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Sudden degeneration of eyes just before settlement in the larva
of Odontamblyopus lacepedii, the endemic goby to Ariake Bay,
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Shotaro Tojmal? *

. Yuta Yacr, Izumi KivosarTa?, Shinji Fujrra, Yuichi HiroTA” and Hiroyuki HIRAGA

Abstract: The eel goby, Odontamblyopus lacepedii, with vestigial eyes, is endemic to Ariake
Bay, Japan and is associated with shallow, muddy bottoms of estuaries. Larval distributions re-
lated to the metamorphosis of the species were examined around the upper estuary of the bay,
which consists of a heavily turbid, vertically mixed, and strong tidal current. In the present
study, we identified the larvae immediately after hatching. Their eyes were still enlarged with
growth during the pelagic period but suddenly started to degenerate and became vestigial just
before settlement during a 2-mm increment in body length. During this period, the larvae were
vertically distributed from the surface and middle layer to the near-bottom and bottom layers
with relatively high turbidity, and their pelvic fins rapidly developed; it is assumed that they
changed their mode of life to be similar to that of adults. From these results, it is elucidated that
the transition from a pelagic to a benthic lifestyle in this species synchronize with the eyes de-
generate and buried under the skin, i.e., morphological and ecological changes occur in synchro-

nization.
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Introduction

The eel goby, Odontamblyopus lacepedii (Am-
blyopinae), is endemic to Ariake Bay, Japan
(TakrTA, 2000). This species is classified in the
family Oxudercidae (NELSON et al., 2016). Also, O.
lacepedii is found in western and southwestern
Korea, China, Hong Kong, and Taiwan (MURDY
and SuBurAwa, 2001). The species is unique
within the Amblyopinae in having free and silk-
like pectoral fin rays and in undergoing meta-
morphosis represented by eye degeneration dur-
ing ontogenetic development (Dotsu, 1957).

Ariake Bay is characterized by having brack-
ish, highly turbid water with strong tidal cur-
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rents (INOUE, 1980). TanakA (2007) speculated
that as the Japan Archipelago separated from
the Asian continent, only Ariake Bay retained
such an environment, consequently supporting
fishes, including O. lacepedii, as continental re-
licts.

Little is known about the early life history of
the species, although there is some knowledge
about its distribution (DoTsu, 1957; TaKITA, 1980;
TAKITA et al, 2003) and early development
(Dotsu and TAKITA, 1967). Recently, AOYAMA et
al, (2007) and YAacI et al., (2011) observed that
O. lacepedii juveniles settled mainly around the
upper estuary of the bay, indicating its impor-
tance as an essential nursery habitat. However,
metamorphosing larvae have rarely been found,
and information on the relationship between
metamorphosis and the corresponding ecological
changes in the species is very fragmented. The
elucidation of eye degeneration in O. lacepedii
reveals the importance of morphological and eco-
logical changes during the early life history of
the fish and the adaptation of the endemic fish to
the unique environment of Ariake Bay.

In this study, we provide a detailed descrip-
tion of O. lacepedii larval development and de-
scribe its early migration in relation to its meta-
morphosis to better understand the early life
history of the species.

Materials and methods

Odontamblyopus lacepedii larvae and juveniles
were collected from the Rokkaku estuary (Stn.)
located in the inner part of Ariake Bay (Fig. 1)
On 20 July 2016, which was a spring tide. The
pelagic larvae and juveniles were collected using
oblique tows and a larval net with a mouth diam-
eter of 1.3 m. The mesh aperture of the nets was
0.5 mm. To collect demersal larvae and juveniles,
beam trawls (width, 1.5 m; height, 0.3 m; 2 mm
mesh aperture) were used according to a meth-

od described by Kurpers (1975) with modifica-
tions.

To examine the differences in the size and
vertical distribution of species relative to the ti-
dal phase, discrete-depth horizontal tows in the
surface and middle layers were conducted with
a larva net (1.3 m mouth-diameter, 0.5 mm mesh-
aperture) and near-bottom layers were conduct-
ed with a specialized beam trawl (width, 1.5 m;
height, 0.25 m; 2.0 mm mesh-aperture) and a
beam trawl on the bottom from flood to ebb tides
at Stn., located outside the river mouth. The spe-
cialized beam trawl was modified by KUIPERS
(1975), and it was designed to keep the lower
beam of the mouth 5 cm above the bottom to col-
lect pelagic larvae distributed near the bottom
(EBRAHIM et al., 2006).

The towing distances (m) of the larval net
were measured using a flowmeter (2030R, Gen-
eral Oceanics), and the towing depths (m) were
measured using a depth recorder (DEFI-D10,
JFE Advantech) attached to the nets. The tow-
ing distances (m) of the beam trawl and seine
nets were monitored using a GPS (Colorado300,
Garmin).

The number of individuals () was converted
to density (V- n % 1000 m %) using the following
equation:

Nin= (2x1000) / (A x D), 1)

where A is the area (m?) of the larval net and
D is the towing distance (m).

