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Abstract – Hatchery produced leptocephalus larvae of the Japanese eel (Anguilla japonica) were reared on
a research vessel and fed natural particulate organic matter (POM) collected in the Western North Pacific. A
small net (36 cm diameter, 60mm mesh) was vertically towed from 200m depth to surface in 2013, and
POM-enriched water (POMEW) filtered through 350mm mesh was fed to the leptocephali for 11 days.
Although the swollen gut corroborated the active ingestion of POM by the leptocephali, low survival rate
and heavily melanized gut followed by necrosis in the mid-hindgut region of the leptocephali were observed.
A large net (1.14m diameter, 30mm mesh) was used in 2014 and 2015, which was horizontally drifted
subsurface (100–175m). POMEWs filtered through 53 or 25mmmeshes were fed to the leptocephali for 5–
18 days. Neither melanized gut nor necrosis occurred, but considerably low survival rate and little growth
comparable with that in a starved condition were observed. No apparent shift in stable carbon and nitrogen
isotope ratios was observed in the reared leptocephali. These indicated that the ingested POMs were not
assimilated by the leptocephali and suggested that smaller particles may be important for the leptocephali.
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1 Introduction

Marine and freshwater eels of theAnguilliformes are known
to have peculiar transparent leaf-like larvae called leptocephali
(Miller, 2009).Natural diets of the eel leptocephali have not been
identified. Earlier studies reported poorly differentiated lepto-
cephalus gut containing no identifiable food material (Hulet,
1978). Hulet (1978) suggested that dissolved organic com-
poundsmaybedirectly absorbed through the epidermis, andalso
hypothesized that the leptocephali may utilize the sharp teeth to
puncture other organisms and to swallow the body fluid.
However, a later histological investigation indicated the
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alimentary tract of the Japanese eel (Anguilla japonica)
leptocephali was functional in uptaking and digesting intact
macromolecules (Otake, 1996).Mochiokaet al. (1993) observed
that thewild-caught leptocephali of the pike congerMuraenesox
cinereus and the conger eelConger myriasterwere not attracted
by livingzooplankton suchascopepod larvaeandctenophorebut
actively ingested squid paste. Butts et al. (2016) fed frozen-
thawed Sargasso planktons to the European eel (A. anguilla) but
observed no ingestion by the larvae. On the other hand, Masuda
et al. (2010) reported that cow’smilkwas ingestedandutilizedby
reared Japanese eel leptocephali. Using the slurry-type artificial
food containing shark egg yolk, Tanaka et al. (2003) first
succeeded to grow artificially hatched leptocephali of the
Japanese eel to the glass eel stage.
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Table 1. Information of the Japanese eel, Anguilla japonica leptocephali used for feeding experiment on board.

Year Hatchery Departure date
[dpha]

Feeding trial End TL2 (n)e Survival
(%)

Dietb Start [dpha] TL1 (n)c Nd

2013 Shibushi Stn. May 22 [39]
POMEW350

June 27 [75] 21.0 ± 1.5 (3)
19

July 8
24.3 ± 1.7 (3) 3 (15.8)

DSE 19 21.1 ± 2.6 (10) 11 (78.9)

2014
Shibushi Stn.. Oct. 8 [38]

POMEW25

Oct. 20 [51] 14.1 ± 1.7 (12)

71

Oct. 31

14.1 ± 1.6 (5) 5 (7.0)
DSE 69 15.4 ± 1.5 (5) 20 (29.0)
Starvation 69 – 0 (0)

Nansei Stn. Oct. 8 [105] POMEW53 Oct. 20 [118] 32.5 ± 3.3 (5) 81 Oct.31-Nov. 2 32.2 ± 1.6 (3)f 37 (45.7)g

2015
Shibushi Stn. Sep. 16 [5]

POMEW25
Sept. 18 [7]

– 500
Sep. 23

– 10 (2.0)
Starvation – 500 – 13 (2.6)

Nansei Stn. Sep. 16 [21]
POMEW25

Sept. 18 [23]
– 175

Sep. 29
– 15 (8.6)

