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Seasonal dynamics in the profundal zone fish assemblage
in Lake Kasumigaura, eastern Japan

Yuka KaMiNARITAY * | Satoru WATAHIKI?, Taichiro Tovama?, Takao NEMoT0? and Kouki Kanou®

Abstract: Seasonal dynamics of the profundal zone (3.1-5.8 m depth) fish assemblage in Lake
Kasumigaura, a large shallow inland-sea lake (220 km?) in Ibaraki Prefecture, eastern Japan,
were examined by monthly bottom trawl-net (mouth size 55 m and mesh size 3 mm) sampling
from January 2014 to December 2015. A total of 14,840 individuals (mainly late juvenile and
adult stages) representing 30 species in 12 families, including 3 commercially important and 2
threatened species, were collected throughout the study period. The mean number of fish spe-
cies per haul varied from 6.7 to 12.7, with no apparent seasonal tendencies. Considerable seasonal
fluctuations in mean numbers of individuals were found in each year (peak abundances > 400
ind./haul in summer and winter seasons), with species composition differing significantly be-
tween the two seasons. The most abundant species were Tridentiger brevispinis, Salangichthys
microdon, Hypomesus nipponensis, Gnathopogon elongatus elongatus, Ictalurus punctatus, Caras-
sius sp., Cyprinus carpio, Pseudorasbora parva, Acanthogobius lactipes, Gymnogobius urotaenia,
Rhinogobius sp. and Squalidus chankaensis biwae, accounting for 98.3% of the total number of in-
dividuals. Seasonal changes in abundance and body size of each of the above species suggested
that the profundal zone of Lake Kasumigaura is inhabited throughout almost the entire life histo-
ry of some fishes (e.g, S. microdon and H. nipponensis), being a dispersal area for early life
stages from spawning and nursery grounds in littoral and riverine habitats, as well as an over-
wintering habitat for other species.
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Fig. 1 Map showing the profundal zone study area
in Lake Kasumigaura, Ibaraki Prefecture, eastern
Japan. Solid squares, trawl net sampling stations
from January 2014 to December 2015. N1, Taka-
hamairi Bay; N2, Tsuchiurairi Bay; N3, the lake
center.
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Table 1. Number of individuals and standard length (SL) range of each fish species collected using a trawl net
at three sites (N1-N3) in the profundal zone in Lake Nishiura from January 2014 to December 2015

No. of individuals

Family Species (code*) NI N2 N3 Toml % SL (mm) MML (mm)** Month
Anguillidae Anguilla japonica (Aj) 0 0 3 3 + 345-560 59
Cyprinidae Cyprinus carpio(Cc) 90 85 125 300 2.0 17-474 250* 1-12

