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Abstract— Visible objects in the gut contents of 13 leptocephali of 11 species and 8 families of eels were observed using photo-

graphs of daytime-caught larvae in two different types of marine habitats: the open ocean (North Equatorial Current) and a

semi-enclosed deep-water bay (Tomini Bay of Sulawesi Island, Indonesia). Zooplankton fecal pellets of at least 3 shapes, trans-

parent oval objects, and one apparent appendicularian were observed to have been ingested. These types of objects are consis-

tent with the hypothesis that leptocephali consume marine snow and discarded appendicularian houses, which both typically

contain fecal pellets. Appendicularians have not been previously reported to be consumed by leptocephali, but the apparent

presence of one in a muraenid intestine suggests that they may occasionally be consumed along with their houses. Chlopsid lep-

tocephali in both regions were observed to have consumed large amounts of food material, which indicated that their short in-

testines are able to expand more than previously known. Due to net avoidance, most leptocephali are collected at night when

feeding may be reduced, so visible food materials are rarely observed in their intestines at night. These photographs show some

marine snow-related objects that are consumed by leptocephali more clearly than previous reports.
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Introduction

Leptocephali are widely distributed at tropical and sub-
tropical latitudes (Miller 2009) and are often abundant near
continental shelf areas (Miller et al. 2002, Miller and Mc-
Cleave 2007) or in offshore areas, such as in anguillid eel
spawning areas (Tsukamoto 1992, McCleave and Kleckner
1987, Miller and McCleave 1994, Miller et al. 2006), but
their feeding ecology is poorly known. In the open ocean
they mostly live in the upper 100 meters at night and some
species of leptocephali vertically migrate to deeper depths in
the upper few hundred meters during the day (Castonguay
and McCleave 1987, Otake et al. 1998, Miller 2009). Lepto-
cephali are remarkably transparent, laterally compressed lar-
vae with a unique physiology (Pfeiler and Govoni 1993,
Bishop and Torres 1999, Bishop et al. 2000, Pfeiler 1999),
but their biology and ecology is remarkably poorly known
(Smith 1989, Miller 2009).

What leptocephali eat as a food source was a complete
mystery for many years due to a lack of any visibly identifi-
able food contents in their guts/intestines (these terms will be

used interchangeably). The lack of visible organisms such as
zooplankton in their guts and the thin layer of epidermis cov-
ering their bodies led to the hypothesis that leptocephali do
not feed by ingesting food, but may absorb dissolved organic
carbon (DOC) across the surface of their bodies (Pfeiler
1986; Hulet and Robins 1989). However, close examinations
of leptocephalus gut contents from coastal waters near Japan
were able to distinguish zooplankton fecal pellets and dis-
carded appendicularian (larvacean) houses in leptocephalus
intestines, thus proving that they ingest food material (Otake
et al. 1993, Mochioka and Iwamizu 1996). Laboratory obser-
vations also found that late-stage leptocephali would eat
squid paste in the laboratory (Mochioka et al. 1993), and ar-
tificially spawned and reared leptocephali were clearly shown
to feed and grow under artificial conditions while being fed
an artificially prepared paste diet (Tanaka et al. 2001). These
various observations clearly showed that leptocephali of at
least several families actively consume food to obtain nutri-
tion and do not depend on absorbing DOC as was hypothe-
sized.

The examinations of the gut contents of leptocephali
(Otake et al. 1993, Mochioka and Iwamizu 1996) and stable
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isotope analyses of their body contents (Otake et al. 1993,
Kimura and Tsukamoto 2006, Miyazaki et al. 2011) support
the hypothesis that leptocephali obtain their nutrition prima-
rily at low levels of the food chain by feeding primarily on
marine snow particles and that they possibly also target ap-
pendicularian houses as a readily available food source
(Westerberg 1990, Mochioka and Iwamizu 1996). Marine
snow is a consistent component of ocean environments where
leptocephali live and grow, and appendicularians are wide-
spread and typically abundant in these same environments
(Alldredge 1976, Alldredge and Silver 1988, Fenaux et al.
1998). Because appendicularians are filter feeders that use a
delicate gelatinous house with a filtering system (Flood
1991), they have to frequently discard their houses after their
filters become clogged, but they can immediately inflate a
new one and resume feeding (Flood and Deibel 1998, Sato et
al. 2003). As a result of this, their discarded houses are
thought to be abundant and an important food source for
some marine organisms (Alldredge 1972, 1976).

Leptocephali have a wide variety of head and jaw shapes
(Miller and Tsukamoto 1994, Miller 2009), with both blunt
and very pointed jaws (Fig. 1), and their outward pointing
teeth seem to be well-designed for feeding on particulate ma-
terials such as marine snow and discarded appendicularian
houses (Westerberg 1990, Mochioka and Iwamizu 1996,
Miller 2009). The mouths of at least some species of lepto-
cephali have a vellum that can probably assist with sealing
the buccal cavity of the mouth during swallowing (Miller
2009), but this has not been studied in leptocephali. Amor-
phous material that seems to contain very small particles is
usually present in the guts of all types of leptocephali sug-
gesting they may all have similar feeding ecologies (Miller
2009), and this material will often flow out of the end of their
intestines (Fig. 2). Although this material is not consistent
with being the result of feeding on zooplankton, its exact ori-
gin is unknown. Observations of the ultrastructure of the ep-
ithelial cells lining the intestines of leptocephali, have also
suggested that these larvae may also be adapted for absorb-
ing dissolved organic carbon from the water that may be in-
gested along with the particulate material (Otake 1996,
Otake et al. 1993).

