
1. Introduction
Tokyo Bay is a closed bay located near the
center of Japan and opens to the Pacific Ocean.
The bay is surrounded by Tokyo, Chiba, and Ka-
nagawa prefectures, and one of the most devel-

oped sea areas in Japan. The inner Tokyo Bay is
defined as the bay area of north side of the line
connecting Futtsu in Chiba Prefecture and Kan-
nonzaki in Kanagawa Prefecture（KOHNO et al.,
2011）.
The inner Tokyo Bay with vast tidal flats had
been one of the most productive fishing areas in
Japan by the 1960s（SHIMIZU, 1990）. However, as
the economy began to develop, the pollution load
to the inner bay began to increase in the 1950s,
and water quality problem became more serious.
Furthermore, the reclamation of many tidal flats
and shallow areas from the 1960s led to a de-
crease in fish and shellfish catches, and the area
became known as the "Sea of Death"（SHIMIZU,
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Abstract: The occurrence patterns and feeding habits of the gobiid Tridentiger obscurus were
investigated to clarify the habitat use in an urban seaside park constructed in the inner Tokyo
Bay. Surveys were conducted using small seine nets and net cages on an artificial sandy beach, a
tidal flat, and a seawall in Furuhama Park, Ota City, Tokyo. In total, 119 individuals（6.3Ȃ46.6 mm
body length［BL］, mode of BL was 5.0Ȃ9.9 mm）were collected from the sandy beach; 89（6.2Ȃ
42.6 mm, 10.0Ȃ14.9 mm）from the tidal flat; and 1,092（8.0Ȃ73.7 mm, 40.0Ȃ44.9 mm）from the sea-
wall. On the sandy beach and tidal flat, the goby fed mainly on zooplankton by 11.0 mm BL, and
thereafter on small benthic and epibenthic crustaceans in addition to the zooplankton as they
grew. On the seawall, T. obscurus fed on small benthic and epibenthic crustaceans with no onto-
genetic diet shift. These results revealed that T. obscurus would grow by taking different prey
resources among multiple environments in the urban seaside park during their early life history,
implying the need for comprehensive conservation of the various environments to protect the
fish species.
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1999）. Thus, the area of tidal flats, which was es-
timated to be 136 km2 before the 1940s, de-
creased to 10 km2 in 1973（OGURA, 1993）. Since
the 1970s, multiple administrative agencies along
the coast of the Tokyo Bay have created artifi-
cial tidal flats to revitalize the area so that citi-
zens can enjoy ecosystem services again（YA-
MANE et al., 2004; KOHNO et al., 2008）. As a result,
the area of tidal flats increased to 16. 4 km2 in
1997（MINISTRY OF THE ENVIRONMENT OF JAPAN,
1997）, but the vast mudflats and shallow areas in
the past have been lost and much of the coast-
line have been replaced by seawalls and artifi-
cially placed rocky areas（SHIMIZU, 1999; ONO-
DERA et al., 2020）.
Owing to the loss of these tidal flats and shal-
low areas, which served as important habitats
for fish, there are only few natural tidal flats left
to serve this function（KANOU et al., 2000; HER-
MOSILLA et al., 2012）.Under this situation, com-
prehensive surveys have been conducted on ar-
tificial tidal flats in Tokyo Bay; for example,
Kasai Marine Park（KUWABARA et al., 2003; YA-
MANE et al., 2004）and Furuhama Park in Tokyo
（MURAI et al., 2016; MARUYAMA et al., 2021）;
Shinhama-ko Lagoon in Chiba Prefecture（KOH-
NO et al., 2008）; and Hakkei-jima Park in Kanaga-
wa Prefecture（YAMANE et al., 2004）. These sur-
veys revealed that artificial tidal flats would
function as nursery grounds for various fish spe-
cies.
Moreover, similar surveys have been per-
formed on vertical seawalls and rocky shorelines,
which make up the majority of the inner Tokyo
Bay; for example, the ichthyofauna of vertical
seawalls（SAKAI et al., 2007; ONODERA et al., 2020）
and the occurrence patterns of gobies in rocky
areas（MURASE et al., 2007）. However, these sur-
veys have mainly focused on ichthyofauna, and
there have been few studies on the detailed oc-
currence patterns and feeding habits of each fish

species. Currently, while planning the restora-
tion of lost tidal flats and shallow areas, the need
to clarify environment preferences and food hab-
its in each developmental stage in each fish spe-
cies has been pointed out（MURAI et al., 2016;
MARUYAMA et al., 2021）.
The tripletooth goby Tridentiger obscurus is
typical estuarine fish, widely distributed in
brackish waters in Japan（KISHI, 2001）. In this
study, we investigated ecological information
such as the occurrence patterns and feeding
habits of the goby in an urban seaside park of
the inner Tokyo Bay in order to clarify the habi-
tat use of resident fish in several artificial envi-
ronments in the bay area.

2. Materials and Methods
The survey site is Furuhama Park, located in
Ota City, Tokyo, on the western shore of the in-
ner Tokyo Bay（Fig. 1）. Furuhama Park was
opened in 2007 as a park with 1.2 ha of sandy
beach（median particle size = 0.2 mm mountain
sand from Kimitsu, Chiba Prefecture, hereinafter
referred to as "sandy beach"）; 1.0 ha of muddy ti-
dal flat（a native tidal flat relocated 200 m off-
shore and covered with porous gravel and rocks,
hereinafter referred to as "tidal flat"）; and a 4.6
ha shallow area with water depth of 1.5 m be-
tween the sandy beach and tidal flat（TAKEYA-
MA et al., 2018）. Submerged dikes, approximately
4.0 m high from the seafloor, are located at the
northern and southern ends of the shallow area
that borders the surrounding canal. Submerged
dikes control the discharge of sediment from
shallow areas and the inflow of hypoxic oxygen
water spreading to the bottom layer of the sur-
rounding canals（OKAMURA et al., 2004）. Envi-
ronmental and ichthyofaunal surveys have been
conducted on this park since before its construc-
tion（e.g., OTA CITY, 2019; TAKEYAMA et al., 2018）
and there are many previously reported studies
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on them, which are unusual for an urban water-
front park.
The study site and surrounding waters are
brackish, and the annual mean salinity is 17.4 on
the beach and 18.0 on the tidal flat（MARUYAMA
et al., 2021）. The average dissolved oxygen
（herelnafter DO）is more than 7.0 mg/L through
years on sandy beach and tidal flat and have
never been below 3. 0 mg/L; however, the bot-
tom layer of the surrounding canal area becomes
hypoxic, causing the DO level to be below 3. 0
mg/L during summer（TAKEYAMA et al., 2018;
ONODERA et al., 2020）. There are no Sargassum
or Zostera beds, and many vertical seawalls
made of concrete and rocky areas, which are
characteristic of urban canal areas, exist in the
surrounding area.
Fish samples were collected at three stations:
sandy beach, tidal flat, and seawall（Fig. 1）. On