Carassius cuvieri 0 2 1 3 + 109-184 2,12
Carassius sp. (Cs) 166 116 58 340 23 20-276 120° 1-12
Carassius buergeri subsp. 2 (Cb) 37 13 5 55 04 42-215 1-5,7-12
Acheilognathus macropterus 12 3 18 0.1 42-82 2,3,5,6,12
Rhodeus ocellatus ocellatus 2 0 0 2 + 21,41 9,11
Hypophthalmichthys molitrix 1 1 0 2 + 87,113 9
Ischikauia steenackeri 0 4 1 5 + 161-299 1-3, 11
Pseudaspius sp. 1 1 2 4 + 95-108 3,11
Pseudorasbora parva (Pp) 99 30 45 174 12 15-89 45°¢ 1-12
Gnathopogon elongatus elongatus(Ge) 458 132 65 655 44 15-72 514 1-12
Biwia zezera (Bz) 11 2 5 18 0.1 55-65 1-3,11,12
Abbottina rivularis (Ar) 48 4 12 64 04 16-97 1-3,6-9,11, 12
Hemibarbus barbus (Hb) 27 19 48 0.3 70-303 1-3,5,7-12
Squalidus chankaensis biwae (Sc) 4 38 42 84 0.6 23-87 604 1-3,6,11,12
Cobitidae Misgurnus anguillicaudatus 1 2 1 4 35-142 4,7,8
Bagridae Tachysurus fulvidraco 1 0 0 1 82 4
Ictaluridae Ictalurus punctatus(Ip) 144 198 250 592 4.0 12-426 332¢ 1-12
Osmeridae Hypomesus nipponensis(Hn) 467 788 413 1668 11.2 25-116 46 1-12
Salangidae Salangichthys microdon(Sm) 764 1975 1541 4280 28.8 29-89 60" 1-6, 8-12
Mugilidae Mugil cephalus cephalus 0 0 5 5 + 183-209 3,12
Hemiramphidae  Hyporhampus intermedius 1 0 0 1 + 101 10
Lateolabracidae Lateolabrax japonicus 1 0 1 2 + 146, 351 7,9
Centrarchidae Lepomis macrochirus macrochirus 7 0 2 9 + 24-142 3,4,11
Gobiidae Acanthogobius flavimanus 2 1 1 4 + 24-33 7,11
Acanthogobius lactipes (Al) 60 34 91 185 12 13-54 35¢ 1-12
Tridentiger brevispinis(Tb) 2967 1182 1891 6040 40.7 15-64 35¢ 1-12
Rhinogobius sp. (Rs) 112 10 5 127 0.9 17-24 31h 6,7
Gymnogobius urotaenia (Gu) 119 13 15 147 1.0 20-61 35! 5-8
Total 5568 4670 4602 14840
+ <0.1.

* Species code shown in Fig. 5.

**Minimum matured standard length (MML) cited from previous life history studies [a, Nakamura (1969); b, Kasugai (2003); ¢, Suzuki
(1941); d, Miyaji et al. (1976); e, Endo et al. (2017); f, Ochiai and Tanaka (1986); g, Kaneko and Hanyu (1985); h, Kumakawa (2001); i,

Takeuchi (1971)] for the 12 abundant species.
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Fig. 2 Monthly changes in mean water tempera-
ture and dissolved oxygen in the profundal zone
in Lake Kasumigaura during the study period.
Vertical lines indicate standard deviations.
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dividuals per haul (# = 3) and species per haul (»
= 3) in the profundal zone in Lake Kasumigaura
during the study period. Vertical lines indicate
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Fig. 4 Monthly changes in standard length and mean number of individuals per haul (z = 3) for each of the

twelve most abundant fish species collected in the profundal zone in Lake Kasumigaura during the study

period. Box and whisker plots show the median (middle line), first quartile (bottom of box), third quartile

(top of box), and minimum and maximum standard lengths (whiskers). Vertical lines of the number of in-

dividuals show standard deviations. Each arrow indicates minimum matured standard length (MML) (see
Table 1).
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Fig. 5 (a) Dendrogram obtained from cluster analysis based on the number of individuals of each species
collected in the profundal zone in Lake Kasumigaura during the study period. The assemblage was divided
into three groups (A, B and C) at a similarity index level of 65%. (b) Percentage abundance of each fish
species in each month. Species abbreviations given in Table 1. O indicates fish species comprising less than
2% of total abundance in each month.
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Table 2. Results of similarity percentage analysis showing key species contribu-

tions to within group similarity in each group (A, B and C, see Fig. 5)