Some of the most recent information about the feeding
biology of eel larvae is from a study that used DNA barcod-
ing of the gut contents of small anguillid leptocephali in the
Sargasso Sea of the western North Atlantic. This analysis de-
tected sequences from a variety of marine organisms includ-
ing various zooplankton or gelatinous zooplankton taxa (Rie-
mann et al. 2010). Although it was suggested leptocephali
may feed directly on these taxonomic groups, as discussed
later it is likely that most of these DNA sequences came from
organisms living within marine snow particles.

The present study uses photographs of distinctively visi-
ble objects in the guts of leptocephali collected using large
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Fig. 1. The head regions of 3 species of leptocephali showing 3
different head and jaw shapes of (A) a 97 mm Uropterygiinae
(Muraenidae), (B) a 33 mm Anguilla marmorata, and (C) a 103 mm
Gnathophis-type (Congridae) that contained visible gut contents.

plankton nets to illustrate the presence of objects within their
intestines more clearly than previous studies that occurred
before the development of digital photography. The implica-
tions of the presence of these various objects and the discov-
ery of expandable guts in the leptocephali of the family
Chlopsidae are discussed in relation to the present state of
knowledge about the feeding ecology and behavior of lepto-
cephali in the ocean.
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Fig. 2. Amorphous food content material containing small round objects that flowed out of the end of the gut of a 33 mm Synapho-

branchinae leptocephalus collected in Tomini Bay in Indonesia.

Materials and Methods

Leptocephali whose gut contents were observed in this
study were collected during 4 research cruises of the R/V
Hakuho Maru (JAMSTEC, and Atmosphere and Ocean Re-
search Institute) that included 3 cruises in the North Equator-
ial Current (NEC) region of the western North Pacific
(WNP) between April to July in 2008, 2009 and 2011 and
one cruise in the central Indonesian Seas in March 2010
(Table 1). In the NEC, all but one larva were collected with a
3-m diameter mouth opening ORI-BF ring net with 0.5 mm
mesh that was fished in oblique tows (0-300 m). One larva in
the NEC and all larvae in Tomini Bay, of northern Sulawesi
Island were collected with an 8.7 m?* Isaacs-Kidd Midwater
Trawl with 0.5 mm mesh fished horizontally at several differ-
ent depths in the upper 150 m.

After being sorted out of the plankton samples and
being placed in chilled seawater, photographs of the larvae
were taken using a Nikon SMZ 1500 dissecting microscope
equipped with a Nikon DMX1200F digital imaging system
(Nikon, Tokyo Japan) in the NEC, or a Sony DSC-300 digital
camera (Sony, Tokyo Japan) in Tomini Bay (due to a com-
puter failure with the digital imaging system) that prevented
scale bars from being used for the photographs in Tomini
Bay. Specimens were then preserved in ethanol or by being
frozen after they were identified to the lowest possible level
according to Mochioka et al. (1982), Tabeta and Mochioka
(1988) and Miller and Tsukamoto (2004) and measured to
the nearest millimeter total length (TL).

The observations of the objects in the intestines of lepto-
cephali from these sampling surveys were not quantitative
(some larvae with visible gut contents may not have been
photographed), and attempting to verify the identity of the
objects directly was beyond the scope of this study. Verifica-
tion of the identity of the apparent appendicularian in the lep-

tocephalus intestine was not possible, since this specimen
was lost during the March 2011 earthquake and tsunami.

Results

All of the leptocephali that had visible objects in their
intestines shown in this study were collected during the day,
or during sunrise in the case of most of the specimens from
Tomini Bay, at times ranging from 5:29 to 17:46 (Table 1). A
larger number of leptocephali were collected at night, but
visible objects in the intestines of leptocephali are rarely seen
in specimens collected at night. The 11 species of lepto-
cephali with gut contents in this study belonged to 8 families,
and ranged in size from 8 to 234mm TL (Table 1). They
were collected between 12 to18°N and 137 to 142°E in the
NEC and just south of the equator between 120 to 121°E in
the south-central part of the western region of Tomini Bay
(see Wouthuyzen et al. 2005, 2009, for maps showing Tomini
Bay).

In the NEC in 2008, 2 leptocephali were photographed
that included a 33 mm Anguilla marmorata leptocephalus
collected in the late afternoon. It was found to contain sev-
eral brownish or yellowish oval-shaped zooplankton fecal
pellets in the posterior portion of its intestine that appeared
to be between 0.1 and 0.2 mm in length (Fig. 3). Even more
distinct, were the 3 or 4 types of objects that were visible in
the intestine of a 97 mm muraenid leptocephalus collected in
the morning (Fig. 4). The largest was an object that appeared
to be partially folded and had both purple and orange col-
oration (Fig. 4A, B), which may have been the main body of
a appendicularian as discussed later. The other objects were
elongated fecal pellets of possibly 2 shapes and also a more
diffuse oval object (Fig. 4C, D). These objects were all >0.6
mm in length.

Other objects were seen in leptocephali collected in the
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Table 1.

List of the collection data and total length (TL) of the leptocephali or specimens in this study that contained visible objects in

their intestines or were included for comparisons. The species identifications of most leptocephali in the Indo-Pacific are not yet known
(Miller and Tsukamoto 2004), so specimens are listed at the lowest possible taxonomic level. The location of capture is listed as the start
of the tow, and the time of capture (local time) is from the start to the end of each tow. All cruises (KH) were conducted by the R/V
Hakuho Maru, and collections were made using either the IKMT (IK-O, S) or a large ring net (ORI-BF). The appendicularians shown in

Fig. 11 are also included.