Npr= (nx100) / (wx D), (2)

where w is the width (m) of the beam trawl
and D is the towing distance (m) for the beam
trawl.

All samples were fixed in 10% formalin, and
fish larvae and juveniles were sorted and trans-
ferred to 80% ethanol. Subsequently, the O. lace-
pedii specimens were measured for size. The de-
velopmental stages of larvae and juveniles were
assessed as described by KENDALL et al. (1984).
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Fig. 1 Chart of Ariake Bay showing stations where fish larvae and juveniles were
collected on 20 July 2016. Solid circle (Stn.) indicates the station for discrete-depth
horizontal tows with a larva net, near-bottom net, and beam trawl.

The unlabeled lengths in the present study indi-
cate body length (BL). To better understand the
metamorphic phenomenon of the species, a maxi-
mum of 100 specimens collected using discrete-
depth horizontal tows were randomly selected
and their eye diameter and head length were
measured.

Water temperature (C), salinity, and turbidi-
ty (NTU) were measured every hour at 0.5 m
depth-intervals from the surface to the bottom
using a Compact-CTD (ASTD102, JFE Advan-
tech). The current was measured with an ADCP
(WHSZ12000-1-UG12, RD Instruments) at 0.5 m
depth-intervals from a depth of 1 m to the bot-

tom.

O. lacepedii larvae and juveniles (Fig. 2) were
identified as species based on adult meristic
characteristics (counts of dorsal and anal fin
rays and vertebrae) and distribution of melano-
phores (Dotsu, 1957). The representative series
of specimens used in this study were deposited
at the Usa Institute of Marine Biology, Kochi
University.

Results

Descriptions of larvae and juveniles (Fig. 2)
Morphology. The metamorphosis of the spe-

cies started and completed at ca. 10.0 mm and
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Fig. 2 Developmental stages of Odontamblyopus lacepedii larvae
and juveniles. a, 29 mm BL yolk-sac larva (UKU-433000); b, 3.7
mm BL preflexion larva (UKU-433001); ¢, 4.3 mm BL flexion
larva (UKU-433002); d, 9.8 mm BL postflexion larva (UKU-
433003); e, 12.1 mm BL juvenile (UKU-433004); f, 15.3 mm BL
juvenile (UKU433005).

120 mm, i e, the eyes were enlarged with
growth during the pelagic period (ca. 3.0-10.0
mm) and started to degenerate and become
vestigial just before settlement with only 2 mm
increase in body length (Fig. 3). During this pe-
riod, the larvae were vertically distributed from
the surface to the bottom (Fig. 3).

The caudal anlagen began to develop at ap-
proximately 4 mm with notochord flexion, and it
was fully developed at approximately 10 mm.
The caudal fin had longer principal rays in the
lower lobe than in the upper lobe (Fig. 2f). Dor-
sal and anal anlagen appeared at approximately
4 mm, their incipient soft rays began to differen-
tiate at approximately 4 mm in pre-metamor-
phic larvae, and all soft rays were present at ap-

proximately 10 mm in juveniles. Incipient rays in
the pectoral fin and pelvic bud were present at
ca. 10 mm in the pre-metamorphic stage (Fig.
2d), and they were fully completed at ca. 12 mm
in the metamorphosing stage (Fig. 2e).
Pigmentation. The distribution of melano-
phores was sparse in the larvae during meta-
morphosis (Fig. 2a-e). Distinct melanophores
were visible at the ventral margin of the tail in
the smallest pre-metamorphic larvae (Fig. 2a),
which were irregularly distributed in the later-
stage larvae and juveniles (Fig. 2b-e). Ventral
abdominal melanophores were found in the early
pre-metamorphic larvae (Fig. 2a, b) but disap-
peared in metamorphosing larvae and juveniles
(Fig. 2e, f). In juveniles approximately 15 mm in
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Fig. 3 The relationships among vertical distribution, eye diameter/body length

(top), and area of eye in the standard length of Odontamblyopus lacepedii lar-
vae and juveniles. Open triangle, gray diamond and square, and solid circle in-
dicate specimens collected at the surface, middle and near-bottom layers, and

bottom, respectively.

diameter, small melanophores were scattered

dorsolaterally on the head and trunk (Fig. 2f).

Tidal changes in the distribution of larvae

Physical conditions (Fig. 4). Strong tidal cur-

rents, which reached a maximum velocity of ca.
1.5 kt, within the estuary drastically altered the
vertical structure of the water column, and the
current velocity was slightly higher in the sur-
face layers than in the bottom layers during
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Fig. 4 Changes in the vertical profiles of water pa-
rameters at Stn. with tidal cycle. Flood and ebb
velocities are denoted as + and -, respectively. A
indicates the hour of high tide.