the sandy beach and the tidal flat, surveys were
conducted once a month from May 2014 to April
2019 using seine nets at low tide during the day-
time around the spring tide. However, the tidal
flat was not surveyed in September and October
2014, January and June 2015, and April 2019. In
2016 and 2017, the surveys could not be conduct-
ed in August; therefore, they were conducted
twice in September. The number of tows of
small seine nets was two（three in May and June
2014）. A small seine net（sleeve net: 4.5 m long,
1.0 m high, mesh size 2.0 mm; body to bag net:
2.0 m wide, 1.0 m high, 5.5 m long, 0.8 mm mesh）
（KANOU et al., 2002）was used for the survey and
towed 25 m along the shoreline at a depth of 1.0
m or less. The net was towed such that the
width of the net opening was 4.0 m. In this case,
100 m2 of fish was collected at a time.
Sampling surveys were conducted on the sea-

Fig. 1 Map showing the sampling sites in Furuhama Park located in inner Tokyo Bay. Fish
were caught with a small seine net in the sandy beach and tidal flat and with net cages in the
seawall.
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wall from April 2016 to March 2019 using a fish-
ing gear called a net cage. Three types of net
cages were prepared by placing different inter-
nal materials（nylon net, bamboo shoot, and oys-
ter shell）in a wire mesh cage（0.4 m in length
and width, 0.5 m in height, 40 mm mesh size）, as
described by TAKEYAMA et al.（2017）. The net
cages for each internal material were set with
ropes at two points, one at the water surface and
the other at the seafloor, and sampling was con-
ducted once a month at low tide during the day-
time around the spring tide. The water surface
cages were anchored to a floating pier that
moved with the tides, so that they were always
positioned at the water surface. The net cages
that had been collected were sunk in the same
position and collected again the following month
in the same manner. In collecting the fish, we
hauled the fish with the rope, retrieved the net
cage, and collected the fish in the cages. To pre-
vent fish from escaping from the net cage, the
bottom and surrounding areas of the net cage
were covered with a scoop net（opening size 1.1
m, mesh size 1.0 × 1.0 mm）. The differences in
fish occurrence patterns by materials and depth
are discussed in detail in ONODERA et al.（2020）
and TAKEYAMA et al.（2017）, so this paper treats
all Tridentiger obscurus collected in the seawall
together. At the study site, it has been shown
that the hypoxic water occurs in the bottom lay-
er during the summer months, making it difficult
for fish to inhabit.
The samples were fixed in the field using 10%
brackish water formalin and brought to the labo-
ratory. Tridentiger obscurus specimens were
sorted and identified from the samples in the lab-
oratory, counted, measured for body length［BL］,
and their developmental stages were deter-
mined. The developmental stages of the samples
were classified into three classes（larvae: when
the number of fin rays had not completed; juve-

nile: when the number of fin rays had completed
but the fish was still immature; adult: when the
fish was sexually mature）based on KANOU et al.
（2000）. In this study, samples with 9.9 mm BL or
less were classified as larva, 10.0Ȃ29.9 mm BL as
juvenile, and 30.0 mm BL or more as adults.
A total of 218 individuals were used as sam-
ples for feeding habit analyses: 22 individuals
(7.0Ȃ15.5 mm BL）collected on the sandy beach,
39 individuals（7.0Ȃ30.3 mm）on the tidal flat, and
157 individuals（11.2Ȃ68.3 mm）on the seawall.
Volumetric analysis（HYSLOP, 1980）was used to
examine their gut contents, and the mean vol-
ume percentage（%V）was calculated according
to HORINOUCHI and SANO（2000）and KANOU et al.
（2004）. The food items in the gut contents of
each individual were identified as the lowest pos-
sible taxon. The anterior half of the gut was ex-
amined for larvae with a straight gut, and the
gut contents up to the first bending were exam-
ined for individuals with a bent gut. The volume
of gut contents was determined as follows: the
gut contents of each individual were observed
under a binocular microscope to assess the diet
and the volume of each food item was deter-
mined on a glass slide with a 1.0 × 1.0 mm grid
pattern, aligned with the thickness. In each indi-
vidual, the volumes of all food items were added
and the total volume of the gut contents was cal-
culated. The percentage of the volume of each
food item was calculated from the total calculat-
ed volume. Specimens with empty guts were ex-
cluded from the analyses. To determine whether
the feeding habits changed with growth, the
Mann-Whitney U-test was used to test whether
there was a difference in the %V of major food
items among several length ranges.

3. Results
3.1 Occurrence patterns
The number of Tridentiger obscurus collected
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was 119 individuals（6.3Ȃ46.6 mm in body length,
BL）on the sandy beach, 89 individuals（6.2Ȃ42.6
mm BL）on the tidal flat, and 1,092 individuals
(8.0Ȃ73.7 mm BL）on the vertical seawall（Fig.
2）. The mode of body lengths classes from 5.0 to
9.9 mm for the sandy beach, 10.0 to 14.9 mm for
the tidal flat, and 40.0 to 44.9 mm for the seawall.
In addition, 40.0Ȃ44.9 mm were collected in abun-
dance on three materials of the net cages. The
goby occurred from March to October on the
sandy beach, January to November on the tidal
flat, and throughout the year on the seawall. The
number of individuals collected on the sandy
beach was high from July to October and low
from January to June（Fig. 3）. On the tidal flat,
relatively large numbers of individuals were col-
lected from April to June and few individuals
throughout the year. On the vertical seawall, a
certain number of individuals were collected
throughout the year, but the number was partic-
ularly high from July to September.
In terms of developmental stages, larvae and
juveniles appeared in the same proportion on the
sandy beach from July to September, but more
larvae were observed in October（Fig. 3）. On
the tidal flat, most fish were juveniles from Janu-
ary to June; however, adults were observed in

addition to juveniles from July to September,
and larvae and juveniles appeared in the same
proportions in October and November. On the
vertical seawall, adults were abundant through-
out the year and almost no larvae were ob-
served. Juveniles were also observed throughout
the year and were abundant from July to Sep-
tember.