Cruise Station Net Date Location Local time Family Species TL
WNP

KH-08-1 232 IK-O 26-Jun-2008  16-00.0N, 16:30-17:18 Anguillidae Anguilla marmorata 33
137-01.2E

KH-08-1 360 ORI-BF 9-Jul-2008 15-00.0N, 10:30-11:07 Muraenidae Uropterygiinae 97
142-15.0E

KH-09-2 91 ORI-BF 17-May-2009  18-00.3N, 09:15-10:04 Derichthyidae sp. 9
140-01.2E

KH-09-2 91 ORI-BF 17-May-2009  18-00.3N, 09:15-10:04 Nemichthyidae Nemichthys 60
140-01.2E

KH-09-2 145 ORI-BF 24-May-2009  12-50.0N, 14:07-15:13  Derichthyidae sp. 8
141-23.1E

KH-11-4 58 ORI-BF 1-June-2011 12-50.8N, 16:43-17:46  Chlopsidae sp. 4 66
141-149E

KH-05-1 27 ORI-BF 6-June-2005  13-03.3N, 18:59-20:18 Chlopsidae sp. 4% 65
141-01.4E

KH-09-1 44 ORI-BF 24-Apr-2009  14-15.1N, 05:23-06:05 Oikopleuridae Oikopleura dioica? —
142-30.0E

Tomini Bay

KH-09-5 4 IK-S 7-Mar-2010 00-29.7S, 8:21-9:40 Congridae Ariosomar-type 234
120-449E

KH-09-5 9 IK-S 8-Mar-2010 00-29.1S, 5:46-07:14  Ophichthidae Ophichthinae 39
121-14.3E

KH-09-5 9 IK-S 8-Mar-2010 00-29.1S, 5:46-07:14  Congridae Gnathophis-type 103
121-14.3E

KH-09-5 9 IK-S 8-Mar-2010 00-29.1S, 5:46-07:14  Chlopsidae sp. 30
121-14.3E

KH-09-5 9 IK-S 8-Mar-2010 00-29.1S, 5:46-07:14  Chlopsidae sp. 43
121-14.3E

KH-09-5 9 IK-S 8-Mar-2010 00-29.1S, 5:46-07:14  Chlopsidae Kaupichthys 45
121-14.3E

KH-09-5 5 IK-S 9-Mar-2010 00-44.8S, 5:29-6:51 Synaphobranchidae  Synaphobranchinae 33
120-44.4E

*This leptocephalus had no visible gut contents, but was included for comparison in Figure 7.

NEC in 2009 that included oval fecal pellets in a 60 mm Ne-
michthys (Fig. 5A) and in 8 and 9 mm Derichthyidae lepto-
cephali (Fig. 5B—D). The Nemichthys larva also had a large
transparent object in the same area that the fecal pellets were
visible. The fecal pellets in their intestines were all <0.1 mm
in length.

In the NEC in 2011, a 66 mm Chlopsidae sp. 4 (Tabeta
and Mochioka 1988) leptocephalus was collected in the late
afternoon in June, which had a large amount of food contents
in its intestine (Fig. 6, 7A). Zooplankton fecal pellets were
clearly visible inside both the anterior and posterior regions
of the intestine (Fig. 6B, C), and 2 types of fecal pellets
flowed out the end of the gut along with other food materials
(Fig. 6B, D). The degree of fullness of the intestine of this
leptocephalus was clearly much greater than a same size

280

larva (65 mm) of the same species caught in June of 2005 in
the same region, which did not contain extensive food mate-
rial and did not have an expanded intestine (Fig. 7).

The leptocephali in Tomini Bay that were photographed
in March 2010 had various types of visible objects inside
their intestines that included distinct fecal pellets and oval
objects, and several chlopsid leptocephali were also observed
to have swollen intestines that were full of gut contents.
There were 3 chlopsid leptocephali (30—45 mm) collected at
Station 9 in Tomini Bay that had swollen intestines contain-
ing numerous oval fecal pellets and various shapes of trans-
parent objects (Fig. 8). A few clusters of pigment spots were
visible on the upper sides of the guts of 2 of the larvae (simi-
lar to Chlopsidae sp. 6 of Tabeta and Mochioka 1988), but
the rest of the dark oval objects appeared to be zooplankton
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Fig. 3. Apparent zooplankton fecal pellets in the intestine of a
33mm Anguilla marmorata leptocephalus (Fig. 1B) collected in
the North Equatorial Current region. (A) shows the posterior part
of the body near the end of the gut, and (B) is an enlargement of
the area inside the rectangle in (A).

fecal pellets (Fig. 8A-C). The Kaupichthys leptocephalus
had several oval fecal pellets and several large oval objects
(Fig. 8D). The most remarkable feature of these 3 chlopsid
larvae from Tomini Bay and the 66 mm chlopsid larva col-
lected in the NEC was that their intestines were very full of
food material and were much more swollen than usual com-
pared to other chlopsid larvae that have been seen previously.

Other leptocephali collected in Tomini Bay that had visi-
ble gut contents included a 234 mm Ariosoma-type congrid
leptocephalus (similar to Ariosoma type B, of Mochioka et
al. 1982) that had dark-colored and orange-colored objects in
one part of the intestine (Fig. 9A, B). It also had elongate
fecal pellets with orange material near an elongated transpar-
ent oval object in another part of the intestine (Fig. 9C, D).
At Station 9 in Tomini Bay where the 3 chlopsid larvae were
collected, a 103 mm Gnathophis-type congrid had elongate
fecal pellets with orange material inside its intestine, along
with some lighter colored material anterior to the fecal pel-
lets (Fig. 10A, B). An ophichthid leptocephalus also col-
lected at that station had oval transparent objects, oval fecal
pellets, and yellowish materials mixed together inside a re-
gion of curvature of the gut (Fig. 10C, D).