5). During the survey, the yolk sac, preflexion,
and flexion larvae of O. lacepedii were distribut-
ed in the surface and middle layers, with a maxi-
mum density of 4136 /1000m? at low tide (12:00),
but did not appear in near-bottom layers or on
the bottom, except in near-bottom layer at SAM.
Juveniles (< 10 mm) were mainly distributed
from the surface to near-bottom layers except in
the surface layer at 10AM, after high tide. Juve-
niles (> 10 mm) were mainly distributed in the
near-bottom and bottom layers during the sur-
vey.

Discussion

The morphological results for the larvae and
juveniles obtained in the present study are con-
sistent with those of Dorsu (1957), who used
natural larvae. The yolk-sac larvae observed in
this study were ca. 3.0 mm. In a study by DoTsu
and Takita (1967), the larvae were 3.3 to 3.5
mm TL immediately after hatching; therefore,
the larvae in the present study were determined
immediately after hatching. No eggs of O. lacepe-
dii have been found in the wild, but based on the
distribution of yolk-sac larvae and juveniles, it is
speculated that they hatch near the mouth of the
river and then settle on the river bottom in the
tidal areas (AovaMa et al, 2007). This sugges-
tion is supported by the results of the present
study, conducted near the river mouth, which O.
lacepedii was observed from the yolk-sac larvae
immediately after hatching to juveniles and set-
tling on the bottom.

Their eyes were still enlarged with growth
during the pelagic period but suddenly began
degenerate and became vestigial just before set-
tlement at a 2-mm increment in body length
(Fig. 3). During this period, the larvae were ver-
tically distributed from the surface and middle
layers to the near-bottom and bottom layers, and
their pelvic fins rapidly developed. These results
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Fig. 5 Vertical profiles of Odontamblyopus lacepedii larvae and juveniles collected

with a larva net, near the bottom net and beam trawl at Stn. with tidal cycle on

20 July 2016. The circles indicate Time and depth of collections. The diameter of
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surface, middle, and near-bottom layer samples and the square root of density
(n - 10> m?®) for the bottom samples. H indicates the hour of high tide.

indicate that eye degeneration is synchronized
with species settlement. The habitat has higher
turbidity near the bottom than in the surface
and middle layers, and it is suggested that the
species changed its lifestyle to become more sim-
ilar to adults.

However, the blind cave fish Anoptichthys jor-
dani has a small eye during the first three days
after hatching (Z1LLES et al, 1983). After ap-
proximately ten days, the eyeball was below the
level of the surrounding epidermis. The orbital
diameter diminished and did not allow a general
view of the entire surface of the eyeball. Over
the following weeks, the eyeball is gradually cov-
ered by epidermal tissue (ZILLES el al, 1983).
This difference is caused by the difference be-

tween the caves, where the environment

changes little generally or temporally, and the
estuary in Ariake Bay, where the environment
changes significantly temporally.

The changes in vertical distribution of O. lace-
pedii with its development will be compared
with those of other fish species distributed in the
Ariake Bay. The vertical distribution of two clu-
peoid fishes, Ilisha elongata and Sardinella zuna-
sz, did not appear to change significantly with de-
velopment (WANG et al, 2021). The change in
the vertical distribution associated with meta-
morphosis in Cynoglossus lighti, which under-
goes remarkable morphological changes during
its early life history (Yacr et al, 2009), is not as
synchronized as that in O. lacepedii. Unlike the
three species mentioned above, the vertical dis-
tribution of O. lacepedii significantly changed
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during metamorphosis. This difference may be
because O. lacepedii has adapted to the unique
environment of the Ariake Bay, with adults hav-
ing a unique lifestyle of burrowing in the silty
mud bottom.

On the other hand, when comparing the struc-
tural or functional changes with settlement of
Acanthogobius flavimanus, belonging to Oxuder-
cidae, with those of O. lacepedii, it was found
that although the eyes of A. flavimanus did not
degenerate, rapid changes in various character-
istics, such as gaining broader upper-field view
capability, occurred as the fish transitioned to a
benthic lifestyle (Kanou et al, 2004). These phe-
nomena suggest that Oxudercidae is a group ca-
pable of rapid structural and functional changes
in synchronization.

To date, little is known about the metamor-
phosis of O. lacepedii in the wild, in this study,
based on a detailed spatiotemporal survey of the
estuary area in the innermost part of Ariake
Bay, morphological and ecological changes in O.
lacepedii were synchronized. It is speculated
that the rapid morphological change that occur-
red when O. lacepedii settled on the bottom is an
example of potential of this species being realiz-
ed in order to adapt to the large tidal ranges and
high turbidity found in the Ariake Sea and part
of the eastern coast of Eurasia. There is no
knowledge regarding the morphology associated
with ecological changes in the larvae and juve-
niles of this species in Asian continent, and so a
comparison cannot be made, however, as this
species is considered to be a continental relict
species, the characteristics of this species in the
Ariake Bay are thought to be common to the
same species distributed on the Asian continent.
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Natural oscillations in Tokyo Bay excited by tsunami and amplification of
sea surface fluctuation due to their superposition