3.2 Feeding habits
Tridentiger obscurus on the sandy beach and
tidal flat fed mainly on zooplankton, such as cala-
noid copepods（65.6% and 88.4%, respectively）,
followed by small benthic and epibenthic crusta-
ceans, such as amphipods and mysids（Fig. 4）.
However, the %Vs of zooplankton were signifi-
cantly different between the two stations after
they attained 11.0 mm BL（p<0.05）, with a mean
percentage of 23.8% on the sandy beach and 48.
4% on the tidal flat, indicating that T. obscurus
larger than 11.0 mm BL shifted to and fed pri-
marily on small benthic and epibenthic crusta-
ceans. In contrast, T. obscurus on the seawall did
not show a diet shift with growth; they mainly
fed on small benthic and epibenthic crustaceans,
such as amphipods, and polychaetes（Fig. 4）. No
individuals of T. obscurus feeding on fish includ-

Fig. 2 Body length classes of Tridentiger obscurus collected from Furuhama Park during
the study period from 2014 to 2019, shown by each collecting site.
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ing this species were observed.
The percentage of empty gut was 0% on the
sandy beach, 2.6%（1 individual）on the tidal flat,
and 4.0%（6 individuals）on the vertical seawall.

4. Discussion
4.1 Habitat shifts with growth
The number of Tridentiger obscurus larvae
smaller than 9.9 mm BL collected in this study
was 59 out of 119 individuals（49.6%）at the san-
dy beach and 10 out of 89（11.2%）at the tidal flat.
NAKAMURA（1942）reported that T. obscurus up
to 9.35 mm BL is considered to be pelagic larvae.
Many gobiid species in Tokyo Bay have a pela-
gic life during the larval stage, and such larvae
have been shown to have poor swimming abili-

ties（ANGMALISANG et al., 2020; NAKAIMUKI et al.,
2022）. Therefore, the sandy beach and tidal flat
in Furuhama Park, which are less affected by
waves, may provide pelagic life area for the T.
obscurus larvae.
Although Tridentiger obscurus rarely ap-
peared on the sandy beach after reaching 15. 0
mm BL（11 individuals occupying 9. 2%）, they
appeared in some numbers on the tidal flat（51
individuals occupying 57. 3%）and were abun-
dant on the seawall（1,059 individuals occupying
97. 0%）. In Furuhama Park, hand net sampling
was conducted twice a year（in June, September,
or October）as a post-construction environmen-
tal survey in Ota City. Among them, results
from a rocky area approximately 50 m west of

Fig. 3 Body length classes of Tridentiger obscurus collected at each habitat for every three months
from May 2014 to April 2019. Open bars indicate the larva, gray bars indicate the juvenile, and sol-
id bars indicate the adult.
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the seawall in the present study site showed that
T. obscurus of 7Ȃ90 mm BL were collected, and
the mode was 45. 1Ȃ50. 0 mm BL（OTA CITY,
2015Ȃ2019）. T. obscurus generally congregate in
estuarine areas where there are gravels, bould-
ers, and artificial dumping sites（KISHI, 2001;
KOHNO et al., 2011）. Recently, T. obscurus was
reported to be abundant on seawalls in urban ca-
nal areas（TAKEYAMA et al., 2017; ONODERA et al.,
2020）. Therefore, T. obscurus select habitats ac-
cording to their developmental stages, such that
they initially grow on sandy beach and tidal flat
up to 15. 0 mm BL and then change habitat to
seawall and/or rocky areas where they grow to

15.0 mm BL and larger.
From the juvenile stage, Tridentiger obscurus
has a habit of getting under cover and prefers
areas with boulders and artificial dumping rath-
er than open areas（Kohno et al, 2011）. Some in-
dividuals larger than 15.0 mm BL were observed
on the tidal flat, probably because of the pres-
ence of boulders of various sizes（10Ȃ50 cm in
diameter）scattered on the tidal flat. Although
these boulder areas have been shown to be feed-
ing areas for birds, such as Arenaria interpres
and Numenius phaeopus（OTA CITY, 2018）, they
may provide important microhabitats for other
organisms such as fish.

Fig. 4 Percentage volume（%V）of food items in the guts of
Tridentiger obscurus in each habitat（a: sandy beach; b: tidal
flat; c: seawall）from May 2014 to April 2019. Numerical char-
acters on top of each column indicate the number of fish with
food examined.
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4.2 Ontogenetic dietary shift
At both the sandy beach and tidal flat, Triden-
tiger obscurus fed mainly on zooplankton such as
calanoid copepods when they were up to 11. 0
mm BL, but when they grew to a size larger
than 11.0 mm BL as juveniles, the proportion of
zooplankton in their gut contents decreased and
they started feeding on small benthic or epi-
benthic crustaceans such as amphipods and my-
sids. These results indicate that these two sta-
tions function as ontogenetic dietary shift areas.
The timing of these diet shift has been studied
in other gobiids; for example, Acanthogobius fla-
vimanus, which are dominant species on tidal
flats in the inner Tokyo Bay, change their main
food items from zooplankton such as calanoid
and cyclopoid copepods and cladocerans to small
benthic and epibenthic crustaceans such as har-
pacticoid copepods and gammaridean amphipods
and polychaetes when juvenile fish settle on the
bottom（KANOU et al., 2004）. Although Triden-
tiger obscurus entered the juvenile stage at 10.0
mm BL in this study, HWANG et al.（2006）men-
tioned that the size format which they change
from larval to juvenile was 11.6Ȃ14.3 mm BL. NA-
KAMURA（1942）indicated that T. obscurus shift-
ed to a benthic lifestyle at 9. 35 mm BL. From
these results, it is clear that T. obscurus change
their main food items as they settle on the bot-
tom during transformation period from larvae to
juveniles.
The present study revealed that Tridentiger
obscurus on the seawall at Furuhama Park fed
mainly on small benthic or epibenthic crusta-
ceans such as amphipods and polychaetes.
Therefore, food habits of T. obscurus after the
juvenile were common; however, they expand
their habitat from sandy beach and tidal flat to
seawall and rocky areas after changing their
main food items from zooplankton to small
benthic and epibenthic crustaceans in the former