Starvation – 175 – 19 (10.9)

a Days post hatch.
b POM-enriched water samples (POMEW) filtered through 350, 53 and 25mm meshes, and defatted shark egg-based diet (DSE).
c Average total length (mm) and number of individuals (parenthesis) sub-sampled at the onset of the feeding experiment.
d Initial number of leptocephali.
e Average total length (mm) and number of individuals (parenthesis) examined at the end of the feeding experiment.
f Total length was measured at November 1 and 2.
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Amorphous materials appear to be the major gut contents
in wild leptocephali, while fecal pellets of zooplankton,
larvacean houses, appendicularians, and aloricate protozoa
have been also observed in much smaller amounts in many
anguillid leptocephali (Otake et al., 1993; Mochioka and
Iwamizu, 1996; Govoni, 2010; Miller et al., 2011; Tomoda
et al., 2017). Thus, accumulating information on the gut
content and low trophic position of the eel leptocephali (Otake
et al., 1993; Mochioka and Iwamizu, 1996; Kimura and
Tsukamoto, 2006; Chow et al., 2010; Miller et al., 2011, 2013;
Miyazaki et al., 2011; Tomoda et al., 2017) suggest that
particulate organic matter (POM) including marine snow may
be the natural diet for eel leptocephali.

The spawning area for the Japanese eel has been
determined to be located at the southern part of the West
Mariana Ridge (Tsukamoto, 2006; Chow et al., 2009; Kurogi
et al., 2011; Tsukamoto et al., 2011), and the larval transport
via the North Equatorial Current in the Western North Pacific
has been well documented (Tsukamoto, 2006). In order to
evaluate value of POM as a feed for the eel leptocephali, we
attempted rearing the Japanese eel leptocephali on a research
vessel with POM-enriched subsurface sea water collected in
the Western North Pacific.

2 Materials and methods

2.1 Diet-switch experiment in the laboratory

This experiment was performed to investigate assimilation
rate by the leptocephali. Based on the previous investigations
(Ohta et al., 1996; Kagawa et al., 1997, 2013; Furuita et al.,
2014), femaleandmale adult eelswere induced tomaturityusing
hormonal treatment at the Nansei Station of the National
Research Institute of Aquaculture (NRIA), Japan Fisheries
Research and Education Agency. Fertilized eggs were obtained
from spontaneously spawned eggs, and hatched leptocephali
were transferred to the Shibushi Station of NRIA at 5 days post
Page 2
hatch (dph), where ca. 400 leptocephali were kept in a 10L tank.
Rearing system followed Tanaka et al. (2003) and Furuita et al.
(2014). Temperature and exchange rate offiltered seawaterwere
maintained at 23–24 °C and 0.5–0.8 L m�1, respectively. The
experimental diets were offered at 6 dph. Two slurry-type
artificial diets (DSEandDHY)wereprepared, ofwhichDSEwas
based on defatted shark egg andDHYwas based on defatted hen
egg yolk (see Furuita et al., 2014). Six to seven mL of the diets
were fed four to five times a day. The leptocephali were initially
fedDSE from6 to 28 dph, andDHY from29 dph until the end of
experiment (50 dph). Dead individualswere removed every day.
To control the larval density and to monitor the growth, 12–18
leptocephaliwereperiodically sampled in themorningbefore the
first feeding for the total length measurements. Among
leptocephali sampled after the diet-switch, three lots (four to
six individuals were pooled per lot) at each sampling day were
used for stable isotope analysis.

2.2 On board rearing experiment

Leptocephali of the Japanese eel produced as above
mentioned in the Nansei and Shibushi Stations were
transferred to the research vessel RV Kaiyo-Maru, Fisheries
Agency of Japan, on the day or one day before departure,
where the same rearing system used for the laboratory
experiment was built. The rearing water was prepared by
filtering the surface seawater through 1mm cartridge filters
(TCW-1N-PPD; Advantec Toyo Kaisha, Ltd., Tokyo, Japan).
Information on the leptocephali and rearing scheme are
summarized in Table 1. DSE was fed to the leptocephali until
POM samples became available.

2.3 POM samples

Collection locations for POM samples are shown in
Figure 1. CMS (coastal mesoplankton sampler) net (36 cm
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Fig. 1. Map showing collection localities for POMEW samples in
2013 (square), 2014 (closed circle) and 2015 (open star).

