ± 0.31
(3.1–4.1), 0.49 ± 0.72 (−0.6–2.0), and 7.24 ± 0.32 m h−1 (6.9–8.1 m h−1), respectively (Fig. 2). Statistical analyses
revealed that the speeds of ascent differed significantly among the different developmental stages (p < 0.001,
Kruskal–Wallis with Steel–Dwass post hoc test), indicating that the embryonic buoyancy decreases gradually
with development and then increases rapidly after hatching18.
Eggs at the morula stage, shortly after fertilisation, may experience a temperature of under 20 °C at the estimated spawning depth (230 m) in their spawning area12, which was tracked using pop-up satellite archival tags19
(Supplementary Fig. S2). It is also known that eggs and newly hatched larvae accumulate at the thermocline (at
a depth of approximately 150 m), at which the water temperature is approximately 26 °C, since the upper layer
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Figure 3. Estimated spawning date in relation to the new moon during each cruise period. The determined
developmental stages of egg are as follows: ear and eye vesicle formation stage (dark blue bars), heart formation
stage (blue bars), and immediately pre-hatching (light blue bars). All eggs collected are plotted in relation to the
date of the new moon of each month: (a) May 2009, (b) June 2011, (c) May 2012, and (d) June 2012.
is warmer and lighter, and the eggs and larvae are unable to rise further in the water column10,12. Thus, eggs and
early larvae may experience water temperatures of at least 20–26 °C. Most of the eggs collected during this study
were at the late stage of development immediately prior to hatching, the measured ascending speed of which was
between −0.6 and 4.5 m h−1. We used the value of an intermediate stage (3.69 m h−1; ear and eye vesicle formation
stage) as the representative ascending speed of eggs in the ocean to estimate the ascent depth of the fertilised eggs.

Spawning date. The developmental stages of only 53 of the 593 eggs collected during the four R/V Hakuho

Maru cruises from 2009 to 2012 were determined, as the remaining 540 eggs were either non-viable or damaged,
or were unclearly photographed (photographs were taken only after a rapid onboard morphological identification) (Supplementary Fig. S3). Among the remaining 53 eggs, 7, 9, and 37 were at the ear and eye vesicle formation, heart formation stage, and immediately pre-hatching stages, respectively.
In May 2009, we collected three eggs at the ear and eye vesicle formation stage on days 1 and 2 before the
new moon, and 16 eggs at the immediately pre-hatching stage on day 2 before the new moon (Supplementary
Fig. S4). Using the formula described by Ahn et al.17, their spawning dates were estimated to be day 3 before the
new moon (21st May 2009) (Fig. 3). Similarly, in June 2011, 2, 7, and 10 eggs at the ear and eye vesicle formation,
heart formation, and immediately pre-hatching stages, respectively, were collected on day 1 before the new moon
(Supplementary Fig. S4), all of which were estimated to have been spawned on day 3 before the new moon (27th
May 2011). On 29th June 2011, eggs at the heart formation stage were collected at 12°54′N, 141°55′E at 04:29 h
(Supplementary Fig. S3), and dead eggs were collected at 13°5′N 142°5′E at 21:32 h (Supplementary Fig. S3). The
dead eggs were undeveloped although not putrid, and were thus assumed to have been spawned in the same event
as the eggs collected at the heart formation stage.
In May 2012, we collected 1, 2, and 11, eggs at the ear and eye vesicle formation, heart formation, and immediately pre-hatching stages. Their spawning dates were estimated to be on day 3 (17th May 2012) or day 2 (18th May
2012) before the new moon. One egg at the heart formation stage and 11 eggs at the immediately pre-hatching
stage were collected at 15°5′N 142°20′E in the morning (07:46 h) on 19th May 2012, and on 20th May 2012, one
egg at the ear and eye vesicle formation stage and one egg at the heart formation stage were collected at night
(01:43–04:30 h) at almost the same location (15°5′N, 142°20′E and 15°N, 142°20′E, respectively). Given that the
older hatching eggs (Supplementary Fig. S3) were collected approximately 26 h prior to collection of the younger
eggs at the ear and eye vesicle formation stage (Supplementary Fig. S3) at virtually identical sites, we can assume
that multiple spawning events occurred on consecutive nights within the same area. In June 2012, one egg at the
ear and eye vesicle formation stage was estimated to have been spawned on day 2 before the new moon (17th June
2012). Accordingly, on the basis of the distribution of the estimated spawning dates, we can assume that spawning
(94.5%) occurred on day 3 before the new moon in each spawning month.