nurseries. Although it has been reported that T.
obscurus in the inner Tokyo Bay fed heavily on
algae（KANOU et al., 2004; MURASE et al., 2013）,
the %V of algae in this study was low（6.1 %）. In
Lake Hinuma, Ibaraki Prefecture, the main prey
of 31Ȃ52 mm BL T. obscurus was mysids（KANE-
KO et al., 2016）. During sampling in the present
study, many amphipods were observed to be at-
tached to net cages and on boulders in the tidal
flat. In addition, it has been reported that many
amphipods inhabit seawalls and boulder areas,
which are the research locations in this study
（OGAWA, 2011）, and it is possible that T. obscu-
rus used to prefer to feed on amphipods in Furu-
hama Park. This supports the idea that the feed-
ing habit of T. obscurus varies according to
environmental conditions（MURASE et al., 2013）;
thus, the species is classified as a miscellaneous/
opportunist, rather than an omnivore.

4.3 Spawning ground and seasons
The smallest specimen of Tridentiger obscurus
captured in this study was a 6.2 mm BL and was
collected on the tidal flat, and hatching larvae
have been reported to be 3. 1 mm BL（NAKA-
MURA, 1942）. HWANG et al.（2018）, who bred T.
obscurus in aquaria and observed the larvae and
juveniles, reported that T. obscurus grew to
2.83Ȃ4.07 mm in total length［TL］at 8 days after
hatching, 3.63Ȃ4.93 mm TL at 17 days, and 7.18Ȃ
8. 73 mm TL at 28 days. NAKAMURA（1942）re-
ported that the TL of T. obscurus larvae is 105.1
to 118.9% of BL. Thus, the smallest specimen col-
lected in this study was estimated to be 6.5Ȃ7.4
mm TL, indicating that the specimen was be-
tween 17 and 28 days post-hatching.
The smallest mature BL of Tridentiger obscu-
rus is 27 mm for males and 30 mm for females
（NAKAMURA, 1942）. Many larger adult individu-
als were observed in this study, particularly on
the seawall station. In addition, many adults
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have been found on the rocky areas in Furuha-
ma Park（OTA CITY, 2015Ȃ2019）. The spawning
season of T. obscurus in Tokyo Bay is from May
to September（KISHI, 2001）, and larvae were ob-
served from July to November on the sandy
beach and tidal flat. In May 2017, during the pe-
riod of this study, T. obscurus were observed to
spawn and protect their eggs on the inner sur-
face of dead oyster shell（Crassostrea gigas）at-
tached to the seawall. Based on these reports,
the area around Furuhama Park, including the
seawall, may be a spawning ground for T. obscu-
rus, and the spawning season is estimated to be
from May to October. These findings indicate
that artificial environments may not only pro-
vide habitats for each developmental stage but
also have the potential to become important
spawning grounds for the next generation of T.
obscurus.
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1. Introduction
Chitons are a class of mollusks with eight lon-
gitudinal rows of dorsal shell plates on their
backs（NISHIMURA, 1992）. Most intertidal chitons
are known to prey on epiphytic algae and other
organisms（BARNES and HARRISON, 1994）, and

some authors have stated that they are herbivo-
rous（BOOLOOTIAN, 1964; CONNOR, 1975; ROBB,
1975）. However, FULTON（1975）reported that
four chiton species of the genus Mopalia had con-
siderable amounts of animal debris in their gut
contents. LATYSHEV et al.（2004）found debris of
coralline algae in addition to diatoms in the gut
contents of Ischnochiton hakodadensis, Tonicella
granulate, and Mopalia retifera, whereas Lepido-
zona albrechti mainly contains nematodes, shell-
fish, and foraminifers.
Acanthopleura japonica is the most common
chiton species found on the rocky coastal interti-
dal shores from southern Hokkaido to Yaku Is-
land, Japan（NISHIMURA, 1992）. Although A. ja-
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Abstract: We examined the food habits and ontogenetic trophic shifts of the Japanese common
chiton, Acanthopleura japonica. Specimens were collected from the intertidal zone of Jogashima,
Miura Peninsula, Kanagawa Prefecture, Japan. Based on gut content analysis of 18 specimens,
red algae were found to be the most abundant food item（37.0%）, followed by green and brown
algae（5.6% each）, bivalves（5.0%）, mites（2.6%）, and abundant abiogenic minerals（stone or
rock debris）as non-food items. This gut content composition was inconsistent with that of an-
other population from Amakusa, Kyushu, Japan; hence, the food habits of A. japonica would vary
depending on habitat environments, suggesting they are non-selective omnivorous feeders. Indi-
vidual variations of the gut contents did not correlate with the body length, indicating A. japoni-
ca has no ontogenetic trophic shift. Overall, we concluded that A. japonica is omnivorous without
an ontogenetic trophic shift.
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ponica has been widely recognized as a grazer
（HUTCHINSON and WILLAMS, 2003）, NISHIHAMA et
al.（1986）reported that they mainly prey on
animals such as barnacles; hence, their detailed
food habits and food preferences remain unclear.
Furthermore, ontogenetic trophic shifts have
not been addressed in A. japonica. CAMUS et al.
（2012）reported that another Acanthopleura
species（A. echinata）increased their algal diets
with increase in their body size. However, this
dietary shift was attributed to the variation of
the niche breadth and algal richness at a local
scale. The ontogenetic trophic shifts remain un-
clear, and this could give rise to the two different
views on food habits of A. japonica.
Therefore, we investigated the gut contents of
A. japonica, to evaluate the detailed food habits
and the ontogenetic trophic shift.

