





Fig. 1 Study area of this study, Inner part of Isahaya
Bay, Kyushu, western Japan.

side of the inner part of Ariake Bay, Kyushu, Japan
(Fig. 1). The total area of the bay is about 65 km’, and
its average depth is 10 m. Shimabara Peninsula with an
active volcano, Mt. Unzen, located on the southern side
of the bay. In general, these volcanic eruptions were
some of the principal natural sources of mercury in the
atmosphere ”. It has erupted at least three times (1663,
1792, 1990 to 1995) since the dawn of human history

10)

in Kyushu . At the last eruption of Mt. Unzen, about
2.95 tons of mercury were emitted to the atmosphere
over 1,928 days '"”. Furthermore, there are many hot
springs and fumaroles around the volcano, from where
hot water and gases containing mercury are being
continuously emitted *'?. They also seem to work as
sources of discharging mercury to the bay. Here, we set
three sampling stations in the inner part of the bay to

collect fishes and mega-benthos with a gill net at St. 1,

a fixed net at St. 2, and a cast net at St. 3.

Sampling

On 17 October 2015, January 27, May 24, and
August 3 in 2016, we collected fishes and mega-benthos,
leaving a gill net in the water from a fishing boat for

approximately 30 minutes, at St. 1, and with a fixed net
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which was permanently set at St. 2. At St. 3, we conducted
samplings of a school of fish with a cast net from the
fishing boat, searching for it with an echo sounder, on 27
November 2017. All of the collected specimens of the
fishes and mega-benthos were kept in cooler boxes until

they were brought back to the laboratory.

Treatment of the samples

At the laboratory, the specimens of the fishes and
mega-benthos were identified, measured, weighed,
and dissected with clean instruments to take the dorsal
muscles without skin and bones of fishes and muscle
of mega-benthos. About 6 g in wet weight of the
muscles of each specimen was collected to use for the
chemical analyses. These samples were washed with
distilled water, put in 5 ml of plastic vials, and kept in
a freezer at -20 °C. The frozen samples were freeze-
dried for 48 hours with a freeze dryer, powdered with
Agate mortar, and kept in the plastic vials.

Prior to determination of stable isotope ratios of
carbon and nitrogen of the samples, about 10 mg d.w.
of each sample was placed in the microtubes 1.5 mL,
treated with 2N HCI to remove CaCOj;, vacuum-dried
for 48 hours, delipidated with chloroform-methanol
mixture solutions (2:1, v/v), and centrifuged at 10,000
rpm for five minutes at 4 °C twice. They were treated
with 100 % methanol, centrifuged at 10,000 rpm for
five minutes at 4 °C again, and vacuum-dried for
48 hours. Finally, they were ground to powder with
pellet pestle. The remaining samples were used for

determination of THg contents.

Chemical analyses
The stable isotope ratios of carbon and nitrogen

of the samples were determined using an elemental
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analyzer (Flash Elemental Analyzer 1112 Series,
Thermo Electron) and continuous flow isotope ratio
mass spectrometer (Delta Plus, Thermo Electron).
All isotopic data were reported in conventional delta

notation (in %o) as follows:

S C=(PC/Crampie) (*C/Congara)-11 % 1000 (%0)
815N:[(lSN/MNsample)/(lSI\I/MI\Istandard)_1] X 1000 (%0)

Pee Dee Belemnite (PDB) and atmospheric nitrogen
were used as references for °C and "N, respectively.
Glycine was used as a working standard in this study.
The overall analytical error was within + 0.2 %eo.

The THg contents of the samples were determined
with an MA-3000 mercury analyzer (Thermal
vaporization atomic absorption, Nippon Instruments).
The NIMJ CRM 7402-a (cod fish tissue) was used to test
the accuracy of the method as a standard reference for
the determination of THg content of the specimens of

the fishes and mega-benthos.

Analyses of trophic relationship and biomagni-
fication of mercury

The trophic position of each species of the fishes
and mega-benthos collected in this study was
determined with its 3"°N value of the body tissues.
The "N value of the secondary consumers, 13.4 +
0.7 %o (mean + S.D.), was obtained with the data of
the seven species of the secondary consumers of the
macro-benthic animals collected in the study area ”.
We assumed the isotopic shift of §°C and 8"N values
between the prey and predator as +1 %o and +3.4 %o,
respectively '”. Being based on these assumptions,

the trophic position value of each species (TP, ) in the

community of the aquatic animals was determined by

the following equation.

TP,=3 + (3N, - 8"N,.) /3.4 (%o)

TP;: trophic position of species i, 8 °N,: 8"°N value of
species 7, 8N, : the mean of §"°N values of seven
species of the secondary consumers (S.C.) of the
macro-benthic animals occurring in the study area
=13.4 (%o) ", 3.4 (%o): isotopic shift of 5"°N value
between prey and predator .