Fig. 2. Trajectories of total length (A), d13C (B) and d15N (C) in
leptocephali after diet-switch. Analysis of variance with Tukey-test
was performed, and mean values carrying different alphabets differ
significantly (P < 0.05).
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diameter mouth opening, 2m long, 60mm mesh) (Itoh and
Mochioka, 2005) with a 200mL cod end bottle was used in
2013 and supplementarily in 2015. MS (marine snow) net
(1.14m diameter mouth opening, 2.6m long, 30mm mesh)
(Tomoda et al., 2017) with a 5 L cod end bottle was used in
2014 and 2015. The location and depth of POM sampling were
varied, since the main purpose of the research cruise was
plankton survey and the weather conditions affected the
handling of net especially for the MS. The CMS net was
vertically towed from 200m depth to surface at 30 cm s�1. The
MS net was horizontally towed at 100–175m depth for 30min
to 1 h with the vessel drifting on the sea surface. POM-enriched
water (POMEW) samples collected in 2013 were filtered
through 350mm mesh and the filtrate was fed to the
leptocephali. POMEWs collected in 2014 and 2015 were
pre-filtered through 300, 150 and 90mm meshes. These pre-
filtered POMEWs were further filtered through 53 and 25mm
meshes, and the filtrates were fed to the leptocephali.

2.4 Stable isotope analysis

The POMEW samples filtered with GF/F glass microfiber
filter (0.7mm), reared leptocephali and experimental diets
(DSE and DHY) were lyophilized and ground into a fine
powder, which were then defatted using 1:1 chloroform-
methanol solution (v/v). The defatted samples were oven-dried
and sample aliquots were placed in tin containers. The carbon
and nitrogen stable isotope ratios (d13C and d15N) were
analyzed using an elemental analyzer (Vario Micro Cube,
Elementar Japan) coupled with an isotope ratio mass
spectrometer (IsoPrime100, Isoprime). The isotope ratios
were expressed as per mil (‰) deviation from international
standard (i.e. the Vienna Pee Dee Belemnite for carbon and
atmospheric N2 for nitrogen), in which d

13C or d15N= (Rsample/
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Rstandard� 1)� 1000, where R is 13C/12C or 15N/14N. Using
data from the diet-switch experiment, half-life that the isotopic
composition of the tissue reaches to a midpoint between the
initial and asymptotic values was calculated using exponential
model of Hobson and Clark (1992).

3 Results

3.1 Diet-switch experiment in the laboratory

The mean stable isotope ratios (±SD) of DSE were
�17.9 ± 0.1‰ for d13C and 13.1 ± 0.1‰ for d15N, and those of
DHY were �18.5 ± 0.3‰ for d13C and 4.4 ± 0.1‰ for d15N.
Trajectories of growth and mean stable isotope ratios of
leptocephali after diet-switch are shown in Figure 2. The mean
total length of the leptocephali at 6 days after diet-switch
became significantly larger than that at 0 day (Fig. 2A). The
mean stable isotope ratios of the leptocephali on the day of
diet-switch were �17.6 ± 0.1‰ for d13C and 14.6 ± 0.1‰ for
d15N. Both isotope ratios of the leptocephali gradually
decreased and those at 6 days after the diet-switch became
significantly lower than those at 0 day (Fig. 2B and C). No
significant difference was observed in both isotope ratios
between 18 and 21 days after the diet-switch. Given that the
both isotope ratios reach asymptotic at 18 days after the diet-
switch, half-life was estimated to be 4.6 days.
of 7



Fig. 3. Zoo- and phytoplanktons and amorphous materials observed in POMEW sample filtered through 350mm mesh in 2013 cruise.

Fig. 4. Melanised gut (A) and necrosis of abdominal region (B) of
leptocephali observed in POMEW feeding experiment in 2013.
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3.2 Onboard rearing experiment

The POMEW samples used for feeding in 2013 were
collected in narrow area (Fig. 1, open squares). The amount of
POMEW sample per one CMS net cast was ca. 300mL
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(including rinsing water), and two to four casts were performed
at one site. The POMEW sample was filtered through 350mm
mesh (POMEW350) before feeding to the leptocephali and
analyzed for the stable isotope ratios. Age of leptocephali was
75 dph at the onset of POMEW350 feeding, and the mean total
length of sub-sampled leptocephali was 21.0 ± 1.5mm (n= 3)
(Tab. 1). Two tanks contained 19 leptocephali each, and DSE
(5mL, four times a day) was fed to one and POMEW350
(500mL, two times a day) to the other. Water supply was
ceased for 15min during the DSE feeding and for 3 h during
the POMEW350 feeding. Many zoo- and phytoplanktons were
observed in the POMEW350 (Fig. 3). Swollen guts were
observed in the leptocephali in both tanks within 1 h after
feeding, indicating active ingestion. Melanized guts were
observed in several leptocephali in the POMEW350 feeding
(Fig. 4A), and necrosis in the mid-hindgut region began to be
observed from 5 days after the onset of feeding (Fig. 4B).
Leptocephali showing necrosis were assumed to be dying and
sampled for stable isotope analysis. Only three leptocephali
(15.8%) survived to the final day (11th day) in the
POMEW350 feeding treatment, in which no symptom of
necrosis was observed, and the mean total length was
24.3 ± 1.7mm (Tab. 1). Higher survival (78.9%) and no
necrosis were observed in the DSE feeding group, and the
mean total length was 21.1 ± 2.6mm (n= 11) on the 11th day
(Tab. 1). There was no significant difference in the mean total
length between POMEW350 and DSE feeding groups. Stable
isotope ratios of DSE, POMEWand leptocephali are shown in
Figure 5. The d15N of POMEW350 (3.9 ± 1.1‰) was depleted
than that of DSE (12.1 ± 0.2‰) by 8.2‰. The correlations
between isotope ratios of the leptocephali and feeding period
were not significant (r2< 0.03, P> 0.1) in the POMEW350
feeding group. No apparent difference was observed in the
of 7