2. Materials and methods
Sample collection
Sample collection was conducted in April 2022
at the intertidal rocky shore（35°13.7°‘N, 139°
62.2ʼ °E）in Jogashima, Miura Peninsula, Kana-

gawa Prefecture, Central Japan（Fig. 1）. The
substratum in the area is composed of volcani-
clastic rocks（YAMAMOTO et al., 2000）. We scrap-
ed A. japonica from the rock surface during day-
time low tides using an ointment spatula, and 18
individuals were collected. Collected individuals
were identified by SAITO（2017）and immediate-
ly anesthetized for several hours in a 1:1 solution
of 3.2% NaCl and 7.5% MgCl following the meth-
od described by SPEISER et al.（2011）. After an-
esthetization, the specimens were fixed in 70%
ethanol, and their body lengths were measured
with electric calipers to an accuracy of one-
tenth of a millimeter.

Gut contents analysis
After body length measurements, foot muscles
were cut open with postmortem scissors, and
gut contents were removed and squashed on a
Sedgewick-Raffer cell（1 mm × 1 mm grid slide）
to a uniform depth of 1 mm. Each item was pho-
tographed with a single-lens reflex camera at-
tached to the microscope. The area of each item
was measured using ImageJ software（SCHNEID-

Fig. 1 Map of the intertidal rocky shore in Jogashima, Miura pen-
insula, Kanagawa prefecture, Japan, showing sampling station
as black circle.
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ER et al., 2012）with an accuracy of 0.001 mm2.
The measured area was divided by the total
area of the gut contents to calculate the percent-
age volume（%V）of that item（NAKANE et al.,
2011）. Food resource use was expressed as the
mean percentage composition of each item by
volume, which was calculated by dividing the
sum of the individual volumetric percentage for
the item by the number of specimens（NANJO et
al., 2008）. Items in the gut contents were identi-
fied as the lowest possible taxa based on their
color and shape by SEGAWA and YAMADA（1977）,
NISHIMURA（1992, 1995）, KUBO and MATSUKUMA
（2007）.

Statistical analysis
To evaluate whether A. japonica is carnivo-
rous or herbivorous, the percentage volumes of
animal and algal fragments were compared us-
ing the Wilcoxon signed-rank test. To evaluate
the ontogenetic shift in food habits, single linear
regression analyses were performed for body
length as an explanatory variable and two food
categories（algae and animals）as response var-
iables. All statistical analyses were performed
using R v4.2.2（R CORE TEAM, 2022）.

3. Results
A wide variety of food items were consumed

by A. japonica（Table 1）. No individual was ob-
served with an empty gut（0. 028－3. 494 mm2

volume, N = 18）. According to the mean per-
centage volume of each food item, red algae
were the most abundant biogenic gut content
（37. 0%）, followed by green and brown algae
（green algae, 5.6%; brown algae, 5.6%）, bivalves
（5.0%）, and mites（2.6%）. Macroalgal fragments
had not been digested well and retained their
color and shape. Bivalves, such as Lasaeidae re-
tained their shape and were identified, but other
shells were fragmented. The mites were not de-
composed and retained their shapes. On the oth-
er hand, minerals, abiogenic stones, or rock de-
bris, were the most abundant item（42.0%）. The
Wilcoxon signed-rank test revealed that the algal
diet（50. 4% in total）was significantly greater
than the animal diet（7.3% in total）（p＜ 0.01）.
The collected individuals（n = 18）showed a
wide size range, with a minimum body length of
16.7 mm and a maximum of 54.3 mm. However,
the body length and percentage volume of algae
and animals did not show any significant regres-
sion（Fig. 2）.

4. Discussion
Our study demonstrated that A. japonica from
Jogashima, Kanagawa, central Japan, mainly fed
on epiphytic algae, particularly red algal species

Table. 1 Mean percentage of specimen units consuming each food item by
volume（%V, N = 18）, with the ranges given within parentheses.

Category Food item Mean %V（Min Ȃ Max）
Minerals Stone or rock fragments 42.0（0.0 Ȃ 94.5）
Algae Green algae 5.6（0.0 Ȃ 100.0）

Brown algae 5.6（0.0 Ȃ 100.0）
Red algae 37.0（0.0 Ȃ 100.0）

Animals Bivalves 5.0（0.0 Ȃ 60.5）
Mites 2.6（0.0 Ȃ 42.2）

Others Unknown taxa 0.3（0.0 Ȃ 5.6）
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（Table 1）. This result was consistent with gen-
eral perceptions（HUTCHINSON and WILLAMS,
2003）; however, NISHIHAMA et al.（1986）report-
ed that barnacles（Chthamalus challengeri）were
frequently found in the gut contents of A. japoni-
ca, in a local population of Amakusa, Kyushu,
western Japan. This contradiction might be
caused by the non-selective feeding of chitons.
ROBB（1975）indicated that another chiton spe-
cies, Cyanoplax hartwegii, varied its food utiliza-
tion according to in situ food resource conditions.
As a result, A. japonica may exhibit a variety of
feeding habits depending on its habitat environ-
ment, with no specific food preferences. Another
possible cause of the feeding variation could be a
seasonal change in the availability of prey. The
present study was conducted in April. At this
time of the year, in general, macroalgae are
abundant, whereas barnacles（C. challengeri）
are present in lower density owing to the early
stages of settlement（MORI, 1990）. NISHIHAMA et
al.（1986）examined the gut contents of A. ja-
ponica in July. At that time of the year, macroal-
gal biomass is typically scarce and barnacle den-
sity could have been higher owing to the late
stages of settlement（MORI, 1990）. Accordingly,

such seasonal occurrences may have led to the
feeding variation observed in A. japonica.
Our results also revealed that minerals such
as stones and rock debris were the most abun-
dant in the A. japonica gut（Table 1）. Chitons,
including A. japonica, possess robust radulae
coated mainly with magnetite（LOWENSTAM,
1967）and thus feed on epiphytic organisms by
scraping off the rock surface（NISHIHAMA, 1993）.
Such destructive feeding could have a powerful
effect on removing surrounding sessile organ-
isms（i.e., the bulldozing effect）.
Body length was not correlated with either al-
gal or animal food categories（Fig. 2）, indicating
that A. japonica has no ontogenetic trophic shift,
unlike Acanthopleura echinata（CAMUS et al.,
2012）. This suggests that size distribution（an
ontogenetic difference）would not cause differ-
ences in food habits between the Jogashima and
Amakusa populations.
Overall, the present study revealed that A. ja-
ponica is omnivorous without an ontogenetic tro-
phic shift. Diet utilization can vary depending on
the food environment, suggesting a non-selec-
tive feeder. Together with destructive feeding,
A. japonica would have a substantial grazing ef-