In this study, the animal which has a TP value
between 2.8 and 3.2 or one between 3.8 and 4.2 is
regarded as a secondary consumer or a tertiary one,
respectively, considering the range of the standard
deviation of the 8"°N values (£ 0.7 %o) of the seven
species of the secondary consumers of the macro-
benthic animals collected in the study area ”. The
difference of 0.7 %o in 8"°N value is equivalent to
that of 0.2 in TP value. The animal with a TP value
between 3.3 and 3.7 is treated as “the intermediate
consumer” between the secondary consumer and
tertiary one, which is referred to “the intermediate

consumer” in this paper.

Il RESULTS

Isotopic signatures of the body tissues of fishes
and mega-benthos

Fig. 2 indicates the relationship between 3" °C and
8"N values of the body tissues of 24 species of animals
collected by the samplings in the inner part of Isahaya
Bay in this study, which were made up of 21 species
of fishes, two species of cephalopoda, and one species
of malacostraca, and their trophic positions in the food

chain of the aquatic animal community in the bay. (The



data on the stable isotope ratios of carbon and nitrogen
of these species are noted in Table 1). The mean values
of 8”°C and 8" N of these animals ranged between -18.0
%o and -14.5 %o, and 12.8 %o and 17.3 %o, respectively.
According to the general trend of isotopic shift between
prey and predator ', the range of the 5"C values, 3.5
%o, indicates that they exploited the organic matters
derived from multiple sources of the primarily producing
organisms, and that of the 8N values, 4.5 %o, which
exceeded the general isotopic shift of 8N value between
the predator and prey, 3.4 %o, indicates that they preyed
on the animals of different trophic positions.

The fishes and mega-benthos collected in this study
possess large mobility, and seem to feed on various diets
in both of the food chains of the pelagic and benthic

ecosystems. It is, therefore, hard to define their trophic
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positions in the aquatic animal community simply from
the observations of their feeding habits. However, judging
from the TP values calculated with their 5'"°N values (Table
1), two species of fishes, Lateolabrax japonicas (Japanese
seabass, TP = 4.1) and Paralichthys olivaceus (bastard
halibut, TP = 3.9), were regarded as tertiary consumers
in the community of the aquatic animals in the bay. Six
species of fishes, Hemitrygon akajei (large size (63.6 + 4.9
cm, 1,847 + 145 g, mean = S.D., n = 4) of red stingray),
Callionymus beniteguri (whitespotted dragonet), Takifugu
rubripes (Japanese pufferfish), Pseudopleuronectes
herzensteini (yellow striped flounder), Cynoglossus
abbreviates (three-lined tongue sole) and Mugil cephalus
(flathead grey mullet), and one species of cephalopoda,
Octopus sp. (octopus) had TP values between 2.8 and 3.2,

and were treated as secondary consumers.

19
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Fig. 2 8"C and §"N signatures of 24 species of the fishes and mega-benthos collected from the inner part of
Isahaya Bay. The data of the plots are noted in Table 1. Error bars represent standard deviation of the data.
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The remaining 15 species of the aquatic animals were
made up of 13 species of fishes, /lisha elongate (elongate
ilisha), Pennahia argentata (silver croaker), Konosirus
punctatus (dotted gizzard shad), Sebastes inermis (dark-
banded rockfish), Takifugu niphobles (grass puffer),
Takifugu xanthopterus (yellowfin pufferfish), Planiliza
haematocheila (so-iuy mullet), Acanthopagrus schlegelii
(blackhead seabream), Acanthopagrus sivicolus
(Okinawa seabream), Nuchequula nuchalis (spotnape
ponyfish), Amblychaeturichthys hexanema (pinkgray
goby), Engraulis japonicas (Japanese anchovy), and

Sardinella zunasi (Japanese sardinella), two different

ARIKHG - EREEN A28 55128 5175 (2018)

size classes of red stingray (H. akajei, extral-large size;
72.0 cm, 5,150 g, (n = 1), small size; 30.6 = 2.4 cm, 98.2
+29.1 g, (n = 4)), one species of cephalopoda, Sepia
esculenta (cutttlefish), and one species of malacostraca,
Oratosquilla oratoria (mantis shrimp), had TP values
between 3.3 and 3.7. They were considered to be
“intermediate consumers”, which fed on mixtures of the

primary and the secondary consumers for diets.