Fig. 4. Various objects in the intestine of a 97 mm Uropterygiinae leptocephalus collected in the North Equatorial Current region. (A)
the anterior part of the intestine, with the rectangles showing the areas enlarged in (B) an apparent appendicularian head, left rectangle,
and (C) elongate fecal pellets, right rectangle, and (D) a fecal pellet and another object.
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Fig. 5. Fecal pellets and transparent oval objects in the intes-
tines of (A) a 60 mm Nemichthys leptocephalus with a appendicu-
larian-shaped fecal pellet clearly visible adjacent to a transparent
object, and of (B) 9mm and (C, D) 8 mm Derichthyidae lepto-
cephali with fecal pellets and other materials visible. All 3 lepto-
cephali were collected in the North Equatorial Current region.

Discussion

The present study provided evidence that some lepto-
cephali collected during daylight hours both far offshore in
the subtropical gyre of the WNP and in a semi-enclosed
deep-water tropical bay in Indonesia have fecal pellets and
other objects in their guts in addition to amorphous material.
Several shapes and sizes of fecal pellets were observed in the
two areas along with various transparent oval objects. The
number of fecal pellets seen ranged from just a few in lepto-
cephali of the Anguillidae, Congridae, Muraenidae, and
Ophichthidae, to many that were seen in one of the chlopsid
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larvae from Tomini Bay (Fig. 8A, B). Other leptocephali col-
lected during the day often appear to have intestines filled
with amorphous material that can flow out of the gut after
capture as seen in the 33 mm synaphobranchid leptocephalus
collected in Tomini Bay during sunrise (Fig. 2) and as shown
by Miller (2009; Fig. 22C), even if they do not contain visi-
ble objects such as fecal pellets or transparent oval objects.
The materials in the guts of these leptocephali can seemingly
often be packed in quite densely and appear likely to be held
inside the intestine by constriction of a sphincter at the end of
the anus, which when relaxed, allows the gut contents to flow
out (Fig. 2A, Fig. 6).

A few photographs of the intestines of other species of
leptocephali have also shown gut contents including transpar-
ent oval objects and fecal pellets (Otake et al. 1993; Mo-
chioka and Iwamizu 1996; Miller 2009). The transparent oval
objects in the study of Mochioka and Iwamizu (1996) were
determined to be discarded appendicularian houses. They ex-
amined the guts of 234 specimens of eight species of lepto-
cephali (Congridae, Muraenesocidae, Muraenidae, Nettas-
tomatidae, Ophichthidae) that were caught along coastal
Japan, and found that 80% of the leptocephali that had food
in their intestines contained appendicularian houses and 56%
contained appendicularian fecal pellets; but only 17% con-
tained other types of fecal pellets. Otake et al. (1993) exam-
ined the gut contents of Conger myriaster, C. japonicus, and
Muraenesox cinereus collected in coastal waters and found
zooplankton fecal pellets and smaller objects in the guts of
more than 90% of the 613 leptocephali examined. Scanning
electron microscope (SEM) observations were used to con-
firm that zooplankton fecal pellets and discarded appendicu-
larian houses were present in the gut contents of the lepto-
cephali in these studies (Otake et al. 1993; Mochioka and
Iwamizu 1996). Apparent marine snow-like particulate mate-
rial was also seen in the intestines of 2 M. cinereus lepto-
cephali collected in light traps near a tropical island of south-
ern Japan (Miller et al. 2010).

The observation of these types of objects in the intes-
tines of leptocephali is consistent with the hypothesis that
these unusual fish larvae feed almost exclusively on particu-
late material such as marine snow and discarded appendicu-
larian houses. Most of the oval-shaped fecal pellets in the
present study (Fig. 3, 5, 8, 10D) appear to be those of appen-
dicularians as reported by Mochioka and Iwamizu (1996),
and shown recently by Wilson et al. (2008) who reported on
the shapes of various zooplankton fecal pellets. The more
elongate fecal pellets (Fig. 4, 6, 9, 10B) appear to be from
crustaceans such as euphausids or copepods, and the reddish
coloration, such as those seen in the gut contents of the 2
species of congrid leptocephali in Tomini Bay (Fig. 9D,
10B), were suggested to belong to predatory zooplankton
(Wilson et al. 2008). In the present study, most of the obser-
vations of appendicularian-shaped fecal pellets were also ac-
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0

0.5 mm 0.2 mm

Fig. 6. The head region (A) of a Chlopsidae sp. 4 leptocephalus and its gut contents including zooplankton fecal pellets in the posterior
(B) and anterior (C) regions of the intestine. (B) and (D) show fecal pellets and food materials contents that flowed out of the end of the
intestine during examination of the leptocephalus.

Fig. 7. The intestines of two similarly sized Chlopsidae sp. 4 leptocephali collected in the North Equatorial Current region that show a
large amount of gut contents and expanded intestine (top, 66 mm larva collected in June 2011) also shown in Figure 6, or no apparent
gut contents (bottom, 65 mm larva collected in June 2005).
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Fig. 8. Food contents inside the expanded intestines of lepto-
cephali of the Chlopsidae that were full of food material. (A) a
30 mm TL Chlopsidae sp. that contains many fecal pellets, shown
in the area in the rectangle enlarged in (B). (C) a 43 mm TL Chlop-
sidae sp. with a greatly expanded intestine. (D) anterior intestine
region a 45 mm TL Kaupichthys sp. that contains fecal pellets and
transparent oval objects. All 3 leptocephali were collected at the
same station during sunrise in Tomini Bay, Indonesia.

companied by the presence of transparent oval objects that
are thought to be discarded appendicularian houses (Mochi-
oka and Iwamizu 1996). The discarded appendicularian
houses typically contain some of their own fecal pellets
(Taguchi 1982, Alldredge and Sliver 1988), so the lepto-
cephali in Figures 5, 8, 10D appear to have been feeding on
discarded appendicularian houses that also contained appen-
dicularian fecal pellets.
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Fig. 9. Various objects in the gut of a large Ariosoma-type lep-
tocephalus (234 mm) collected in Tomini Bay. (A) objects with the
area in the rectangle enlarged in (B), and (C) fecal pellets in the
rectangle enlarged in (D) and a large transparent oval object.