Fig. 2 Correlation diagrams between body length of A. japonica
and minerals（a）, algae（b）, animals. A single linear regression
analysis did not show any significant regression.
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fect on intertidal rocky shore habitats.
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1. Introduction
The Kuroshio in the Shikoku Basin exhibits
two modes, namely, a straight path（blue line in
Fig. 1）and a large meander path（red line in Fig.
1）, as described in STOMMEL and YOSHIDA（1972）.
Both paths enter the Pacific Ocean from approxi-
mately 130° E and 30° N, Tokara Strait south of
Kyushu, and pass north of Hachijojima（33° N）
on the Izu-Ogasawara Ridge, which extends
north-south at approximately 140° E. From the
dynamic perspective, ROBINSON and TAFT（1972）,
using the path equation（ROBINSON and NILLER,

1967）, regarded the large meander path as a
Rossby lee wave that separated from the conti-
nental slope off the south coast of Shikoku（132°
E-135° E）. WHITE and MCCREARY（1976）re-
garded the large meander path as a Rossby lee
wave generated by bypassing Kyushu. They
considered that, since the wavelength of a linear
Rossby wave is proportional to the square root
of the current velocity, a large meander path ex-
ists if the current velocity of the Kuroshio is in
the range where the entire large meander path
（one and half wavelengths）is shorter than the
distance between Kyushu and the Izu-
Ogasawara Ridge; the large meander path does
not appear if the current velocity is higher than
that range.
MASUDA（1982）, using the path equation,
showed that, within a specific current velocity
range, multiple equilibria can exist for which
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there are both straight and large meander paths
through the inlet, that is Tokara Strait and outlet
of the Izu-Ogasawara Ridge at different lati-
tudes. Subsequently, several regional models
driven by inflow and outflow with different lati-
tudes obtained multiple equilibrium solutions in
specific velocity ranges（CHAO, 1984; YASUDA et
al., 1985; YOON and YASUDA, 1987; AKITOMO et
al., 1991）.
TSUJINO et al.（2006）and TSUJINO et al.（2013）
drove the ocean general circulation model with
historical winds and reproduced the Kuroshio
large meander, although it did not necessarily
match the actual period of occurrence. TSUJINO
et al.（2013）noted that the meander tended to
decay as the Kuroshio transport increased. USUI
et al.（2013）also showed that Sverdrup trans-
port in the Shikoku Basin increased at the last
stage of the historical Kuroshio large meander.
YOSHIDA et al.（2014）statistically analyzed the
Kuroshio path in the Quick Bulletin of Ocean

Conditions（QBOC）issued by the Japan Coast
Guard, and proposed another large meander
path（large meander east: LME）whose trough
（southernmost point）is located south of 32° N,
similar to the conventional large meander path
（large meander west: LMW）, but with a much
different longitude. While the trough of the
LMW is located west of the Izu-Ogasawara
Ridge, the trough of the LME is located on the
ridge. Figure 1 shows typical paths for the four
modes of the Kuroshio path classified by YOSHI-
DA et al. in the QBOC. If the southernmost lati-
tude of 136° E-142° E is north of 32° N, the path is
a non-large meander; else, if the southernmost
latitude of 136° E-142° E is south of 32° N, the
path is a large meander. The non-large meander
path passing north of Hachijojima（see Fig. 1）is
the non-large meander north（NLMN）; the non-
large meander path passing south of Hachijojima
is the non-large meander south（NLMS）; the
large meander path passing north of Hachijojima

Fig. 1 Map around the Shikoku Basin and the typical path（solid line）for
four modes of the Kuroshio path based on the QBOC（Quick Bulletin of
Ocean Conditions）; the non-large meander north（NLMN: blue）, non-large
meander south（NLMS: green）, large meander east（LME: black）, and
large meander west（LMW: red）. Dashed line indicates 32° N line. Open
circle indicates Hachijojima, closed circle indicates Cape Shionomisaki.
Color scale is for water depth. ETOPO1 was used for bathymetric data.
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is the LMW, and the large meander path passing
south of Hachijojima is the LME. YOSHIDA et al.
classified the Kuroshio paths from 1970 to 2009
and showed that the LMW accounted for 23 % in
terms of time and the LME accounted for 9 %.
The purpose of this study is to elucidate the
differences in the characteristics of the LMW
and LME. In particular, we will estimate the
characteristic velocities of the LMW and LME
by the path equation and investigate whether
the velocity of the Kuroshio controls the appear-
ance and disappearance of the LMW, as suggest-
ed by WHITE and MCCREARY.

2. Data and method
2.1 Kuroshio path
As the Kuroshio path, the current axis of the
Kuroshio path drawn in the QBOC（Quick Bul-
letin of Ocean Conditions）was used. In the
QBOC, the Kuroshio path fixed at a width of 40
nautical miles（approximately 74 km）is drawn
based on the analysis of the observed data of
current, sea surface temperature, and 200Ȃm-
depth temperature. The QBOC has been issued
twice a month since April 1960, once a week
since April 2001, and daily on weekdays since
August 2006. We used the line data created by
the Japan Hydrographic Association from the
QBOC image data（JAPAN HYDROGRAPHIC ASSO-
CIATION, 2022）. The current axis was defined as
the location of 13 nautical miles（approximately
24 km）from the coastal side of the Kuroshio
path. In addition, since August 2006, we used
only the data issued on Wednesdays, as in the
case of the earlier data.
For all modes in Fig. 1, the Kuroshio seems to
flow along the coast after entering the Pacific
Ocean at 130° E-131° E. For the NLMN, the Kur-
oshio flows along the coast to near Cape Shiono-
misaki（135.76° E）. For the NLMS, the path has
a crest（northernmost point）near Cape Shiono-

misaki and flows southward at a small angle to
the latitude line, and it turns northward with a
trough at 139° E-140° E. For the LME, the path
leaves the coast at 135° E-136° E as a crest and
flows southward, and it turns northward with a
trough at 139° E-140° E. For the LMW, the path
leaves the coast and flows southward with a
crest at 134° E-135° E, and it turns northward
with a trough at 137° E-138° E. For both large
meander paths, the LME and LMW, the path be-
tween the crest and trough has the form of a
sine wave, and it is presumed to be a free Ross-
by lee wave.
Figure 2 shows the mode of the Kuroshio path
in the QBOC from 1972 to 2019. There were
eight large meander periods of LME or LMW
that lasted more than one year（thick solid line
in Fig. 2）. The 8th large meander period, which
began in 2017, continues through 2020 and be-
yond. Figure 3 shows the Kuroshio paths for
each large meander period, and Table 1 shows
the appearance frequency of each path mode
during each large meander period. LME is dom-
inant in 1999Ȃ2001 and 2008Ȃ2009; LME and
LMW are comparable in 1981Ȃ1984 and 1989Ȃ
1991.

