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Chapter 1 IntrodXction

EnYironmental changes haYe been draZing attentions of scientists for \ears, and
Zithin marine ecos\stem, tZo of the most concerned problems are h\po[ia and ocean
acidification (OA). H\po[ia, defined as loZ or depleted o[\gen in Zater bod\
(dissolYed o[\gen less than 2 mg/L in Zater), has increased area and dXration in
recent decades aroXnd the Zorld. Lack of o[\gen has been shoZn to affect marine
organisms in mXltiple Za\s, sXch as habitat selection, reprodXction and metabolism.
OA is the decrease of pH caXsed b\ increased amoXnt of discharged CO2 absorbed
into the oceans, and also caXses disorders in fish in terms of settlement sXccess and
perception of predators. Both problems haYe been reported to affect fish otoliths,
strXctXres that facilitate fish hearing and balancing and are composed mainl\ of
calciXm carbonate.

ThXs, this stXd\ aimed to Xse marbled floXnder to stXd\ the potential inflXences
of enYironmental changes sXch as h\po[ia and ocean acidification (OA) in Tok\o Ba\
on fish otoliths. As one of the most important fisher\ sites in Japan, Tok\o Ba\ has
been sXffering from sXmmer h\po[ia for \ears, and potentiall\ inflXenced b\ OA
soon. Marbled floXnder, as a demersal fish, Zas chosen dXe to its Zide distribXtion.
The main focXses of this stXd\ Zere: 1) microchemistr\ difference betZeen otoliths of
marbled floXnder captXred from Tok\o Ba\ and the oXtside open sea; 2) correlation
betZeen Zater and otolith Mn; 3) inflXences of pH on otolith morpholog\.

Chapter 2 Otolith microchemistr\ in Tok\o Ba\

StXdies haYe shoZn that h\po[ia increases [Mn/Ca]otolith in mXltiple fishes, and
other elements sXch as Mg, Ba, and Sr might be correlated to enYironmental factors
like temperatXre and salinit\. ThXs, otolith microchemistr\ Zas anal\]ed to eYalXate
the enYironmental factor differences among in and oXtside of the Tok\o Ba\ areas.

Marbled floXnder captXred from in Ba\ (FXnabashi, Kaneda, and Takeoka) and
oXtside (Choshi) Zere dissected (Fig. 1), and otoliths Zere sectioned for Laser
Ablation IndXctiYel\ CoXpled Plasma Mass Spectrometr\ (LA ICPMS) anal\sis.
ValXes of Mn, Ca, Mg, Ba, and Sr Zere measXred, and [Element/Ca]otolith Zere
bo[plotted among locations. [Mn/Ca]otolith of samples in age 0 and 1 captXred from
Choshi and Tok\o Ba\ locations Zere directl\ plotted to see the seasonal trend, and
[Mn/Ca]otolith of all foXr locations Zas anal\]ed b\ Anal\sis of Variance (ANOVA).
Age 0 and 1 Zere selected becaXse onl\ these tZo age stages Zere completed b\ all
samples.

No difference seemed to be foXnd in [Mg/Ca]otolith, [Ba/Ca]otolith, and [Sr/Ca]otolith,
bXt [Mn/Ca]otolith shoZed significant difference in age 0 and 1 data (Fig. 2 & 3). The
pattern of age 0 matched the e[pectation that the inner Ba\ e[perienced most seYere
h\po[ia and shoZed the highest [Mn/Ca]otolith, folloZed b\ the moXth area of the Ba\,
and finall\ the oXtside of the Ba\, Zhich did not haYe h\po[ia, and shoZed the loZest
YalXe of [Mn/Ca]otolith. These resXlts, together Zith the seasonal trend reYealed b\
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Tok\o Ba\ samples (Fig. 4), shoZed the potential to Xse [Mn/Ca]otolith as an indicator
of h\po[ia, especiall\ Zhen the otoliths measXred Zere from \oXng fish (Fig. 3).

Chapter 3 Relationship of Mn concentrations betZeen Zater and otolith

AlthoXgh [Mn/Ca]otolith has been shoZn to correlate Zith h\po[ia, the mechanism
is not clear. The most commonl\ mentioned e[planation is that more solXble form of
Mn2+ Zas left for otolith Xptake Zhen loZ o[idation happened Xnder h\po[ia. In this
case, the direct caXse seemed to be Zater Mn concentration. This chapter aimed to
e[amine this correlation betZeen Zater and otolith Mn, and to e[plore the mechanism
behind eleYated [Mn/Ca]otolith Xnder h\po[ia.

JXYenile marbled floXnder Zere reared Xnder three different concentrations
(control, 30[ and 50[) of Zater Mn for tZo months, Zith si[ fish contained in each
treatment, and later another 10 fish Zere reared Xnder Zeekl\ increasing
concentrations (from 30[ - 190[) for 11 Zeeks. Otolith and Zater chemistr\ Zere
anal\]ed b\ ICPMS, and the data Zas compared among treatments. Samples of the
field e[periments Zere compared as Zell.