The present study also observed what appears to be the
main body of an appendicularian in the intestine of a mu-
raenid larva (Fig. 4B), which is the first report leptocephalus
apparently ingesting an actual appendicularian instead of just
their discarded houses. The object in the intestine looks simi-
lar in structure and color to the main body regions of a
species of appendicularian that was also collected in the NEC
region in April 2009 (Fig. 11). The apparent appendicularian
in the leptocephalus intestine may have been eaten while still
in its house. Various fishes or fish larvae feed directly on ap-
pendicularians (Purcell et al. 2004, Capitanio et al. 2005,
Llopiz et al. 2010), but leptocephali are likely not adapted to
digest them. Eating appendicularian houses still containing
the appendicularian may be maladaptive due to the agitation
that could be caused by a struggling appendicularian that
could break up the house and disperse the nutrient-containing
materials during ingestion of the house. Therefore, it is likely
that leptocephali typically avoid houses containing appendic-
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Fig. 10. Visible gut contents in (A) the posterior part of the in-
testine of a 103 mm Gnathophis-type leptocephalus with fecal
pellets and orange material shown in the enlargement in (B), and
(C) fecal pellets and transparent oval objects in the intestine of a
39 mm Ophichthinae leptocephalus with the area in the rectangle
enlarged in (D).

ularians.

Another new finding of the present study is that the un-
usually short guts of leptocephali of the family Chlopsidae
are able to expand greatly in diameter to allow the consump-
tion of larger amounts of food material (Fig. 7, 8). The lepto-
cephali of this family are frequently collected in tropical
areas and they have been both photographed and illustrated
(Smith 1969, Tabeta and Mochioka 1988, Miller and

Leptocephalus gut contents

Tsukamoto 2004), but their guts have always been narrow
and tubular like other leptocephali. The two chlopsid lepto-
cephali of the same species collected at different times of day
in the NEC clearly show the contrast between expanded and
non-expanded intestines depending on how much food they
contain (Fig. 7). Three of the chlopsid larvae with expanded
guts and 2 other species that showed the presence of apparent
appendicularian houses and fecal pellets were all collected
during sunrise at Station 9 in Tomini Bay (Table 1). This tow
sampled primarily at two depth layers (105m and then at
30m), so if the larvae were caught in the 30 m layer, they
may not have been inside the net very long. If this was the
case and they were immediately brought on board the ship,
this may have resulted in a minimal amount of loss of food
material from their guts while they were in the codend of the
net.

The fact that the leptocephali at this station and all the
others in this study were collected during the daytime, sug-
gests that leptocephali may feed predominantly during the
day, because possible nighttime observations were not ex-
cluded from the present study. Similarly, all the leptocephali
in the studies of Otake et al. (1993) and Mochioka and
Iwamizu (1996) were caught during the day, so any nighttime
feeding by leptocephali has not been documented yet. All
leptocephali have very large eyes and therefore it is likely
that they feed mostly during the day using vision to detect
food particles. Some types of marine snow or appendicular-
ian houses can have bioluminescent properties (Galt et al.
1985, Herren et al 2004), which could be used by lepto-
cephali to see those particles and feed at night or at deep
depths during the day, as hypothesized previously (Yamada et
al. 2009). Although there are no studies yet about the gut
contents of leptocephali at night compared to daytime, it is
clear that visible food contents such as those in the present
study are rare during nighttime. One problem that has likely
slowed down progress on understanding the feeding ecology
of leptocephali is that most leptocephali can avoid even large
trawls during the day (Miller and McCleave 1994, Miller et
al. 2006), so few are captured when most appear to be feed-
ing based on existing evidence.

These types of sampling problems and the limited num-
ber of specimens of each family of leptocephali included in
the present study make it difficult to determine if there were
any differences in the types of food particles eaten by the
leptocephali in the two different areas (the NEC and Tomini
Bay). There were likely differences in the biological commu-
nities in the water column between the two areas, but similar
types of food materials appeared to have been ingested in
both areas, even though there were mostly different species
and sizes of leptocephali that were observed with gut con-
tents in each area.

Many questions also remain about to what extent lepto-
cephali may specifically target appendicularian houses com-
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Fig. 11.

Photographs of the bodies of oikopleurid appendicularians (A) that were collected in the same region of the western North

Pacific as the leptocephalus that appears to contain a appendicularian in its intestine as shown in Figure 4B. (B) an enlarged view of the
main body (excluding the tail) of a appendicularian in the rectangle in (A).

pared to any type of marine snow, and if they may sometimes
eat other small organisms. An early study on newly hatched
leptocephali found that they would eat rotifers offered to
them (Tanaka et al. 1995), and ciliates have recently been re-
ported in the intestines of leptocephali (Govoni 2010). In ad-
dition, a recent DNA barcoding study of the gut contents of
small (4-14mm) European eel, Anguilla anguilla, lepto-
cephali detected the DNA sequences of a wide variety of ma-
rine organisms including crustaceans, chaetognaths, poly-
chaetes, and cnidarians, and suggested that gelatinous zoo-
plankton may be of fundamental dietary importance for those
leptocephali (Riemann et al. 2010). The barcoding study sug-
gested that it may be the larval stages of some of these organ-
isms that may be the prey of leptocephali, but it did not dis-
cuss their size or how leptocephali may feed on them. Most
taxa were only detected once (in a single leptocephalus)
except for the Polycystinea (radiolarians), Streptophyta
(plants or algae), fungi, and hydrozoans in general (hydroids,
medusae and siphonophores) (Riemann et al. 2010), indicat-
ing an apparent random pattern of occurrence and detection
of the rare taxa.