2.2 Path equation and its property
The path equation derived by ROBINSON and
NIILER（1967）was used. Assuming that the
current velocity at the sea bottom is zero, the
path equation can be written as follows:

 
   （1）

where  is the characteristic velocity

 
 （ is the current velocity in the path di-

rection）, and   denotes the surface integral
over the cross-section of the path.  is the path
direction from east,  is the coordinate of the

path direction, 
  is the curvature of the path,
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and  is 
  at the initial position of the path

 （the parameters are shown in Fig. 4）.

is the meridional variation 
  of the Coriolis

parameter  . Equation（1）represents the con-
servation of the potential vorticity of a thin jet,
with the first term on the left side representing
the relative vorticity, and the second term on the
left side representing the planetary vorticity.
The characteristic velocity coincides with the
current velocity if the current is spatially uni-
form, and when the velocity has a jet-like profile,
it is positively correlated with the maximum ve-
locity, but it is much lower than the maximum
velocity. ROBINSON and TAFT（1972）varied the
characteristic velocity of the Kuroshio in the Shi-
koku Basin in the range of 0.2Ȃ1.0 m/s and tried

to change the path. Assuming that the initial
curvature is zero, the path is determined by the
initial path direction  and the characteristic ve-
locity  . Figure 5 shows the variation in the
path due to the variation in the initial path direc-
tion  and the characteristic velocity  . If the
initial path direction is in this range, the form of
the path is close to a sine wave, and the larger
the initial path direction, the larger the ampli-
tude and the shorter the wavelength. On the
other hand, the higher the characteristic veloci-
ty, the larger the amplitude and the longer the
wavelength is.
A steady jet with a north-south component fol-
lows the path equation if there is no generation
or dissipation of vorticity owing to contact with
the lateral or bottom boundary. Then, the jet

Fig. 2 Mode of the Kuroshio path（small closed circle and dashed line）.（a）1972Ȃ1995,（b）1996Ȃ2019.
Thick solid line indicates large meander periods of more than one year.
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heads east while meandering as a Rossby lee
wave. This equation does not allow us to discuss
the path near the lateral boundary or in shallow
waters, and therefore, we cannot definitely state

how the western boundary current separates
from the lateral boundary. However, consider-
ing that the western boundary current flowing
from the south along the boundary separates

Fig. 3 Kuroshio path based on the QBOC. NLMN（blue）, NLMS（green）, LME（black）,
and LMW（red）.
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from the boundary as the relative vorticity de-
creases due to the β effect, as shown in Fig. 6,
the latitude of separation point is  where the
path has zero curvature, and the boundary di-
rection becomes the initial path direction .
The separation point is the point where vorticity
is supplied by contact with the boundary imme-
diately upstream and potential vorticity is con-
served downstream of it.

3. Characteristics of large meanders
Figure 7 shows the ten mean paths for the
eight large meander periods shown in Table 1,
along with their standard deviations at the
crests and troughs; for 1981Ȃ1984 and 1989Ȃ1991,
the mean paths of both the LMW and LME were
determined. The mean path was determined as

the mean latitude of the path for every 0.05 de-
grees of longitude from 128° E to just east of the
trough. The mean was taken by excluding the
paths farthest from the mean path until all paths
were within 0. 8 degrees of latitude from the
mean path. The horizontal broken lines in Fig. 7
are the central latitudes of the crest and trough
of each mean path. In our model shown in Fig. 6,
the central latitude coincides with the latitude of
the separation point, because the curvature of
the path is zero there. The 2000 m isobath east
of Kyushu and south of Shikoku extends approx-
imately 60 degrees（from the east）south of 31.5°
N and approximately 30 degrees（from the east）

Table. 1 Appearance frequency of each path mode
during each large meander period.

Fig. 4 Parameters in the path equation.

Fig. 5 Variation in the solution of the path equation
due to changes in（a）the initial path direction 30°
（green）, 40°（black）and 50°（red）for the char-
acteristic velocity 0.25 m/s, and（b）the charac-
teristic velocity 0.20 m/s（green）, 0.25 m/s（black）
and 0.30 m/s（red）for the initial path direction 40°.
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north of 31.5° N. The mean path of the large me-
ander, except for 1975Ȃ1980（LMW）, seems to lie
on the 2000 m isobath south of 31.5° N, and on
the 1000 m isobath south of Shikoku. The sepa-
ration point is the intersection of the central lati-
tude and the mean path. The five LMW separa-
tion points, except 1975Ȃ1980, are on the
transition from the 2000 m isobath to the 1000 m
isobath, and the three LME separation points,
except 1981Ȃ1984, are on the 1000 m isobath
south of Shikoku.
Figure 8 shows the optimal solution of the
path equation fitted to the path between the
crest and trough for each mean path（Fig. 7）.
The solution of the path equation has zero curva-
ture at the central latitudes of the crest and
trough of the mean path. By varying the initial
path direction  in steps of 1 degree, the charac-

teristic velocity U in steps of 0.01 m/s, the combi-
nation of initial path direction and characteristic
velocity that minimizes the root-mean-square dif-
ference in latitude between the mean path and
the solution between the crest and trough in the
mean path was determined. Figure 8 shows that
the solution of the path equation does not fit the
mean path in the west of the crest except
1975Ȃ1980 period. The paths seem to lie on the
1000 m isobath south of Shikoku, which elon-
gates the length between the separation point
and the crest. Although the details are unclear,
it seems that the continental slope strongly af-
fects the path through a mechanism not consid-
ered in the thin jet theory.
Table 2 shows the parameters of the optimal
solution. As typical values of LMW, we use the
mean of the five LMW except for 1975Ȃ1980, and
as typical values of LME, we use the mean of the
three LME except for 1981Ȃ1984. Table 2 shows
the mean and standard deviation for LMW and

Fig. 6 Schematic diagram of the separation of the
western boundary current and the Rossby lee
wave. PV denotes the potential vorticity of the
thin jet separated from the coast,  denotes the
Coriolis parameter at , β denotes the meri-
dional variation of the Coriolis parameter, U de-
notes the characteristic velocity, and H denotes
the height of the water column, which is constant
along geostrophic streamlines in the one-layer re-
duced gravity model. Ud/dy is the relative vor-
ticity. The parameters are shown in Fig. 4.