The constant concentration did not shoZ strong connection betZeen Zater and
otolith Mn (Pr = 0.0057, TXke\¶s test Control: b, Mn 30: a, Mn 50: ab), and this resXlt
Zas sXpported b\ the Zeekl\ increasing concentration Zhich reYealed that
[Mn/Ca]otolith Xnder treatment from 30[ to 190[ Zas not higher than normal Mn
concentration proYided b\ the institXte for stock enhancement before arriYing
laborator\ (Fig. 5). The comparison among treatments and locations betZeen
laborator\ and field data on ma[imXm [Mn/Ca]otolith sXggested the same. Ma[imXm
represents the highest YalXe fish coXld get Xnder a specific enYironment, and can
aYoid the seasonal changes in field samples b\ aYeraging. HoZeYer, resXlts reYealed
that Zith prett\ loZ [Mn/Ca]Zater Zhich Zas close to the control leYel, field samples
shoZed a mXch higher [Mn/Ca]otolith eYen than 50[ treatment at laborator\ (Table 1,
Fig. 6). ResXlts in this chapter indicated that the mechanism of high [Mn/Ca]otolith
Xnder h\po[ia coXld not be solel\ e[plained b\ Zater chemistr\.

Chapter 4 Otolith morpholog\ Xnder ocean acidification (OA)

Otoliths haYe been foXnd to groZ larger Xnder OA in former stXdies, hoZeYer,
the roXghness of otolith sXrface has not been Zell described \et. This chapter focXsed
on the impacts of pH on otolith morpholog\.

JXYenile marbled floXnder Zere reared Xnder three pH treatments for tZo months.
Otolith area, perimeter, solidit\ (defines as area/conYe[ hXll area), length, Zidth, and
thickness Zere measXred throXgh photos b\ ImageJ (Fig. 7). Data Zas first anal\]ed
b\ principle component anal\sis (PCA), then ANOVA Zas applied on the most
contribXted principle components to reYeal difference.
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A separation occXrred betZeen Control and tZo pH treatments along Dimension
2 (Fig. 8), and the most contribXted Yariables Zere solidit\, area and thickness.
TXke\¶s test sXggested that area and thickness increased Xnder loZ pH, and solidit\
became larger, indicating smoother sXrface bXt the changes of roXghness might haYe
threshold (Fig. 9).

ConclXsions

Marbled floXnder captXred in Tok\o Ba\ shoZed a higher [Mn/Ca]otolith than
those from the oXtside, together Zith the seasonal trend, sXpporting the occXrrence of
h\po[ia in Tok\o Ba\ in sXmmers. HoZeYer, the rearing e[periments and the
comparison betZeen laborator\ and field data reYealed that the main reason for
eleYated [Mn/Ca]otolith Xnder h\po[ia Zas not the change of solXbilit\ of Mn irons.
ThXs, the mechanism reqXires fXrther stXdies. OA seemed to affect otoliths and
resXlted in larger si]e and smoother sXrface, and solidit\ might be Xsed as an indicator
to the roXghness of otoliths.
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Fig. 1 Map of captXre locations. Fish samples Zere collected from Tok\o Ba\ (FX, Ka
and Ta shoZn Zithin the red bo[) and oXtside (Cho), belonging to Chiba PrefectXre of
Japan. White area in detailed map shoZs land and gra\ area is Zater. Water sample
Zas collected near FX.

Fig. 3 Bo[plots of aYerage [Mn/Ca]otolith (�mol/mol) of otoliths from oXtside (Cho) to
moXth (Ta and Ka) and inner Ba\ (FX). Each bo[ shoZed the [Mn/Ca]otolith aYeraged
for different ages Zithin each station. Colors represented ages, and significant
differences of the TXke\¶s test on Age 0 and 1 Zere shoZn on top of the bo[es as Age
0: a, ab, b; Age 1: A, AB, B.
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Fig. 2 Bo[plots of aYerage [Element/Ca]otolith compared b\ locations. A: [Mg/Ca]otolith
(�mol/mol); B: [Ba/Ca]otolith (�mol/mol); and C: [Sr/Ca]otolith (mmol/mol).

A

B

�
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Fig. 4 Seasonal trend in [Mn/Ca]otolith (�mol/mol) of Tok\o Ba\ samples (FX, Ka, &
Ta) at age stage 0 and 1 compared to oXtside of the Ba\ (Cho/Choshi on the left). The
[-a[is represents the distance from core to edge on otolith (ȝm). Colors indicate
different strXctXres as core (the center), opaqXe (Zhite and Xnclear areas), and
translXcent (clear areas).