Ai Ociso” and Yujiro Kitape? *

Abstract: In this study, we investigated the natural oscillation in the complex topography of To-
kyo Bay and the amplification mechanism due to their superposition through numerical experi-
ments. First, an experiment was conducted in which waves were applied that simulated the
tsunami caused by the Tohoku Pacific Coast Earthquake in March 2011, and the formation of
natural oscillation in Tokyo Bay and its vibration form were investigated. Natural oscillations
throughout the bay were excited with periods of 333 minutes, 111 minutes, and 73 minutes. Peri-
ods of 333 minutes and 111 minutes are vibrations of the entire Tokyo Bay with mainly along
bay velocity components, which are the first and second modes of natural oscillation, respective-
ly. It was found that the periods of 73 minutes is the third mode which have vibrations of the
along bay velocity component from the bay mouth to offshore Kawasaki and the east-west veloc-
ity oscillation near the bay head. In actual measurements of tsunamis in Harumi, Tokyo Port,
etc., it was observed that the amplitude gradually amplified from the first wave to the third
wave, and then attenuated. The observed amplitude variation was explained by the "beat" that
is due to the superposition of the local natural oscillation and the third mode of the entire bay.
Next, we investigated the characteristics of the natural oscillations that form within Tokyo Bay
in response to tsunamis of various periods that propagate from outside Tokyo Bay. As a result, it
is indicated that the amplitude of each natural oscillation period included in the periodic compo-
nent of the incident wave determines the amplitude of each natural oscillation period formed in
the bay and finally determines the amplitude of the composed wave.

Keywords: Tsunami, Natural oscillation, Tokyo Bay, Tohoku Pacific Coast Earthquake
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Fig. 3 Temporal variations in sea level fluctuations observed at
Mera, Harumi, Chiba Lighthouse, Yokohama, and Yokosuka
during the tsunami spread. The sea surface fluctuations at
Fura and Harumi are taken from the Japan Meteorological
Agency (2011), and the fluctuations at Chiba Lighthouse, Yo-
kohama, and Yokosuka are plotted every 30 seconds observed
by the Japan Coast Guard.
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Fig.4 (a) Topography of Tokyo Bay used in the numerical experiment. Topogra-
phy A is the actual, and Topography B is the imaginal topography with the har-
bor removed and the shore smoothed. Numbers on the bottom contour lines are in
meter. (b) Time series of sea level displacement observed at Miyake Island when
the tsunami spread. Wave shape applied at the eastern boundary in a reproduc-
tion experiment (sin wave with a period of 50 minutes). However, in the experi-

ment, the amplitude was set to 10 cm.
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Table 1. Comparison of observed and calculated values. Ratio of maximum dis-
placement and first wave arrival time at each location relative to Mera.

Ratio of Max displacement  First wave Arrival time (min.)
Station observed model observed model
Chiba Lig. 0.54 0.81 70 97
Tokyo Harumi 0.87 0.92 76 78
Yokohama 0.90 0.59 46 49
Yokosuka 0.79 0.58 30 36
0.3 Harumi
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Fig. 7 Temporal variations in sea level displacement obtained from experi-
ments and observations. (a) Harumi, (b) Chiba Lighthouse. The observed
sea surface fluctuation at each station shown in Fig. 3 are represented the
same time axis as the model results.
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Fig. 10  (a) Temporal variation of Gaussian type wave of each forced time length given at the
boundary. While experiments were performed totally 15 cases, changing the duration of the input
wave from 15 min to 1000 min, only 8 cases are shown for clarity. (b) Frequency characteristics
of the Gaussian wave given at the model boundary are indicated by power spectrum. Only 8 cases
are shown for clarity.
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Fig. 11 The amplitude of surface displacement for each nat-

ural oscillation at off Chiba and Harumi (Tokyo) of all ex-
periments. (a) 333, 111 and 73minutes periodic compo-
nent, (b) 73, 62.5 and 56.5 minutes. Dashed line and
number with circle indicate forced time length as shown

in Fig. 10.
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Fig. 12 (a) Distribution of amplitude and phase for the 73minute period component for Topography A (Left
panel), and for the 73minute period (Middle Panel) and 62.5minute period (Right panel) for Topography B.
(b) Power spectrum of sea level displacement at C1 for experiments with Topography A and B.
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Table 2. Variance (cm?) obtained by integrating
energy spectrum from 50 to 90 minutes pe-
riodic component at the monitoring point
Al, A2, A3 and A4 along the bay axis.