Spawning time.

A comparison between the incubation and experienced temperatures for each assumed
spawning time indicated that there was no significant difference between these temperatures only between 20:20
and 22:30 on day 3 before the new moon, when the mean incubation and experienced temperatures for n = 53
eggs were 22.07 ± 3.94 °C and 23.21 ± 0.95 °C, respectively (Brunner–Munzel test, p > 0.05) (Fig. 4). Further,
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Figure 4. Estimated spawning time on days 2 to 4 before the new moon. The experienced temperature
calculated by Eq. 3 (white circles) and incubation temperature calculated by Eqs. 4–8 (black circles) for 53 of
all 593 eggs at each assumed spawning time (horizontal axis), estimated following the method shown in Fig. 1.
Comparison of the two types of water temperatures that are plotted above each assumed spawning time showed
no significant difference from 20:20 to 22:30 h on day 3 before the new moon (p > 0.05, Brunner–Munzel test)
(yellow area). The grey-shaded areas show the time between sunset and sunrise, which is averaged among the
four research cruises.
incubation and experienced temperatures of 4 of 53 eggs overlapped on day 2 before the new moon (Fig. 3). On
the basis of this observation, we thus predict that the spawning time of the Japanese eel coincides with this time
window. The 53 eggs that were used for estimation of spawning time were collected from 21:00 h to 11:00 h on
days 3 to 1 before the new moon. Most of the eggs (69.81%) were collected just after the peak of spawning time
(20:20–22:30 h on day 3 before the new moon) (Supplementary Fig. S1).