Mean number of Contribution

Species individuals per haul (%)
Group A
Tridentiger brevispinis 243.2 22.6
Ictalurus punctatus 12.4 14.0
Carassius sp. 8.2 12.7
Cyprinus carpio 9.8 11.5
Hypomesus nipponensis 11.1 11.2
Group B
Salangichthys microdon 132.2 17.0
Hypomesus nipponensis 48.1 16.8
Tridentiger brevispinis 18.4 13.4
Gnathopogon elongatus elongatus 11.2 8.5
Cyprinus carpio 2.0 6.4
Ictalurus punctatus 4.8 6.0
Pseudorasbora parva 33 5.4
Group C
Tridentiger brevispinis 18.2 18.0
Ictalurus punctatus 8.4 14.5
Hypomesus nipponensis 5.6 14.3
Carassius sp. 3.8 13.6
Salangichthys microdon 29.3 13.4
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Changes in water quality and related environmental conditions of Osaka Bay in

summers from 2004 to 2018, focusing on river loads and COD concentrations

Haruka SAKATAY® * | Kozo Nakacawa?, Kenji Kitazawa?, Rei Yamamoro?, Kodai Mort”,
Kazufumi TAKAYANAGI", Masayoshi KIkuTA", Yoshihiko Gopa”and Yoshihiro TAcCHBANA®

Abstract: Using data collected from 2004 to 2018, the relationships between fluctuation in water
quality and river loads were analyzed in eight areas within Osaka Bay, comprising the A-, B-,
and C-type areas as designated by the chemical oxygen demand (COD) environmental quality
standards. Different trends were confirmed in each area, related to their location in the bay. De-
creasing COD concentrations were observed around the Muko River mouth, while concentra-
tions near the Yodo River mouth, near the Yamato River mouth, and in areas at the center of the
bay remained unchanged. These stable trends might be attributable to the high COD concentra-
tions in the inflow water at the inner part of the bay, as well as the in situ COD production in the
center of the bay. In summary, changes in water quality reflecting river loads were observed in
the inner part of the bay, but the effect decreased toward the center of the bay where in situ
production might be greater. Therefore, for the future restoration plan in Osaka Bay, different
approaches will be required, depending on the characteristics of the individual sea areas.

Keywords: Osaka Bay, COD concentrations, river loads, in-situ COD production
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1. [FU®IC

1950 4EC LR O RFE R RSP, Bl S DA
AR HEAMPEM L, iR, &b
SHUE TS BT B K EHE P RA 2B L 25 T
720 FRICHETNHETIE, 1970 4E DK TG E RS 1L
PR D R LTS B e EAKETHEOUED
AR HNT, 1973 T T O R R %X 5
T & & H LI PN B PR A B R 1 1 AT B
SEEEE LT, 1978 AR IR PR O A ) 4
EESEALE LT, Mk THIES Nz, 35
(21979 4RI, MR N R A T AR oo B Sk
BICB2AREHESEREB L LETLHEY
T, B S OB & WIS A 720 O KB R E
Hl (5 1 kAREHBED) AL SNz, The 22
& LT, fbFmyEeREckE (DUF, COD &#£7)
PHBHHEOIEE Sh, AEEEZReT 5 1
THERF SN Z LT LB ED S
720

RBCEMNIZB VTS, Bl (B, 1993)
(o < FUH H A O BRI U 72 ) o
BEN R I, ThENIC COD EEMENED 5
Nizo 3hbL, BOMHSBRIIZAD - T A,
B, C O 3EMATRE S, ThZNh COD &
HAHI, KB, HARRBREZFAHENE Lz A
FRTI2mg L, TEMAZFMHEME LB
BT 3mg L7t BEHEAeZAHENELZC
FRMTIE8mg L e &7z, b, BIELIIRE
H 90D B 4t AR 4 B BB 6 HE T 2 5 OO E
)7 EHELTEBY, KRBT 28 HiE
HTEZZY P TbNTwh, ZFOMERIIK
HAowHEmEnz R L TH Y, RELEZIORIIZ
2020 4ERERIT 66.7 % E M SN TS (BREEH,
2020) o

E 512, 2001 SEOH 5 kFEEBH X D, COD
Wiz, am#E (UF, TN &EY), £V (U
T, TP &#£3) bigEHEE L 420, KB =B
PIbNRTER, ZHIZOWTH, COD & [k
B LR A HERERIC 20 T IL 101, IV o 3 H7
AHRESIN, ThENEREILEMz ED 5, Bl
FEZES>TWD (Table 1)