From a different perspective, the presence of ciliates and
detection of DNA sequences of a variety of taxa among the
gut contents of leptocephali are completely consistent with
the existing hypothesis that leptocephali feed almost exclu-
sively on particulate material such as marine snow and dis-
carded appendicularian houses. They are consistent with this
because invertebrates such as ciliates, various stages of cope-
pods, and the larvae of anthozoans, mollusks, and poly-
chaetes have been found to be associated with marine snow
(Alldredge and Sliver 1988, Shanks and Walters 1997,
Kierboe 2000) and ciliates are often directly associated with
appendicularian houses (Davoll and Silver 1986, Lombard et
al. 2010). Therefore, these small organisms could easily be
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ingested along with the particulate matter that the lepto-
cephali were feeding on. A similar situation was proposed for
an amphipod species that was suggested to have ingested or-
ganisms contained in marine snow that they would not have
otherwise eaten (Lampitt et al. 1993).

There are also other factors that could contribute to the
detection of the DNA of organisms that leptocephali likely
do not target directly as food. For example, small pieces of
organisms such as the tentacles of jellyfish, medusae, and
siphonophores that may break off during agitation or interac-
tions with other organisms, and cellular materials released
when organisms are eaten by predators, could all become ag-
gregated within marine snow particles. These tissue frag-
ments could also be collected on the filters of appendicular-
ian houses, or their DNA could possibly even become present
in particulate material in the form of extracelluar DNA that is
known to exist in the ocean (DeFlaun et al. 1987, Nielsen et
al. 2007). It can not be determined yet though if leptocephali
may sometimes directly prey on some very small organisms
individually, but so far no identifiable zooplankton or larvae
have been seen in the gut contents of leptocephali, other than
ciliates (Govoni 2010) and the apparent presence of a appen-
dicularian in the gut of the muraenid larva in the present
study.

If leptocephali are feeding at a very low level of the food
chain by consuming particulate material as is indicated by
observations of their gut contents like those shown here and
in previous studies (Otake et al. 1993, Mochioka and
Iwamizu 1996) and by their stable isotope signatures (Otake
et al. 1993, Kimura and Tsukamoto 2006, Miyazaki et al.
2011), it indicates that leptocephali have a remarkable feed-
ing strategy that uses a constantly produced and readily avail-
able food source. The filters of the appendicularian houses
eventually clog-up, so their houses are frequently discarded
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and immediately replaced (Flood and Deibel 1998, Sato et al.
2003). Therefore, they could be an abundant food source for
leptocephali, because appendicularians have been shown to
be widely distributed and often abundant in many areas (All-
dredge 1976, Taguchi 1986, Fenaux et al. 1998). Similarly,
marine snow is produced by various components of the typi-
cal biological production processes in the ocean and is uni-
versally present at often high concentrations in the upper
150-200m of the ocean (Ichikawa 1982, Alldredge and Sil-
ver 1988, Hebel and Karl 2001, Turner 2002, Pilskaln et al.
2005). The low respiratory demand due to the body of lepto-
cephali mostly containing inert transparent compounds and
their unique physiology (Pfeiler and Govoni 1993, Bishop
and Torres 1999, Bishop et al. 2000, Pfeiler 1999) appear to
make feeding on particulate materials a successful feeding
strategy for leptocephali. Future studies using a variety of
techniques are needed to learn more about the feeding ecol-
ogy of leptocephali in different marine environments around
the world.

Acknowledgements

We thank the captain and crew of the R/V Hakuho Maru and
the other scientists from Indonesia and Japan who helped to sort the
plankton samples.

References

Alldredge, A. L. 1972. Abandoned appendicularian houses, a unique
food source in the pelagic environment. Science 177: 885-887.

Alldredge, A. L. 1976. Discarded appendicularian houses as sources
of food, surface habitats, and particulate organic matter in
planktonic environments. Limnol. Oceanogr. 21: 14-23.

Alldredge, A. L and Silver, M. W. 1988. Characteristics, dynamics
and significance of marine snow. Progr. Oceanogr. 20: 41-82.

Bishop, R. E. and Torres, J. J. 1999. Leptocephalus energetics:
Metabolism and excretion. J. Exper. Biol. 202: 2485-2493.

Bishop, R. E., Torres, J. J. and Crabtree, R. E. 2000. Chemical com-
position and growth indices in leptocephalus larvae. Mar. Biol.
137:205-214.

Capitanio, F. L., P4jaro, M. and Esnal, G. B. 2005. Appendiculari-
ans: An important food supply for the Argentine anchovy En-
graulis anchoita in coastal waters. J. Appl. Ichthyol. 21:
414-4109.

Castonguay, M. and McCleave, J. D. 1987. Vertical distributions,
diel and ontogenetic vertical migrations and net avoidance of
leptocephali of Anguilla and other common species in the Sar-
gasso Sea. J. Plankt. Res. 9: 195-214.

Davoll, P. J. and Silver, M. W. 1986. Marine snow aggregates: Life
history sequence and microbial community of abandoned lar-
vacean houses from Monterey Bay, California. Mar. Ecol.
Prog. Ser. 33: 111-120.

DeFlaun, M. E, Paul, J. H. and Jeffrey, W. H. 1987. Distribution and
molecular weight of dissolved DNA in subtropical estuarine
and oceanic environments. Mar. Ecol. Prog. Ser. 38: 65-73.

Fenaux, R., Bone, Q. and Deibel, D. 1998. Appendicularian distribu-
tion and zoogeography. /n The biology of pelagic tunicates.