Fig. 5. Trajectories of d13C (A) and d15N (B) in leptocephali fed DSE
(open triangle) and POMEW (open circle) in 2013. Stable isotope
ratios of DSE and POMEW are shown by closed triangle and closed
circle, respectively.
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d15N values between leptocephali fed POMEW350 and DSE
(14.0 ± 0.3‰ and 14.2 ± 0.5‰, respectively) (Mann–Whitney
U test, P > 0.07).

POMEW samples in 2014 were collected in wide area
(Fig. 1, closed circles). Of 5 L volume of POMEWobtained at
one MS net cast, 3 L was filtered and used for feeding and 1 L
for stable isotope analysis. Ages of two size groups of
leptocephali at onset of experiment were 51 and 118 dph (Tab.
1). Smaller leptocephali were used for POMEW25 (filtered
through 25mm mesh) feeding, DSE feeding and starvation
groups, (n= 71, 69 and 69, respectively), and POMEW53
(filtered through 53mm mesh) was fed to larger leptocephali
(n= 81) (Tab. 1). Large zoo- and phytoplanktons observed in
POMEW350 during 2013 cruise did not exist in POMEW25
and POMEW53, while small amount of amorphous materials
and small spherical particles (∼20mm) were observed (see
Tomoda et al., 2017). Neither melanized gut nor necrosis in the
leptocephali was observed, but unidentified whitening disease
caused low survival for all rearing lots. At the end of the
experiment for smaller leptocephali (11th day), no survival
was observed under starved condition and survival rates in
POMEW25 (7.0%) feeding groups were much lower than that
in DSE feeding group (29.0%). No growth was observed in
POMEW25. Not significant but mean total length
(15.4 ± 1.5mm) in DSE feeding at 11th day was slightly
larger than that (14.1 ± 1.7mm) at 0 day. Although the survival
rate of larger leptocephali fed POMEW53 was high (45.7%),
little growth was observed. The mean total length on the final
day in DSE feeding was slightly larger than that at the onset but
difference was not significant. Stable isotope ratios of smaller
leptocephali at the onset of the experiment were�17.1 ± 0.1‰
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for d13C and 15.0 ± 0.2‰ for d15N, and those of larger
leptocephali were �19.3 ± 0.6‰ for d13C and 10.1 ± 0.8‰ for
d15N. Different formulations of DSE between Shibushi and
Nansei Stations reflected isotopic differences between smaller
and larger leptocephali. Stable isotope ratios on the final day of
the experiment were �18.3‰ for d13C and 14.3‰ for d15N in
smaller leptocephali (n= 1, five individuals pooled). Some of
larger leptocephali were reared by 136 dph, and the stable
isotope ratios were�19.0 ± 0.4‰ for d13C and 10.0 ± 0.6‰ for
d15N (n= 3). These values were not notably different from
those at the onset. The d13C of POMEW53 and POMEW25
ranged from �21.9‰ to �20.9‰ with the average of
�21.4 ± 0.4‰ and from �22.0‰ to �20.9‰ with the average
of �21.4 ± 0.4‰, respectively (Fig. 6A). The d15N of these
ranged from 1.5‰ to 4.9‰with the average of 2.8 ± 1.0‰ and
from 1.2‰ to 6.2‰ with the average of 3.2 ± 1.4‰,
respectively (Fig. 6B). The stable isotope ratios of POMEW53
and POMEW25 were considerably depleted than those in the
reared leptocephali.