Topography A Topography B
Al 25 x 10° 6.2 x 10°
A2 0.8 x 10° 36 x 10°
A3 1.7 x 10° 50 x 10°
A4 4.2 % 10° 6.7 x 10°
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Efforts to increase accuracy of ocean observation data

Hiroshi UcHmA!
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¥4 3V 7 ORIELRET, SBE A3 2 MLA
V7 MR HCIEEREAB O T, EEICEME R
(VA XL hw) F= P iEohi, 72721, B
ORI BT, Kk oI S 1X
HIEFYVERECTIEIARL, FT— 7 PIREE N
HOLXNVIEHA TH - 72

HEHT 2001 AR HRER AR £ v 4 — (BUAE
DG FEBFEREME [(JAMSTEC]) WCukhik L, i
TEHWERATZEAR [ A 5 W] 2 W, 1990 418125
i S A7z KV % MERE TS 2 WHP PRI fE
L, CTD Bl EMEZ 2L L7z (Fig 1)o M,
WHP FEH 0 JGERT & LT, 1999 4E12d6 R
47 BE F TS 2 0 PO1 T A T H I, 1985
£ WHP 7— ¥ & DI Sl 2w R AR
BB g AR (10 4524720 2 mK FEE) 23580
&7z (FUKASAWA ET AL 2004) o 2D X 9 % il
HREOED R EALZMRILT 2 O ICEEE %
CTD F— 4 BB E SNtz [HHW] T, K
it v — (SBE 3) &BRREE L v —752
oy AR E N7 SBE # CTD % HwvwTwiz,
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CTD )it ¥ —1x, JAMSTEC I2BWT, +
TIREIE D — R A B3 & W] U UL o> IR 1+ ) RAT
FHOTEERIES R TW, SBE3 X, £~
¥ — 355 SBE (2B WT, WHP HEH O
B - ERAICHIE SNz, BAIREE L v —HliE
ORI 2 3E5MWE121E, &S KEDS
B W EF (7 F 4 Guildline 8 AUTOSAL
8400B) ASH W 572 (KAwANO ET AL. 2006a) o
LN, EHHECTD F—4 20T 5700
DITEDARBIHEE 2 H Tz,

[HA 5 W] ~OH D TOFMMHEEL, 2001 412
JAMSTEC %3818 C O A& 19 7 15 45 BE AR Ar 80
L LT L 72 WHP PI7N &Il T - 72,
CTD F— 7 OWMHEEHO T MH©OHIZ 2 5D SBE 3
DOKMEZHEAL2E A, 05 mK BEEOIRIG
ZFOZEOIRENIN Z, BINEIHZO A — I —RKIE
POREL o2y —DE K 7+ T3]
T&ERW, ENIKF L7z 1 mK BEORMED
R o7 (Ucuma ET AL 2015)0 2115 DKl
T8 OAENSE, EEOBUNEZL (Bl
1024720 2 mK OJEREFHR) ICHRTEATE
BTWREEEoT

FEINARAE L 72Kl v — DRI D W T
Bk —HoETIZTTIicmenTsY,
1997 4F 12 SBE #¥ i H 2L #E i B &t (SBE 35,
Serial no. 3) % M\ 7z SBE 3 ®IGEFHIEZ WAL
72itFH (WOCE =2 — AL ¥ —) s hiTtwn
720 2T, 238 2003 4@ CTD #ill2 5 SBE
35 #EA L7 (Fig 2)o JAMSTEC i E ¥ %
11 5® SBE 3 DN AR L7z & 2 5,
6000 m »7-1 0~2 mK ## (GRAKT5mK) OF
TEAFDAFAEDH & 512 % - 72 (UCHIDA ET AL.
2007). 72721, ##E L9 5 SBE 35 OFE 5 IZ
R7Z 5 72720, FEERZE T SBE 3 OFE % 5
filiL, SBE 35 \ZI&HERAE D3 2 & & R
\ZHE728 72 (UcHDA ET AL. 2015)s F 72, SBE 35
EEEHMB AN REREERE LY ¥ —
(NMI]) ASEHY 2 i O FFEE (1TS90 05
BV ROZFERE A T AORRS) & iR
$5Z LT, SBEIZ L BKIEE DEGHEEERE L
7z (UcHIDA ET AL. 2015) 0 m CEIEFEIZH 720 SBE

EML—=HEY T 1 ICHT DR ORI, 2011 4
\Z SBE D E MBIV AST A 1) F [ 37 K e F AR F e
FT(NIST) I b L—H TN b DICHEHF SN/ (£
NUENSAEH L Tz ko =\ a2 v o 2011 4
RERL DN A 7 213 - 013 mK FREE & 5Ffili < 7z
[UcHIDA ET AL. 2015 B&]),

KiRFEDIEB L CTD OARHFTOLRSZEL L H
MAaH 0, ¥7 MNOTRHEEIZL B, Kikt v
= TU—=T ) OBEEEORE S OEALITE
K3 5b0LEZ 5N (UcHba ET AL 2015)0
ZZT, 2002 I CTD ¥ RARER 7 L— 2% T IV 3
WHAOLAT VLV ABICET L LERLHERL, 7
L — 2RI R 2 LD A TERAKRER 7 L — &
OB E K> 720 72, 2015 4E12, X 7%RW9)
KB ZY v FY T - AL NV CTD Lk
F—TNVOMIEA LTz, A —h— & ILFHTEH
P LoD RAME DR L, 2017 FE20> H%E
AT EEIC 2 ), CTD O REEALATEI AR
AL 7= (UcHma ET AL. 2018) 6