Bone, Q. (ed.), pp. 251-264, Oxford University Press, Oxford.

Flood, P. R. 1991. Architecture of, and water circulation of the
planktonic tunicate Oikopleura labradoriensis. Mar. Biol. 111:
95-111.

Flood, P. R. and Deibel, D. 1998. The appendicularian house. /n The
biology of pelagic tunicates. Bone, Q. (ed.), pp. 105-124, Ox-
ford University Press, Oxford.

Galt, C. P, Grober, M. S. and Sykes, P. F. 1985. Taxonomic corre-
lates of bioluminescence among appendicularians (Urochor-
data: Larvacea). Biol. Bull. 168: 125-134.

Govoni, J. 2010. Feeding on protists and particulates by the lepto-
cephali of the worm eels Myrophis spp. (Teleostei, Anguilli-
formes, Ophichthidae), and the potential energy contribution of
large aloricate protozoa. Scientia Marina 74: 339-344.

Hebel, D. V. and Karl, D. M. 2001. Seasonal, interannual and
decadal variations in particulate matter concentrations and
composition in the subtropical North Pacific Ocean. Deep-Sea
Res. 11 48: 1669-1695.

Herren, C. M., Alldredge, A. L. and Case, J. E. 2004. Coastal biolu-
minescent marine snow: fine structure of bioluminescence dis-
tribution. Cont. Shelf. Res. 24: 413-429.

Hulet, W. H. and Robins, C. R. 1989. The evolutionary significance
of the leptocephalus larva. /n Fishes of the Western North At-
lantic. Leptocephali. Part 9, Vol. 2. Bohlke, E. B. (ed.), pp.
669—677, Sears Foundation for Marine Research, New Haven.

Ichikawa, T. 1982. Particulate organic carbon and nitrogen in the ad-
jacent seas of the Pacific Ocean. Mar. Biol. 68: 49—60.

Kimura, S. and 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 re-
cruitment. Deep-Sea Res. 11 53: 315-325.

Kierboe, T. 2000. Colonization of marine snow aggregates by inver-
tebrate zooplankton: abundance, scaling, and possible role.
Limnol. Oceanogr. 45: 479-484.

Lampitt, R. S., Wishner, K. F,, Turley, C. M. and Angel, M. V. 1993.
Marine snow studies in the northeast Atlantic Ocean: Distribu-
tion, composition and role as a food source for migrating
plankton. Mar Biol 116: 689-702.

Llopiz, J. K., Richardson, D. E., Shiroza, A., Smith, S. L. and
Cowen, R. K. 2010. Distinctions in the diets and distributions
of larval tunas and the important role of appendicularians.
Limnol. Oceanogr., 55: 983-996.

McCleave, J. D. and Kleckner, R. C. 1987. Distribution of lepto-
cephali of the catadromous Anguilla species in the western Sar-
gasso Sea in relation to water circulation and migration. Bull.
Mar. Sci. 41: 789-806.

Miller, M. J. 2009. Ecology of anguilliform leptocephali: Remark-
able transparent fish larvae of the ocean surface layer. Aqua-
BioSci. Monogr. 2: 1-94.

Miller, M. J. and McCleave, J. D. 1994. Species assemblages of lep-
tocephali in the subtropical convergence zone of the Sargasso
Sea. J. Mar. Res. 52: 743-772.

Miller, M. J. and McCleave, J. D. 2007. Species assemblages of lep-
tocephali in the southwestern Sargasso Sea. Mar. Ecol. Progr.
Ser. 344: 197-212.

Miller, M. J. and Tsukamoto, K. 2004. An introduction to lepto-
cephali: Biology and identification. Ocean Research Institute,

287



Coastal Marine Science 35

University of Tokyo, 96 pp.

Miller, M. I, Otake, T., Minagawa, G., Inagaki, T. and Tsukamoto,
K. 2002. Distribution of leptocephali in the Kuroshio Current
and East China Sea. Mar. Ecol. Progr. Ser. 235: 279-238.

Miller, M. J., Aoyama, J., Mochioka, N., Otake, T., Castle, P. H. J.,
Minagawa, G., Inagaki, T. and Tsukamoto, K. 2006. Geo-
graphic variation in the assemblages of leptocephali in the
western South Pacific. Deep-Sea Res 1 53: 776-794.

Miller, M. J., Nakamura, Y., Shibuno, T. and Tsukamoto, K. 2010.
Leptocephali collected in light traps near coral reef habitats of
Ishigaki Island in the southern Ryukyu Island chain. Coastal
Mar. Sci. 34: 47-54.

Miyazaki, S., Kim, H. Y., Zenimoto, K., Kitagawa, T., Miller, M. J.
and Kimura, S. 2011. Stable isotope analysis of two species of
anguilliform leptocephali (4nguilla japonica and Ariosoma
major) relative to their feeding depth in the North Equatorial
Current region. Mar. Biol. 158: 2555-1264.

Mochioka, N. and Iwamizu, M. 1996. Diet of anguillid larvae: Lep-
tocephali feed selectively on larvacean houses and fecal pellets.
Mar. Biol. 125: 447-452.

Mochioka, N., Kakuda S. and Tabeta O. 1982. Congrid leptocephali
in the western North and Middle Pacific—I Exterilium Ario-
soma-type larvae. J. Fac. Appl. Biol. Sci. Hiroshima Univ. 21:
35-66.

Mochioka, N., Mochioka, N., Iwamizu, M. and Kanda, T. 1993.
Leptocephalus eel larvae will feed in aquaria. Environ. Biol.
Fish. 36: 381-384.

Nielsen, K. M., Johnsen, P. J., Bensasson, D. and Daffonchio, D.
2007. Release and persistence of extracellular DNA in the en-
vironment. Environ. Biosafety Res. 6: 37-53.