POMEW samples in 2015 were collected in wide area
(Fig. 1, open stars). Ages of two size groups of leptocephali at
the onset of the experiment were 7 and 23 dph, and the initial
numbers of leptocephali used for the experiment were 500 and
175, respectively (Tab. 1). Drastic mortality was observed in
the small size group, in which the survival rates at 5 days after
the onset of the experiment for POMEW25 feeding and
starvation groups were 2.6% and 2.0%, respectively, and the
experiment was ceased. The larger size leptocephali lived
longer, and the survival rates at 11 days after the onset of the
experiment were 8.6% for POMEW25 feeding group and
10.9% for starvation group. Stable isotope ratios of the
leptocephali were not analyzed, while those of POMEW25
ranged from �23.0‰ to �20.5‰ with the average of
�21.7 ± 0.8‰ for d13C (Fig. 6C) and ranged from 0.0‰ to
2.7‰ with the average of 1.2 ± 0.8‰ for d15N (Fig. 6D).

4 Discussion

Previous rearing experiments performed in the laboratory
have indicated particle size, texture and nutrition of diets as
important factors, rather than the living status (immobile or
moving) for anguillid eel leptocephali (Tanakaet al., 1995, 2003;
Wullur et al., 2013; Hagiwara et al., 2014; Butts et al., 2016).
Tanaka et al. (1995)first observed that 13 dph leptocephali of the
Japanese eel ingested living S-type rotifer Brachionus rotundi-
formis (136 ± 16mm length, 105 ± 11mm width), but the
leptocephali did not survive at all. Many feed candidates were
then tried on eel leptocephali, and a slurry-type diet made from
shark egg yolk has been the best food so far (Tanaka et al., 2001,
2003). Efforts have also been continued to find living planktons
as alternative feed for eel leptocephali. Apart from whether it is
digested and assimilated, smaller planktons may be more
effectively ingested by the Japanese eel leptocephali (Wullur
et al., 2013; Hagiwara et al., 2014). However, no zoo- and/or
phytoplanktons innon-processedconditionhavebeenconfirmed
to be digestible and absorbable by eel leptocephali (Tanaka et al.,
2003;Wullur et al., 2013; Butts et al., 2016). Our attempts failed
togrow the Japanese eel leptocephali by feedingPOMscollected
in the Western North Pacific. Necrosis of digestive organ
occurred in the leptocephali during the feeding trial with large-
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Fig. 6. d13C (A, C) and d15N (B, D) of POMEW samples plotted against latitude in 2014 (A, B) and 2015 (C, D). Open and closed circles indicate
POMEW samples filtered through 53 and 25mm meshes, respectively. Symbols on the plots indicate set depth of the MS net.
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size fraction of POM (POMEW350), but no such symptomwas
observed when feeding smaller fractions (POMEW53 and 25),
strongly suggesting that the relatively large zoo- and/or
phytoplanktons observed in POMEW350 (Fig. 3) specifically
those with hard or pointed body might have seriously damaged
the digestive organ of the leptocephali. Although no apparent
damagewas observed in the digestive organs of leptocephali fed
the smaller-size fractions of POMs, very little growth and very
low survival were observed. No apparent shift in isotopic
signatures of leptocephali reared onboard was also indicative of
very little assimilation of the POMs. These indicate that the
POMs used in this study are not suitable as feed for the Japanese
eel leptocephali.

Recently, Tomoda et al. (2017) found that Alcian-blue
stained aggregates (polysaccharides), Coomassie-brilliant-
blue stained aggregates (proteins) and small spherical particle
(2–10mm in diameter) were common between the environ-
mental water and the gut contents of anguilliform leptocephali,
suggesting POM originated from phytoplankton and cyano-
bacteria to be food sources for the leptocephali. This
assumption is consistent with the low trophic position of
the eel leptocephali (Otake et al., 1993; Kimura and
Tsukamoto, 2006; Chow et al., 2010; Miyazaki et al., 2011;
Miller et al., 2013) and the feeding apparatus constrained to
feed on small and/or soft particle (Bouilliart et al., 2015). Since
the nets (CMS and MS) used in the present study were 60 and
30mm in mesh size, the aggregates and small spherical POMs
reported by Tomoda et al. (2017) were not adequately collected
and supplied to the leptocephali during the experiments in this
study. Development of a method to collect large amount of
seawater together with such fine particles and soft aggregates is
necessary to elucidate the efficacy of the small POMs as the
feed for the Japanese eel leptocephali.
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