PLEWCE D, [HB W] OFEMA CTD &l
(2 & B (2000 m LAER) /K E O YEaRANHE
M E120.7 mK & BF&Ed 517z (UcHipa ET AL
2015), ZHICE D, [ASW] @ 2o CTD 8
WX % 1 mK OKBEAOHRIDTEEICR Y, 4
BRI 2 W IR O KB 2 FIRBIG 2B S 2 L
72 (KAWANO ET AL. 2006b, 2010; KOUKETSU ET AL.
2011),

Wiz owTiE, @, Bk 7 Visdd 5
S W CEREEE Y v —2 /T 5,
RS - IR HEICET A2 TRIEEH LD OO, 4
WHEDIEME S ASCTD 7 — 7 OWME Z R ET
%o 2010 4E 1 K O IR EE 7 FE AT EOS-80 4 5
Bk 2% 5 (TEOS-10) (I0C ET AL
2010) ICKET &8 N7/22 & 282, TEOS-10 D&M
D= DMK EE OB AE I Mt & &b
(UcHIDA ET AL. 2011), ¥E/ofrd 43562 &
2% o720 WADHHFEARIIELIN TV
A%, BRI ORIEIZ WV 5 TAPSO fE#eEK (1 1
FHIH LNy Fo38E S h D) oy FiifF+
7ty b OFHli (KAWANO ET AL. 2006a) %751 &
k72 (UcHDA ET AL. 2025b) o FE 552538 A
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Time (y)
2000 2005 2010 2015 2020 2025
2 " " | " . | . N 1 n N | " " |
v
IS
51—‘ ‘
S 01
o
=
o )
Q -1 SBE35 serial no. -
v 53 . .
OEJ o 22 Sea-Bird Electronics
~ | ©022m =45 JAMSTEC
-2 — 1 L A R B L AL

Fig. 2 W ERERE (JAMSTEC) %A 3 % i 28 H4E %5 (SBE 35) ORI
JE KO =HE BV TR L7zt v 3 — DI K1Y 7 b)o Serial no. 22 1 2009 4127
O— 7% L7272, k% 22m & EKide 7 L —13 JAMSTEC 20T A$ 5 7KkD=
OV TOFHGRE Fo Serial no. 45 1% 2022 4RI ERR 2RI L 722 12X D 0.

2mK oA+ 71y MLz,

Sz 1980 4ELIBEIE, + 0002 FEEED N v T[] 4
7k bOFEIRE S (Fig. 3), LK FHED
R RAIBLN S CER SN CTD 57— %
Ny FlF 7y MlEERZ@EHTAZ LT, db
KPR (GEm R ot 104457720

—0.0006 g/kg) % #& THe L7z (UCHIDA ET AL
20200, L22L, Ny FHMOMHNE L 72y b
rBEAEDETET 7Ry b - =T VR Lt
AT, 7y MEERENERT LB
ENH o7,

2010 4FE 7 & DK E BEI E DB Y A1 A D — B
L LT, BWERTORIEI W B 2R iRk 5 A )
OB EBE L, WKEEICHEEL -FEHES
BRI (T V A ) B, &iREE), BXO, KA
WA (7 A BRE, WERIE) BRI N T IRT A —
& BEHEEK (MSSW) %52 & ¢ 72 (UcHDA ET
AL. 20252) o A bE T, TAPSO KK K5
T BE G L 7z 3 oK A o 22 g 1 & BREA L 72
(UcHDA ET AL. 2025¢)s &1 5 D FE R h 5,
TAPSO ek 0 F2 G 5 25 IRg ) & & & (23

(14H720 00001 g/kg) LTWB I EEFEHRL,
WoasmbLr y FaZEL TNy F P29 (1959
4E) 75 P167 (2023 4F) FTOYNHD RV INY
F* 7%y bEFFG L (Fig. 3) (UcHDA ET
AL. 2025d) oAb EERE R HI B 2T o i CTD
Wy — 2 \CHHG L72Ny F 4+ 7k v MR
W5 % &, Uctipa ET AL (2020) THR L724b
R-2E B DRI AL 1Z TAPSO B HE ik o ¥ 514
MLy FIGERLAZATNZ S OT, FEEIZIX
SmEH ET104EH 720 000029 g/kg O EEAL
ZWH 522 L7 (UcHpa AT AL. 2025d) o

COSREN LOFEAL L Y K25 0EO
W%, [A LW X BRI ToGHE
DARFEN S & A iE, ZFOWERFHED X113 0.
00082 g/kg L AL HN, [ASH W] @2\ D
CTD i X % 0.0012 g/kg D57 OB A
WREIC e o 72,