Fig. 5 DistribXtion of [Mn/Ca]otolith in the E[p. Weekl\ increasing Mn. The [-a[is is
the diameter of otoliths (ȝm), and the \-a[is is the [Mn/Ca]otolith (�mol/mol) along this
diameter. The dark dots represent microchemistr\ formed Xnder treatment, and the
gra\ dots Zere formed at the institXte for stock enhancement before arriYing
laborator\. S\mbols in figXre: MC is [Mn/Ca]otolith, Lab is laborator\, and Ins is
institXte.
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Table 1 Water chemistr\ of the laborator\ and field e[periments. Control, Mn 30 and
Mn 50 Zere collected from the rearing e[periment Zeekl\, and Zater samples of the
field e[periment Zere collected near FX. ValXes are represented as mean � standard
deYiation (SD).

Mn (mmol) Ca (mol) Mn/Ca
(mmol/mol)

Mg (mol) Ba (mmol) Sr (mmol)

Control 0.50�0.16 4.45�0.68 0.12�0.06 87.8�15.7 3.27�0.57 81.8�10.9

Mn 30 6.94�1.10 4.48�0.84 1.57�0.20 87.0�16.5 2.92�0.55 82.0�14.5

Mn 50 10.4�1.92 4.23�0.74 2.47�0.10 81.4�15.4 2.76�0.71 76.4�13.1

Tok\o Ba\ 0.30�0.01 2.85�0.34 0.11�0.01 47.0�5.5 0.06�0.01 77.6�4.8

Fig. 6 Bo[plot of ma[imXm [Mn/Ca]otolith (�mol/mol) of all treatment groXps from the
laborator\ e[periment and locations from the field e[periment. The ma[imXm YalXe
of [Mn/Ca]otolith in each sample (\-a[is) Zas compared betZeen the rearing
e[periment (Control, Mn 30 and Mn 50) and field e[periment (normo[ic: Cho;
h\po[ic: Ta, Ka, and FX).
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Fig. 7 Otolith measXrements Xsed as Yariables in this stXd\. All photos taken Zere of
sample 24 (pH 7.5) on lateral face (A, B, D, E) and flat sXrface (C, F). A, D, and
otoliths on the left in C and F are e\e-side otoliths, and B, E, and the right ones in C
and F are blind-side otoliths. A and B Zere taken Xsing an anatomical lens. C is
backgroXnd reYersed b\ Paint. D, E, and F are the final anal\]ed Yersions in Image J
The solidit\, area, and perimeter of each dark area in D, E, and F Zere directl\
measXred b\ ImageJ, and the arroZs represent the lateral length (long arroZ on D),
thickness (short arroZ on D), and Zidth (arroZ on F).

Fig. 8 IndiYidXal plot of PCA on otolith measXrements together Zith fish SL. Shapes
represent the pH treatments, Zith the small icons being indiYidXal samples, and the
big circle, triangle and sqXare in the central area of each ellipse being the aYerage of
each treatment groXp. A 95% confidence ellipse is Xsed for each treatment to
highlight data separation.
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Fig. 9 Bo[plot of the
most contribXted
Yariables on Dimension 2.
Letters represented
significant differences
among the HNO3

treatments reYealed b\
TXke\¶s test.
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影響に関する研究） 

論 文 審 査 の 結 果 の 要 旨 

耳石の微量元素については、Sr が塩分の指標となることが知られている。その

他、Mn, Mg, Fe 等が存在するがそれらの含有量を左右する環境要因は不明であっ

た。東京湾のマコガレイのMnを調べたところ、外房（銚子）には極めて少なかった

が、湾奥（船橋）、内房（竹岡、金田）においては、特に春季、夏季に大きく増加す

ることがわかった。海底底質中のMnが、貧酸素・還元状態で溶出し増加することに

起因すると考えられた。 

この仮説を検証するために、飼育下におけるMn添加実験を行った。耳石Mn密度

はコントロールに比べて有意に増加したが、水中Mn濃度とは相関しなかった。した

がって、内湾の貧酸素条件等に加えてストレス等が耳石Mnを増加させるものと考え

られた。これらの結果より、耳石 Mn が内湾環境の指標となり得る可能性が示され

た。 

また地球温暖化ガスの二酸化炭素濃度増加がもたらす海洋酸性化の影響を明らか

にするために、pH 低下と耳石外部形態の関係をマコガレイの飼育実験によって調べ

たところ、pH7.5, 6.8 においては、耳石のサイズが大きくなり凹凸が減少した。 

本研究によって明らかにされた、耳石の微量元素（Mn）への環境影響は、種々の

内湾資源が貧酸素環境を利用しながら生活史を全うしている沿岸生態系理解に大き

く寄与すると考えられ、博士（農学）に相応しい研究内容であると判断される。 

 

 