Discussion

The most significant aspect of the present study is that we present the first estimate of eel spawning time based
on data of Japanese eel eggs recently collected in their natural environment. Moreover, to the best of our knowledge, we performed the first experimental measurements of the speeds of eggs ascending in a water column. We
thus believe that the findings of the present study may have unravelled at least some of the mystery surrounding the spawning ecology of freshwater eels. The newly estimated spawning time between 20:20 and 22:30 h on
day 3 before the new moon falls within previous estimates of the spawning period (days 2–4 before the new
moon)15,16. And the two types of estimated water temperatures were consistent with previous studies that are the
optimal temperature for spawning behavior of spawning-condition eels (22 °C)20 and eggs development/hatching
(22–25 °C)17. On the basis of these findings, we infer that adult males and females gather in the evening and commence spawning courtship activities, thus spawning in the aforementioned time window (Yamada et al. personal
communication).
The estimated spawning time (approximately 21:30 h on day 3 before the new moon) is only a few hours after
Japanese eels ascend from the deep layer during their diel vertical migration (DVM) (Supplementary Fig. S2).
In both their spawning area and along migration routes after leaving their freshwater growth habitat, Japanese
eels repeatedly perform a unique daily vertical movement between deep/cold (787.6 ± 54.9 m, 5.2 ± 0.3 °C) and
shallow/warm (267.3 ± 52.6 m, 18.2 ± 3.0 °C) water (Supplementary Fig. S2)19. The timing of their ascent through
the water column coincides with sunset and all silver eels in the same area generally ascend at the same time21. It
is thus conjectured that this DVM may play a role in the physiological synchronisation of final maturation.
The estimated spawning time also coincides with low tide and the ensuing flood tide (eastward tidal velocity
varied from −3.30 ± 0.58 to 3.14 ± 0.53 cm s−1)22. The reproduction of marine organisms, such as white-streaked
grouper, Epinephelus ongus23 and Zebra coral, Oulastrea crispata24, is often synchronised with periods of slack
tide. This may have certain ecological advantages, in that slack water may promote fertilisation success, and the
ensuing flood flow can facilitate the effective dispersal of eggs, thereby minimizing the likelihood of predation. In
the pelagic region, adult eels are the common targets of visually hunting predators with high swimming performance, including tunas, sharks, and marine mammals25–27, and thus the spawning of Japanese eels on the nights
of a new moon may lessen the risk of falling prey to these predators.
The spawning depth of Japanese eel (230 m) is estimated by the nighttime depth (Supplementary Fig. S2).
Higuchi et al. (2018)19 reported that Japanese eels distribute on stable layer (230.2 ± 20.0 m) when the moon
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disappeared in the sky during nighttime. Furthermore, it has been clarified that the swimming depth during
their spawning migration is regulated by light environment from the several pop-up satellite archival tag studies18,28–30 and pinger tracking study31. Japanese eels that arrive at same spawning site may swim almost same layer.
Therefore, the swimming depth during nighttime might align the spawning depth and increase the probability for
spawning-condition Japanese eels to encounter another spawning-condition adults.
For a number of years, considerable efforts have been made in order to establish aquacultural procedures for
anguillid eels. To date, however, artificial maturation, spawning, and fertilisation through exogenous hormone
treatment have been applied for only five of the 19 known species/subspecies of anguillid eels worldwide, namely,
A. japonica32, A. anguilla33,34, A. rostrata35, A. australis, and A. dieffenbachii36. However, with the exception of
some incomplete investigations using high water pressure37 and fluctuating water temperature manipulation38,
there have been no investigations based on the natural progress of sexual maturation without the use of exogenous
hormone treatments. Accordingly, the natural process of final maturation for spawning remains incompletely
understood. Because the estimated timing of spawning event is just after ascending of DVM (Supplementary
Fig. S2a,b), increasing of the experienced water temperature and water pressure might be one of the stimuli for
start of ovulation and spawning. The spawning events on 2–3 days prior to the new moon (Fig. 3) is equivalent
to 27–28 of moon age. Since eels experience a gradually darkening night as they approach the new moon, light
environment may be a supplemental stimulus.
In order to understand all aspects of the spawning ecology of freshwater eels in their natural environment,
the Internal Tide Hypothesis, which proposes that male and female eels use the high energy of internal tides
for spawning aggregation and mating, must be validated by observing spawning behaviour in their spawning
area13,14. The information on spawning time presented in this study will contribute to predicting the spatiotemporal position of these fish and in detecting their spawning events.
If the spawning behaviour can be observed directly, several ecological and biological mysteries, including the
number of spawners, sex ratio, and courtship, may be resolved. Such knowledge will provide a scientific basis for
devising effective measures for the resource management, propagation, and conservation of eels. Moreover, our
proposed scenario for final maturation in the natural environment may contribute to enhancing aquaculture
procedures for promoting spontaneous maturation.
In conclusion, the present study proposed a new method for estimation of the spawning time of Japanese eels
using results from four survey cruises, experimental data of the ascending speed of eggs, and the swimming depth
of a silver eel in its spawning area. To improve the accuracy of the estimation, some factors must be optimised.
The spawning depth was estimated to be 230 m based on the DVM behaviour of Japanese eel19. This depth should
be confirmed by observing the spawning-condition adults on the west side of the Mariana Islands. Furthermore,
measurement of the ascending speed of eggs was conducted using seawater with stable temperature and salinity.
However, the environmental conditions of a water column in ocean water vary according to depth. To better
simulate actual conditions, similar experiments using various temperatures and salinities should be conducted to
generate a more precise model of ascension.

Methods

Collection of japanese eel eggs.