THg contents of the body tissues of fishes
and mega-benthos

Figure 3 shows the relationship between the
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Fig. 3 The relationship between the 3"°N values and THg contents of the body tissues of the fishes and mega-

benthos collected in the inner part of Isahaya Bay. Error bars represent standard deviation of the mean values. The

data of the plots are noted in Table 1.
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3"°N values and THg contents of the body tissues
of 24 species of fishes and mega-benthos collected
in the inner part of Isahaya Bay. A general trend of
biomagnification of THg content in the food chain
of the animal community was not found in the THg
contents of the fishes and mega-benthos collected in
the study area. The values of two species of the tertiary
consumers, L. japonicas and P. olivaceus, were 266 +
99 ng/g d.w. (mean + S.D., n = 5) and 249 ng/g d.w. (n
= 1), respectively, while five species of the intermediate
consumers of fish, extra-large size class of H. akajei (TP
=3.3), T niphobles (TP = 3.6), A. schlegelii (TP = 3.5),
P. haematocheila (TP = 3.3) and N. nuchalis (TP = 3.3),
and two species of the secondary consumers of fish,
T. rubripes (TP = 3.2) and large size class of H. akajei
(TP = 3.1), contained THg between 328 and 3,700 ng/
g d.w. Although they were located at the lower trophic
positions to the two species of the tertiary consumers in
the community of aquatic animals, their THg contents

exceeded those of the tertiary consumers.

IV DISCUSSION

According to the descriptions on the feeding habits
of the two species of fishes as the tertiary consumers,
Lateolabrax japonicas ' and Paralichthys olivaceus
"7 they prefer juveniles of fish and/or small species
of fishes for main food items. The latter one is a
demersal fish, but it swims up in the water to catch the
pelagic animals such as Japanese anchovy, Engraulis
Jjaponicas during nighttime 'Y, The small fishes as
ones of their main food items seem to grow feeding
on zooplankton in the water, which increase preying
on phytoplankton. Therefore, their relatively low THg

contents as the tertiary consumers (L. japonicas: 266 +
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99 ng/g d.w. (mean £ S.D.), P. olivaceus: 249 ng/g d.w.)
seem to be responsible for their feeding activities in
the pelagic system.

Among the six species that exceeded the THg
contents of the tertiary consumers, Hemitrygon akajei
(red stingray) with extra-large body size (72.0 cm,
5,150 g, n = 1) as the intermediate consumer (TP = 3.3)
and large ones (63.3 £4.9 cm, 1,847 + 145 g, n=4) as
the secondary consumer (TP = 3.1) had conspicuously
high THg contents, 3,700 ng/g d.w. and 671 + 240 ng/
g d.w., respectively, while the THg content of the small
ones (30.6 + 2.4 cm, 98.2+29.1 g, n=06) was 142 + 76
ng/g d.w., and had a much higher TP value (3.7) than
those of the extra-large and large individuals. These
facts indicate that the trophic position of H. akajei went
down significantly as it grew up to adults, increasing
the THg contents markedly.

In the study on the feeding habits of H. akajei
collected in the inner part of Ariake Bay, which is
located outside Isahaya Bay, the majority of the
stomach contents were occupied by crustaceans
inclusing crabs and mysids and fishes, and the bivalves
were not found at all in them '”. These results are,
however, not contradictory to those of this study, since
most of the specimens of red stingrey were less than
50 cm ', which are classified to small individuals that
hardly prey on the bivalves in this study.

In the study area, the inner part of Isahaya Bay,
the macro-benthic animals were divided into two
groups in THg content, “High THg content group”
and “Low THg content group” in both members of the
primary and secondary consumers . The “High THg
content group” of the primary consumers consisted of
deposit feeding bivalves and polychaetes and bivalves

burrowing in the sediment, which included a venerid



bivalve, Ruditapes philippinarum, with the THg content
of 80.8 ng/g d.w., and that of the secondary consumers
was made up of the predators of the primary consumers
of “High THg content group” such as crabs and starfish
71t is, therefore, very likely that H. akajei depended
on R. philippinarum for diets more preferentially as it
grew up, and the preferential predation resulted in the
accelerated accumulation of THg in its body although
its trophic position went down.

Acanthopagrus schlegelii had the second highest
THg content (942 ng/g d.w., n =1), and was one
of the intermediate consumers (TP = 3.5). It is a
demersal fish with a restricted migration habit *”,
and feeds predominantly on mollusks, crustaceans,
and polychaetes > *?. In particular, it prefers oysters
(Crassostrea gigas) for diets exclusively *”, which was
also a member of “High THg content group” of the
primary consumers (94.1 = 22.3 ng/g d.w., n = 8) of
the macro-benthic communities in the study area”.