Fig. 7 Mean path（solid line）and central latitude
（dashed line）of the Kuroshio path. The circles
indicate the crests and troughs, and the thin ver-
tical lines indicate standard deviations at the
crests and troughs. LME（black）, and LMW
（red）. The green line indicates the 1000 m iso-
bath and the blue line indicates the 2000 m iso-
bath. Color scale of water depth is same as in
Fig. 1.
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Fig. 8 Optimal solution（dashed line）of the path equation fitted to the mean path of the
Kuroshio（solid line）. Thin dashed line indicates the central latitude. Black and green
lines indicate LME; red and blue lines indicate LMW. Color scale of water depth is same
as in Fig. 1.
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LME, respectively, and three of the eight param-
eters, characteristic velocity, wavelength, and
elongation, are not significantly different be-
tween LMW and LME（0. 05 ＜ p: probability
value）. The mean central latitude of the LME is
0.42 degrees higher than that of the LMW. The
mean amplitude of the north-south meander of
the LME is 0.10 degrees smaller than that of the
LMW. The mean initial path direction of the
LME is 8 degrees smaller than that of the LMW,
which makes the amplitude smaller.
Figure 9 shows the latitudinal distribution of
the direction（from the east）of the mean path
east of Kyushu and south of Shikoku obtained by

central difference（  

∆ ）, as
well as the initial path direction of the optimal
solution at the central latitude. Both the mean
path direction and the initial path direction de-
crease with latitude. In the central latitude
range, 31.77° N to 32.41° N, except for 1975Ȃ1980,
the decrease in initial path direction with in-

creasing latitude is less than that in the mean
path direction. The initial path direction de-
pends on the central latitude, but differs slightly
from the mean path direction, possibly due to
the effect of the continental slope as well as elon-
gation.
Whether the Kuroshio passes north or south
of Hachijojima depends on the longitude of the
trough, which divides the LMW and LME（see
Fig. 7）. The longitude of the trough is the sum
of the longitude of the separation point, the elon-
gation south of Shikoku and three-quarters of
the wavelength. The mean longitude of the
LME trough is 1. 22 degrees larger than the
mean longitude of the LMW trough（Table 2）.
Since there is no significant difference in wave-
length and elongation between LME and LMW,
the difference in longitude of the trough is gen-
erated by the 0. 76 degreesʼ difference in longi-
tude of the separation point. Although the
wavelength depends on the characteristic veloci-
ty and the initial path direction, there is no sig-

Table. 2 Parameters of optimal solution.
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nificant difference in wavelength between LME
and LMW because there is no significant differ-
ence in characteristic velocity and the depend-
ence on the initial path direction is weak.
On the other hand, the longitude of the LMW
trough for the 1975Ȃ1980 is 0. 90 degrees less
than the LMW mean. The large factors are the
difference in elongation of 0.68 degrees and the
difference in longitude of the separation point of
0.32 degrees. Elongation for the 1975Ȃ1980 peri-
od, when the path does not reach the 1000 m iso-
bath south of Shikoku, is almost zero.
The 1981Ȃ1984 LME and LMW trough longi-
tudes are nearly equal, almost in the middle of
the LME mean and the LMW mean. This sug-
gests that the trough of the 1981Ȃ1984 large me-
ander alternated between LME and LMW paths
because it was located near the boundary longi-

tude where the LME and LMW are divided.

4. Discussion
The initial path direction and characteristic
velocity were estimated by fitting solutions of
the path equation to two types of Kuroshio large
meanders, LMW and LME paths. A comparison
of the five LMWs and three LMEs showed no
significant differences in characteristic velocities
and, therefore, no significant differences in mean-
der wavelengths. The difference in the longitude
of the meander troughs was due to the differ-
ence in the longitude at which the Kuroshio sep-
arates from the continental slope east of Kyushu
or south of Shikoku. This differs from the esti-
mation by WHITE and MCCREARY（1976）, who
suggested that the troughs shift over the Izu-
Ogasawara Ridge due to the increased velocity
of the Kuroshio and the longer wavelengths of
the Rossby lee waves.
As pointed out by YOSHIDA et al.（2014）, at the
last stage of the LMW-dominated large meander
period, the Kuroshio path becomes the LME and
transitions to the NLMS（non-large meander
south）, ending the large meander. This transi-
tion of the Kuroshio path can be seen as a north-
ward shift of the separation latitude from the
continental slope. The increase in Kuroshio vol-
ume transport at the last stage of the large me-
ander period found by TSUJINO et al.（2013）and
USUI et al.（2013）may cause a northward shift in
the separation latitude without an increase in
characteristic velocities.
The path of the Kuroshio large meander devi-
ates from the optimal solution of the path equa-
tion once it passes the trough, and flows north-
ward over the western slope of the Izu-
Ogasawara Ridge for LMW and over the eastern
slope of the ridge for LME, mostly along the iso-
bathic line. However, depths at the deviation
points ranged from 4000 m and deeper in 1975Ȃ

Fig. 9 Direction of the mean path at each latitude
（lines）and the initial path direction of the opti-
mal solution at the central latitude（marks）.
LMW（red）and LME（black）. The dashed red
line and triangle indicate 1975Ȃ1980 LMW. The
gray dashed straight line represents the regres-
sion line for the nine marks except for the 1975Ȃ
1980 LMW.
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1980 to approximately 1000 m near the top of the
Izu-Ogasawara Ridge in some LMEs. This sug-
gests that the deviation from the solution near
the Izu-Ogasawara Ridge is not due to the local
effect of the bottom topography.
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