A total of 593 Japanese eel eggs were collected during four research
cruises of the R/V Hakuho Maru in May 2009, June 2011, and May and June 2012. These eggs were collected using
the methodology described by Tsukamoto et al.10 and Aoyama et al.12. In brief, eggs were caught using standardised oblique tows of a 3-m diameter ORI-BigFish ring net with 0.5-mm mesh that fished mostly in the upper
200 m. The collected eggs were identified both morphologically and genetically39–41. The position of egg collection
was reported by Tsukamoto et al.10 and Aoyama et al.12. In the present study, a unit of day was regarded as the 24-h
period from one sunset to the next, and the new moon was considered as ‘day 0’.
In May 2009, 31 eggs were collected on days 2 to 1 before the new moon10 (Supplementary Fig. S4). A total
of 147 eggs were also collected on days 3 to 2 before the new moon in June 201112. In May 2012, 131 eggs were
collected on days 2 to 0 before the new moon, whereas in June 2012, 284 eggs were collected on days 3 to 1 before
the new moon. Egg collection occurred on day 2 before the new moon during each survey cruise.

Measurement of the ascending speed of japanese eel eggs. The speed at which the eggs/larvae of
Japanese eel ascend in a water column was measured in the laboratory. The eggs used in this study were obtained
from the spontaneous spawning of artificially matured Japanese eels (three males and one female). The three
males were collected during the glass eel stage and reared at the IRAGO Institute, Aichi, Japan. The female originated from artificial seedling production and was reared at the same institute as the three males. These four eels
were artificially matured following the method reported by Kagawa et al.42 and Okamura et al.43,44. The fertilised
eggs were incubated in seawater at 23–25 °C until they reached each of the following developmental stages: morula, ear and eye vesicle formation, immediately pre-hatching, and newly hatched larvae.
Analysis of ascending eggs/larvae was conducted 10 or 11 times for each developmental stage using a 27-L transparent tank (width 30 cm × depth 10 cm × height 90 cm) filled with seawater (temperature: 20 °C, salinity: 35‰).
The condition of seawater, including salinity and temperature, was controlled to roughly mimic the environmental
factors of the estimated spawning layer (about 230 m in present study) observed in the survey in June 2011 that was
reported in Aoyama et al.12 and to prevent effects on normal embryonic development. The eggs and larvae were
gently released near the bottom of the tank, and the speeds of ascent were measured using a stopwatch. The ascent
speeds were compared statistically using the Kruskal–Wallis test followed by Steel–Dwass multiple comparisons.
The handling of adult eels and measuring of egg ascending were carried out in strict accordance with the
relevant guidelines and regulations, and our protocol was approved by Institutional guidelines for animal experiments of Nihon University. All eels were anaesthetized using 2–phenoxyethanol before handling.
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Developmental stage determination and water temperature estimation of natural eggs. The

developmental stages of eggs collected in the spawning area were determined following Yamamoto et al.45.
Spawning depth was estimated based on pop-up satellite archival tag data of a Japanese eel released in its
spawning area (Supplementary Fig. S2)18. Spawning depth was assumed to be 230 m since the mean ± standard
deviation of swimming depths at the peak of egg collection (2 days before the new moon) was 229.2 ± 9.9 m.
The ascent depth of eggs (the depth at which an egg with positive buoyancy ascended in the ocean) was estimated based on the measured ascending speed of eggs, the estimated spawning depth, and the time elapsed since
fertilisation.
On the basis of the vertical structure of water temperature estimated using a conductivity, temperature, and
depth (CTD) sensor system (Sea-Bird, USA), data for the experienced temperature (overall temperature experienced during the ascent of each collected egg) were calculated as the mean of the temperatures recorded for each
1-m interval from a depth of 230 m to the ascent depth of each egg. Estimates of the spawning time of the Japanese
eels were obtained as the time window represented by the statistically non-significant difference between incubation and experienced temperatures based on the Brunner–Munzel test (Fig. 1).

Data availability

This study was carried out using previously published data10,12,18 (e.g. information about collected eggs, tracking
data of an adult eel, and environmental information regarding the research area of this study), excluding those
described in ‘Measurement of the ascending speed of Japanese eel eggs’.
Received: 26 September 2019; Accepted: 31 January 2020;
Published: xx xx xxxx
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