The remaining four species with high THg contents
between 328 and 558 ng/g d.w. were two species of
carnivorous pufferfish (7akifiugu niphobles and Takifugu
rubripes), Planiliza haematocheila, and Nuchequula
nuchalis. The pufferfishes favor macro-benthic animals

17229 \which were

such as bivalves and crabs for diets
included in the members of “High THg content groups”
of the primary and secondary consumers of the macro-
benthic communities in the study area, respectively .
Planiliza haematocheila belongs to Mugilidae. In general,
the fish of this family feeds on the sediment with detritus,
microphytobenthos and small benthic invertebrates *”.
Nuchequula nuchalis has a mouth with a downward
opening to suck up the food items from the bottom,
and favors macro-benthic animals including bivalves,

polychaetes, crustaceans, etc., and small fish for diets*®.

ARIKHG - EREEN A28 55128 5175 (2018)

Thus, the six species of the fishes of the secondary
and intermediate consumers of which the THg contents
exceeded those of the pelagic fishes of the tertiary
consumers prefer commonly macro-benthic animals
for diets. Therefore, they are referred to as bentho-
pelagic fishes ”, and their preys include the members
of “High THg content groups” of the primary and
secondary consumers . On the sea floor in the present
study area, the sediment contained 133 + 23 ng/g d.w.
of THg due to deposition of POM with 27.2 + 9.7 ng/
g d.w. of THg contents ”. Therefore, the results of
this study emphasize the strong influence of the THg
accumulation process on the sediment of the sea floor
and its biomagnification by the macro-benthic animals
to the THg contents of the bentho-pelagic fishes in the
coastal shallow water.

As we predicted from the results of the study on the
bioaccumulation of THg in the macro-benthic animals
occurring in the bay ”, one species of the bentho-pelagic
fish, H. akajei (extra-large size), which favors macro-
benthic animals of “High THg content groups” for diets
(in particular, venerid bivalve, R. philippinarum), had
a THg content, 3,700 ng/g d.w., which exceeded the
Japanese provisional standard value of THg for fish
and shellfish for foods, 400 ng/g w.w. (about 2,200 ng/
g d.w.)". The extremely high THg content was almost
equivalent to those of the marine mammals and sharkes
occurring in unpolluted areas by the anthropogenic
factors and far from the active volcanos > "%,
Therefore, the results of this study indicate that the
mercury discharge by the volcanic activities of Mt.
Unzen and its bioconcentration by the phytoplankton
and accumulation on the sediment of the sea floor in the
bay and biomagnification in the benthic system have a

great potential for pushing up the THg contents of some

11
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bentho-pelagic fishes to the levels equivalent to those of
the animals located at the top of the food web system of

the animals in the pelatic system.

V CONCLUSIONS

We collected 24 species of aquatic animals with
nets from a fishing boat in the inner part of Isahaya
Bay between 17 October 2015 and 27 November
2017. They were made up of 21 species of fishes,
two species of cephalopoda, and one species of
malacostraca, and determined their trophic positions
in the food chain of the aquatic animal community
using the results of stable isotope ratios of carbon and
nitrogen. They included two species of the tertiary
consumers of fish, seven species of the secondary
consumers including six species of fishes and one
species of cephalopoda (octopus), and 16 species of
the intermediate consumers between the secondary
and tertiary ones including 14 species of fishes, one
species of cephalopoda (cutttlefish), and one species of
malacostraca (mantis shrimp).

The results of the analysis of THg content of
these animals revealed that a general trend of
biomagnification of mercury in the food chain of
the animal community was not found in the fishes
and mega-benthos collected in the study area. The
two species of the tertiary consumers, Lateolabrax
japonicas (Japanese seabass) and Paralichthys
olivaceus (bastard halibut) contained 266 + 99 ng/
g d.w. (mean = S.D., n = 5) and 249 ng/g d.w. (n =
1) of THg, respectively, while five species of the
intermediate consumers of fish, an extra-large size
class of Hemitrygon akajei, Takifugu niphobles,

Planiliza haematocheila, Acanthopagrus schlegelii,

12

and Nuchequula nuchalis, and two species of the
secondary consumers of fish, 7akifugu rubripes and a
large size class of H. akajei, contained 328 to 3,700
ng/g d.w. of THg. The secondary and intermediate
consumers of the fishes, of which the THg contents
exceeded those of the tertiary consumers, have
common features in feeding habits in that they
preferentially prey on macro-benthic animals including
bivalves, polychaetes, crabs, and shrimps as main
diets. They are referred to as “bentho-pelagic species”.
Some of the diet species of the macro-benthic animals
contain high levels of THg through the deposition
of THg discharged by the volcanic activities on
the sediment of the sea floor and biomagnification
process in the detritus food chain in the macro-
benthic communities. Thus, the high contents of THg
detected from the bentho-pelagic fishes seemed to
be transferred from the mercury deposited on the
sediment via biomagnification process in the detritus
food chain of the macro-benthic communities and their

preferential predation on the macro-benthic animals.
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