—7J7, 2003 4F (KPR FAEATE AT (2014 4F5

LE2M) AWEEN, TOmBO 1oL LTK
W& A A E — A AR E S LTS (K
B P A 2R, 2019)0 S OFREOREME L
TUTO 3 mBBIT o5,

1) Wk, EEER, EOeE, W E Tkt LT
ILHPRD 7 — % %, AR, AT 2
T, S B OB CTHRAERKRRICHUS LT
w52k,

2) AR Z, KEPEMATLIENELTYWS
Z k.

3) WEHIVHESNEWT LD, Bl
Mo DAMZZITRT VRN SFTEL T
w52k,

CORBUC LY, KBGEFAEKRE—FRATH
bNET—71E, KBENIE LDOKBEIZHAT
LN OGIREIZ BT, [LHH2DOREICD
725 TS T 2 BRIFHR O &) FMGE 1238 L
7ebDEBRoTwD, LD, WIEAKEZD
BMIIRS B SO BTG & v ) Bl S, w)I#
T LR BE DB % T 3 5 & IR T o
BG0, W)Y E ORI BT % 5
TAE % B 2 B R ERC O MR R Bl% £ THFH
—GHETHZON TS ZENFEHENS,

INFTICH KENOW BRI T 58~
DOMRHDBRENTELZDLOD, TRED% 3
EDWIICHEHL72DDTH -7 (BT D,
1998 ; Wl A2, 2007 ; PEHILE A, 2012). EhNiE
A (1998) B X OHIBIEA (2007) TIE, KBGE
BT BIEED SE AN OBEMESAH S 2 IR
ENTWDYS, AN OFIEE B 5 8REA
i & ZNZNOW LIELHHE OB & o BItRIL R
LoNTWhWhw, Z0708, BRICERESINT &
FETRYF5 52 IR0 45 i A1) TR ARSI B0 %
B DBENIRIZW S TIE v,

AREFFETIE, KREFHEKE —-FWEICELS
T % & T, B R R BB L e &
T2, BREISEBRIIHITTOLILE EHIT, W
AN SR OAE Y J5 &g ER S & o B %
Nfzo RF=FPMOBLOBRIZEEL TS
EWVIH R ANL, BREEAICL S A B, CHER
feeipiz, MAMNOWMIEYZEE LTS5
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Fig. 1 Eight subdivisions of Osaka Bay demarcated by potential topographical influ-

ences of three major river basins (i.e., Muko River Basin, Yodo River Basin, and

Yamato River Basin). The open circles indicate the positions of the survey points
where the data on nutrients and COD were obtained.

(ZZER RIS L, KBRS O FEREHLR & B A
720 A, B, C &) 3HFHZZT TH HAMIINC
J& U Tl b L 7z e o IRE 2 B3R5 5 2 &
&, SRRIGEN O KBS 2 X5 L TEERA
ReBBEEZOLNL, BERL, BNOREZ
HEEAR ZRAE I D RE I N TV AR, &
D DU ERER TIN5 O A BT DR & i
(ZTFE2HLTH 5,

2. BRIRAE
21 PAET—REHBRIVUT

AWFZETIE Fig. LIRT X912, KBRED A,
B, C FETU$5 78 I & K BRE G I 5 o ) NN E i &
ZRE L CHIIC 8 ool L7z =)
7 XA OB, B e (2, 2009)
OFIHA Y Va2 7= BIOWINTA v F—F %
ZHE L L7z KBRBREBIHNAL FEE RN O
I T B RE I, el L ORHDIR

WIS EH T, A CHBEEHE ZhZh 3
X2, B AR EHEZ 2 X5 2Hab L7z,
MR L LT, ABAREREIE, MmO
A-1 B, BREEO A-2 i, SRR - RN
D A-3 HESIC, BRI SO R AR 0 o
B-1 #, KB o B-2 #ikic, C Filg
SEHERE, BB C-1 e, e
JERB o C-2 #iisk, KA IIEE O C-3 s,
FnEhMg Sz, £ B1F % COD, TN,
TP 22 5 BB JL e filiid Table 1 12RT & 8D
Thbo