Otake, T. 1996. Fine structure and function of the alimentary canal
in leptocephali of the Japanese eel Anguilla japonica. Fisheries
Sci. 62: 28-34.

Otake, T., Nogami, K. and Maruyama, K. 1993. Dissolved and par-
ticulate organic matter as possible food sources for eel lepto-
cephali. Mar. Ecol. Progr. Ser. 92: 27-34.

Otake, T., Hirokawa, J., Fujimoto, H. and Imaizumi, K. 1995. Fine
structure and function of the gut epithelium of pike eel larvae.
J. Fish Biol. 47: 126-142.

Otake, T., Inagaki, T., Hasumoto, H., Mochioka, N. and Tsukamoto,
K. 1998. Diel vertical distribution of Anguilla japonica lepto-
cephali. Ichthyol. Res. 45: 208-211.

Pfeiler, E. 1986. Towards an explanation of the developmental strat-
egy in leptocephalus larvae of marine fishes. Environ. Biol.
Fish. 15: 3-13.

Pfeiler, E. 1999. Developmental physiology of elopomorph lepto-
cephali. Comp. Biochem. Physiol. A123: 113-128.

Pilskaln, C. H., Villareal, T. A., Dennett, M., Darkangelo-Wood, C.
and Meadows, G. 2005. High concentrations of marine snow
and diatom algal mats in the North Pacific Subtropical Gyre:
Implications for carbon and nitrogen cycles in the oligotrophic
ocean. Deep-Sea Res. I 52: 2315-2332.

Purcell, J. E., Sturdevant, M. V. and Galt, C. P. 2004. A review of ap-
pendicularians as prey of invertebrate and fish predators. /n Re-
sponse of marine ecosystems to global change: Ecological im-

288

pact of appendicularians, Gorsky G., Youngbluth M. J. and
Deibel, D. (eds.), pp. 359—435. GB Scientific Publisher.

Riemann, L., Alfredsson, H., Hansen, M. M., Als, T. D., Nielsen, T.
G., Munk P, Aarestrup, K., Maes, G. E., Sparholt, H., Pe-
tersen, M. 1., Bachler, M. and Castonguay, M. 2010. Qualita-
tive assessment of the diet of European eel larvae in the Sar-
gasso Sea resolved by DNA barcoding. Biol. Lett. 6: 819-822.

Sato, R., Tanaka, Y. and Ishimaru, T. 2003. Species-specific house
productivity of appendicularians. Mar. Ecol. Progr. Ser. 259:
163-172.

Shanks, A. L. and Walters, K. 1997. Holoplankton, meroplankton,
and meiofauna associated with marine snow. Mar. Ecol. Progr.
Ser. 156: 75-86.

Smith, D. G. 1969. Xenocongrid eel larvae in the western North At-
lantic. Bull. Mar. Sci. 19: 377-408.

Smith, D. G. 1989. Introduction to leptocephali. /n Fishes of the
Western North Atlantic. Part 9, Volume 2. Bohlke, E. B. (ed.),
pp. 657-668, Sears Foundation for Marine Research, New
Haven.

Tabeta, O. and Mochioka, N. 1988. Leptocephali. /n An atlas of the
early stage fishes in Japan. Okiyama, M. (ed.), pp. 15-64,
Tokai University Press, Tokyo.

Taguchi. S. 1982. Seasonal study of fecal pellets and discarded
houses of appendicularia in a subtropical inlet, Kaneohe Bay,
Hawaii. Estuar. Coast. Shelf Sci. 14: 545-555

Tanaka, H., Kagawa, H., Ohta, H., Okuzawa, K. and Hirose, K.
1995. The first report of eel larvae ingesting rotifers. Fisheries
Sci. 61: 171-172.

Tanaka, H., Kagawa, H. and Ohta, H. 2001. Production of lepto-
cephali of Japanese eel (Anguilla japonica) in captivity. Aqua-
culture 201: 51-60.

Tsukamoto, K. 1992. Discovery of the spawning area for the Japan-
ese eel. Nature. 356: 789-791.

Turner, J. T. 2002. Zooplankton fecal pellets, marine snow and sink-
ing phytoplankton blooms. Aquat. Microbial Ecol. 27: 57-102.

Westerberg, H. 1990. A proposal regarding the source of nutrition of
leptocephalus larvae. Int. Revue ges Hydrobiol. 75: 863—-864.

Wilson, S. E., Steinberg, D. K. and Buesseler, K. O. 2008. Changes
in fecal pellet characteristics with depth as indicators of zoo-
plankton repackaging of particles in the mesopelagic zone of
the subtropical and subarctic North Pacific Ocean. Deep-Sea
Research 11 55: 1636-1647.

Wouthuyzen, S., Miller, M. J., Aoyama, J, Minagawa, G., Sugeha, Y.
H., Suharti, S., Inagaki, T. and Tsukamoto, K. 2005. Biodiver-
sity of anguilliform leptocephali in the central Indonesian Seas.
Bull. Mar. Sci. 77: 209-224.

Wouthuyzen, S., Aoyama, J., Sugeha, Y. H., Miller, M. J., Kuroki,
M., Minegishi, Y., Suharti, S. and Tsukamoto, K. 2009. Sea-
sonality of spawning by tropical anguillid eels around Sulawesi
Island, Indonesia. Naturwissenshaften 96: 153—158.

Yamada, Y., Okamura, A., Mikawa, N., Utoh, T., Horie, N., Tanaka,
S., Miller, M. J. and Tsukamoto, K. 2009. Ontogenetic changes
in phototaxis behavior during metamorphosis of artificially
reared Anguilla japonica larvae. Mar. Ecol. Progr. Ser. 379:
241-251.