Z @ & ) VKIR & O R R AT A HR IS
o722 T, JLRTFHEKIED T-S BRI HZ
LRSI Y, ZALORA S =X 4 (B
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ﬁgsIA%OF%@K®&£@(%%$‘)@ﬂ/%ﬁ¢7t/boiﬂi%%®%ﬁ
i, 7L —1Z IAPSO #E#ipKomEit v L > F (14EH72D 00001 g/kg) ZEELT

TR Lf: b Do 1980 AELAET DN v F DFE

GEHIRIER = T2 6N 57

O, Ny FRH

7%y boF 50 EE, HEREMOLHE S MA, HFR—HTOBROR

FEFEMEITER LT 5,

JEEBR D891, MASUDA ET AL. 2010) OfFHAIZH
N5 X927 572 (UcHDA ET AL. 2025d) o
2D W T L, TEOS-10 O % %h % % U7,
TEOS-10 O MGE & 12K D S E M 2 T HE KB R
DOEEM BT HLA P, BEOWEICEL L Hv
STV B R EEEHC X 2 iK% B 12
X, WEEOIERIEITRRK T % 8% (001
kg/m3 #EPE) 23 B Z & &R L7 (UCHIDA ET
AL 2011)o C O M Z U % 72 IR HE K
DFE % B O EREHEIZ b L —H 7V HH
SENHEZ, WKMNE R L 72 A 3 &
BA%E L 72 (Kayurkawa anp UcHipa 2021). i H
FE & 2608 % H v T MSSW @ % B % EGE L,
MSSW % J = CTHRB BT 2 R IET 5 2 & T,
K > TV DB B O ks BE 7 W E AS T RR S 7
bo 72721, MRBF BT O W o RE IR 5T
(AUTOSAL 8400B) ijbb 5N 5 BIED 5 fERE
X —Hikv 22T, AR E FE ol 5

HET 10,000 m F TR ENTTHEZ, 06T I
KO RIMFEEE Y v —% W% L7z (Ucnma
ET AL. 2019)

NSO - I AH) MA L HEIC
TEOS-10 OHMERE - BH - BET 2 1 9 AR sRkC
9 % IAPSO/SCOR/IAPWS & M Z%& B 4 (https:
//www.teos-10.org/about_JCS.htm) OZ&H & L
T, TEOS-10 O EHEEALIZHI Y HA TV 5,

4. CTDBRATF—E2DESLZ2EEELEBE
LT

2019 4EICFEIBSHALR (SI) DEFHRAKE L YE
EN7zo SIOKEAKAMIZTRTEFI S S L5
DL HBANTHDSE B2 E FZI1E, Fo
FIRITIT VR, rVEYIRRVY T UE
¥) CTERINDIEIIRo72, EBIZE, 7T
YIERIEIX U ST ARBEICEOERE SN,
NMIJ O EfH & BH#Hl 7 — % ZH & (CO-
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DATA) ORPIFREMEANTIF—H L TWDE I & h
5 (B 2019), EHNIZBWTIE, EF/WEICL
HEREEOANESIIE L v T2, HLOVE
TN BN FREE EBLT 27200 F 5T
ITS90 @5 il EEAE I (A S 13 &
B, ERYED TS0 OMFEM F 7213 EH O
AHEPSICEBE L2 2wk EhTwd (CCT
2019) L7225 C, HmLIBEIIHET2HERD

M=% T A ERRPELICHEZZITL L
DS, S IRAT LT ITS90 X824 & %y
0.0 K I NTWBLIEDPHLNIIRERE
(FISCHER ET AL. 2011), #FH&EARHESBF OWFSEE) [
FEBTHUEND D,

KO EICBWTIE, F1&FX, ITS90
DEFEN OKOZER LA 7 A OFMFET) 12
KDL ML =B T 1 OFERDPLET, FFiZ,
PRI OBUN 2 ZAL DM IZK DO ZFE R OO
EEXHPEETH D, KOZEETIAELH 5D
AP OB LY, KOZEHEREIIMKTT 5
(1044720 OREELIE T T r A BT T A v
VT =013 ~ -008 mK, A %E® L) T -002
mK) (UcHDA ET AL. 2015 ), AL %
FC 72 F 72 S B R BB e (2 > —
B5EIER NMIJ & JAMSTEC & oo b)) %
Eii L T2, LV oRMEOMEHIZBWTIX
IR (2D I R BRIERFTE 2 2 B3
LUERD L,

it ¥ W — DT FEPEEHI b BREATR S .
JE R PE DRI IA < FIF & T4 SBE 35 138
BRI D FHEADSTE Vv, Z00, W
WHHWSN B CTD kit » % — (SBE 3) @5
ECTOENFENFHTEEZHEETTH 5, 51,
JEDE VRS — © 2 %N, * — 1 —~DHAr
BIUR, & 5\, TR R % 814 L 72K > 4 —
ERHCZEBENZ T Y P il (SR
FHi$ A CTD Bz wTtd v ¥ —Kikt
YH—L LTHHT A LT, KBEE»IAET S
il > — OIE I BAFFENE % 5Pl %) S %E
EEZOLND,