B, 22 Toimig GRENE, N,
KA OEFE, FHTOME E, EHEKR
BIHAT 2B %2 G ILFZOWIEE L
F 2 3 NSO /NGEATNNE R 3 % EZ5)]
O E®» 7 (Fig. 1)

flH$ % 7 — & IR P AEKE — A &
%3 15 41 (2004-2018 4E) OF—F TH Y,
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Table 1. The environmental standard values for COD, TP and TP (mgL™") in eight analyzed sea-areas within

Osaka Bay
Sea area classification and environmental quality standards
A.reas. defined Applicable sea area by the Ministry of the Environment
in this study
COD TN and TP
A-1 Around Suma, Tarumi city
TiaaR Type ll
A2 Central parts of the bay COD?/; L TN:0.3mg L™ (0.0214 uM)
) ) < ma TP :0.03 mg it (0.0010 pM)
A-3 Around |zumisano, Sennan city
B-1 Off the Muko and Yodo River Type B Type i
coD: 3 L TN:06mg L’ (0.0428 uM)
B-2 Off the Yamato River Fomg TP :0.05mg L'1 (0.0016 pM)
C-1 Around the mouth of the Muko River
Tvoe C Type IV
C-2 Around the mouth of the Yodo River COD-yz L TN:1.0mg [ (0.0714 uM)
el TP :0.09 mg ! (0.0029 pM)
C-3 Around the mouth of the Yamato River

2?9 B, COD, TN, TP, ks (DIN:
NH4-N, NO3-N, NO2-N), #AFHEfEREY >~ (DIP:
PO4P), 7BET ANV aDT—INEAL->T 5
107 #E 2507 —=%+2y FaHB L 56
12, TN & DIN Lo #EH» o AHkEEFE (LT,
org-N £39) %, TP & DIP & ®#EM S GHAEE
VY (LLF, orgP & HRT) OELRDz, L7z
255 T org-N & org-P IZIIIELEAHERE & RN A S
BoOLoNEGEN, WINLMEYRT MY ¥ A
EELbDThb,

L7107 £y b OF— 7 2588 5 N7 B
DALEE, AREIC X o TR D2, A-1 I

6-17 M Tdh o 720

2.2 COD, TN, TP @ kL Rf#Eif
21 TEF L7 8 I BT 5 COD, TN, TP i
EOKEGA BB L, FORELELLDO LV F
BN BT oz F72, WHIMERO COD Lk
LHAI O COD W1 & ORI % 72,
RAEZMDO P L Y FIZKRDO L) I L7z F
¥, RPN B B KOG DRAEZAL % iR

T 572012, MEISFEOT—FI27 ) F V7
M 2 i L CEAAEOFMEMN 2 /MW L, 5517z
XD IR AT DRFFEEAL & FEA M5 720 KW
T, W7 15 SFEDFEFEHEE) A H LOWESS i1k
FIZED MUY N ZH L, Sen's slope i &
DZFEDOFL Y FOMEE (slope ) Z5H L 72
Slope THD A EMEME TI&, AKICHERY OAEA1ZE
BFENT I8 L 72 Mann-Kendall 3 (PoHLERT, 2015)
PHWZ, KT, slopefiTEEINSE ML vV
FOHEETH LA & L, AR
RTE Lo 2GRN TH L AR L
720

LR & 12 B4 5 COD i FE oo B i o
R CIE, WA ZRDO LT V=TT L
7o 9, RIBIZHAT L0 LitmDO%
W AT B RE, wE)ll, g, KA
HFHL, ThEFhEEHECHL/NINIZELL O
EL720 IRWT, ENENHPIAT D IR
LT, UTO37NV—TIIXG5 Lz T§hbb,
C-1 38 AT AR, C-2 MIsIZmAT %
PEJI & AR, B X O C-3 #EC i A $ 5 KF1I
Thbo TDHZT, FWN GBI Z &)
@ _EF, iR, FRICBIT 583 1540 COD i
e KRB —-FHAET—5 L5 L7,
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2.3 MEBERE

21 HiCREF L7z 8HHIZDOWT, COD ZE#s
WL S BT2WMT 7 v 7 N v AgE)
WCHRT 20 EEHR, T3, T ns
aa7 1) a-GHYW (orgN, org-P), Him-FHH%
W (orgN, org-P) B & O#is-#EHY (DIN, DIP)
OBRICE Y, BIERIC BTN 2 2R L
TVLIETORBHOREZ R L, ZhEDL
W, 2 S ofsg, W E O ERGRE XU
T & OBIRD S, FiEgC B LN & Z
DEBERDOA N Z AL ZER LT, BRI C
AR S T NN A OB RE {, B
o A, BEEIEER TIZZDORENMET S
ZFTHH CEIMED, 1998), COD DI i
WX o THEDLLEEZLND DT, KiHEO
COD (22T COD iEEDS B s (BRETIEHE
fliz#z %) 7—% LR BRELEMDT) 7—
I, FNFENIZOWT orgN, org-P BX
runa7 A4V a OB EBI R, 3512
ZNZITHT 2N AR OB FL 57290121
S OBREMNTTAZEE LT, FOK, 71
07 4V a ZNEREEOIREE L LT\, A
(COD, org-N, org-P) & OIEIEWIT ENH A
FEDFHIREWERRL 72,0

F 72, WHEEEE (C-1,C-2,C-3) 1285
TN & TP 2D W THEME L KM O TN/TP €V
B L7, 2, N, P USoeE e E R
M EINTVBIGAEI, HHMIIN E P OWw
FTNOHIRERE 2 ) R T EHET L7200
WECTH Y, LRI B B BN T ~
2ERTIHIDERR LT,

3. fER
3.1 KEREARICHTS COD, INEFELU TP D
BEXHM

2004-2018 4E D FKAEIZ BT 5 FE @ COD, TN
BIU TP O%SREMRN % Figs. 2-4 12, #REE
o LY K% Figs. 5-7 B L U Table 2 [2/R T,
KBEWIZHB1T 5 COD, TN B XU TP OF4ER
LKFADOER L IREEB OB E E L DD L
DTFoXHicksd,

(1) COD

KIFIZBIT 5 COD EDKV-54i (Fig. 2) 13,
CHAREHHICBWTIIELHIREVDL D
®, C-13B XV C-2 o & RM T 8 mg
L2225k REcHho72 L, 2013
SELIRRIZZORPHAVNES D, BRI S WS
) SRR 2 0, EUCIREDR 2 12
HLTWLERFERL TS,

B R EHHRIC BV Cid, EH#EME 3 mg LBL
TOfElE, HERTIE 2011 4512 B-2 i C— 2T
LA SN ho 7258, 2016 45 LRI ) 2 Frols
WK ALNDL LI o720 B-1 BL B2
MR TIE, ZRZENOBMNTIREAN RSN,
B-1 R Tl FIE B EMO C-1 & C-2 i
BB 23T, B-2 ¥ T R U BRI
MO C-3 MBI BT 28I T, L biZHmn
AR 5N Tz

A FIRREHRICBWTIE, (3T EEL
T, A-1 #E TR HEERD B-1 2Bk % fHIS Cilt
BEATES 7 M8, A-3 T I BV RS 225 R
BTREDE L 7 2 MDD > 720 FETIXIZIT
EHIZBVT3mg LI MTICBEE o TWAED,
FHEAED 2 mg L 272 L Tldv v,