Kiltt V=R BEREEEL =D A7)
VA (ERRAKMEAITH T 2 EIGE) 12D

T, ZOHFHEIIOVTIRBEHMENRTVDEHOD,
b U —BIERELRD B I LR, FOREELT
i W L Eh s, BURTIRIZEALERE
ST, [A5Ww]| CTD Bz v Tid,
WIICKE R AT Y Y A% FOE v — I3
LBRWEIICLTWDA, JIERE»m LT 51
ONBEHTERVIEE 2> TETWD, W,
b B —BIEH DR 2 7 VR 1 i e
MR (SBE 35) 12X Al IEEE LIFR (7 v
TeFx AN WAtbh, Ty 7 - Fx AMTK
DIBGRIER RO (FY Y - Fr R
N OMfET—FICHEA LT, T, &
YH—DeRAFY Y ALY CTD #fiT— & »°
AR FFOWTENEYA D Do 5%, Y-
v A 7Y ¥ ADKEE e E M- i R R LT 5,
HHWE, CTD#fHET—2 & LTT v 7 -Fx A
FOTF— 8 ORI EWE T 5 LED 5o
HorizowTid, e aen 1o 7o oddh
FR R 5 2 W e & W — D BIFE A
PTH b, BlzIE, AR OKR L 5o
100 km & 729 OFFILZEALIX, ThEh, 2mK &
0.0002 g/kg TdH 5 »%, SBE # CTD DK & 3
5 OMESREE, NN, 02 mK & 0.0004
g/kg TH Y, Kili - 5 OREILEILOK & S1Txf
L CHim oM w0 i —H#i 2 Y vy (UcHipa
ET AL 2019), ¥ 72, TEOS-10 ®¥is;& LTt
W st S 7z2s, MRS % e o B Cl
BETiER ey —EMLShTw v
W, WEROBLFIZEE Y v — TR 5 ENH S
R e D (BT V) ERAEE 7 A B
WISERK) ThaHMxEsT /<) —%HEET S
FERAPHWSLNTWS (I0C ET AL 2010)0 &
oM 2 =) — e UE AN R o
fEZXFRIZLTBY, WNKOEENRKE WRE
IR LR D g TIXRREN K E Vv, 20729,
JEHTROWEIED B (HREs) o —
OFHPEFEEIN TV D, KO RPN E DR
P L, Fr by Y r =GR — A i
1T Tz 1877 T M DM E AT b7z (LE
MENN AND NAIR 2022) o ZDHBEICN5 F T
R OWFEE DI L L > Y — DT I PR
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LC&7D, BRIGEE Y VY —ICLET % &9
HRERLIZIEE > TW R0,
SHDBSE LB ERE Y ¥ — (Ucuma
ET AL. 2019) 1%, s&EREOESF (AUTOSAL
8400B) (ZVLikd % Ml s fife = H 3 525, FH
LD 72 OV AFIRBEEARAFE R IE N B 5 % W % g
R DUEDDH B, F72, 2005 5D ) — X)L
FHEZEPM T 20T 2 7% EORFON
FHEMEHCSEZ LT, HERLY D WESHRES
—HiE, TL—2 ZAN—,% 0 ) bRITEREE
o —DFEIUTHRFL T 5,

B

HALHEE AR B OZEIE, hE TR -
TR ZE PSS RRAE - DALHEEES S - HERARIE IR
% IAPSO/SCOR/IAPWS & FZEH & TH MG
DI LA 2 IO LT 280 TRE -
TWIIOB2ITTT. FRIZ, UHRFERZEBECE
W, EZR WA RIEX, BB XU
ANTHFRIZ X 2B 7 — s e &, B&
YD THRE W22 L e B, KRR H
AL FEND AR ERHD T EE T LS
EHRGAEIEH - L E . F7, KRR
O RS BN BN O EEE &2 B, i EEESE R
FEEREICB VT, [ASW] 1T X 5 EkEE 20
CTD Bl A B H T A% 52 Tw
7272 kb, CTDBIEEMLE L LToRE
FHZ TV & T L REHERGA K72
LEd. 512, BllF—rO L =YY 574
MEROEELZ 3N, < IVF 85 X — & ik
KOBIFIZE N TV E T L2l FilEIt
I N2 L 5. HARBORABEEAEYE %
BSE - WS, RBEEHICED S REHEOZ
EFHOMILID ELTW2RED 2022 124
EshF Lz, HFEr o5l &Hkw2is T —
FOML—=HEY T AERIZOWTIERE {FRE
SELZENTEFE LA, Kl - OO
WHHEIZOWTS, FISEELsHE L it n
D5 &9 BT — & OERSEALC S TI§ 5T
TY, wiRIC, RO REMPDOREL T,
BUA - FZEICH 2 TEL LI AT NAFE T

A& 2 kT2 v ERn T,
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