AWFFETERE &R % BT CZ NN ORAEZS
o b L v FENT Lok (Fig. 5, Table 2) i3,
g L IEBICB T 2 EB ORI TIEI RN
LERIRLTWz, RETI, CHATREREICH
WX, C-2, C-3 i THIX VY, C-1iEsCTHE
%A (—0104 mg L7 year ) 2SHEEET X 7298,
EKRIZBWTIE, C-1 sz T C-2 T d
&ML (C-1: —0.059 mg L' year!, C-2:
-0075 mg L year)) »3A 5N/, BEMIEE
I BV TIE, JEEo B-1 #HcidEFRE B L O
R & b IS A (g —0.065 mg L'
year !, JEJE: —0057 mg L year!) LCw7225,
HRER D B-2 MR Tld &K IE B L IRV b Bk
XN Th o7z AFIIREIHTICB VT, KR
ELTHREM CQmgLl!) 2BRLEAEILVY
DOIMEEZHE 2 2 R IFE 2> TE T 5,
FE T A-2 & A-3 O TWL (A-2
-0072 mg L year!, A-3: —0.078 mg L!
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Osaka Bay in summers of 2004-2018. The solid line and grey line show annual trends in
the surface and bottom layers, respectively. The broken line indicates environmental
standard values in the respective sea area.
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standard values in the respective sea area.
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standard values in the respective sea area.
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Table 2. Results of trend significance test in COD,
TN and TP concentration (mg L)

Sen's slope

Area 4 5
(mg L’ year’)

Significance

cOoD Surface

C-1 -0.104 * %
A-3 -0.078 * %k
A-2 -0.072 * %k
B-1 -0.065 * ¥
Bottom
A-1 -0.063 * kK
CcA1 -0.059 * %k
B-1 -0.057 * %k
A2 -0.032 * ok
A3 -0.043 *
C-2 -0.075 *
TN Surface
C-1 -0.028 * ok
C-3 -0.023 * %k
B-1 -0.016 * K
C-2 -0.028 * ¥
A1 -0.010 * %k
A3 -0.002 * %k
A-2 -0.005 *
Bottom
B-2 -0.016 * %k
C-1 -0.011 * K
C-3 -0.012 * %k
A-1 -0.002 *
TP Surface
C-1 -0.003 * %k
C-3 -0.002 * %k
B-1 -0.002 * *k
C-2 -0.002 * ok
A3 -0.001 * ¥
A-2 -0.001 & ok
B-2 -0.001 * *
A-1 -0.001 * K
Bottom
B-2 -0.002 *
A3 -0.001 * K
C-1 -0.001 *
¥ p<0.05
* % p<0.01

year V) AR SN, KB TIE A-1#EEE SO 72
ETOWETHER KD (A-2: —0.063 mg L™
year ', A-2: —0.032 mg L™ year™!, A-3: —0.043
mg Lt year ) 253 5N,

(2) £2% (TN)

RKBIZBIT B TN BEOKFESA4 (Fig. 3) 13,
BRO CEAREHE (TN O IV FHRE % %
R BRI IEHEEAS 1 mg LY ICB W TELE)
BRENDH OOSREERDHTH Y, FEM2 S0
I SRR IERRDSBUC 2 D, IR R A
LTV BETARLTWS, F72, 2011 4E % B L
EWEICHZY, FW L TIE TNIV FHE O
HEMEEZBZTVD I DD 5,

B ARG i (TN o IIT 38835 58 i 12 AH
W BEBEHEAT 06 mg LY TIE, C-2 #EBIC
3 % B-1 RS R AS R W ) A3k L
TWbLO0, LK1 TN-III 8 o 3 k4l %
M2 HHITIIE L K> TETBY, IAFEIF L
HIHEMELINIC D DB E AT I ENTE 5,

A BRI EdE (TN o I1 8RR & ds Al
W BREEILHEAEAT 03 mg LY TIE, 2004 4EA S
2010 4F1CH T T, A-1 iEi o B-1 g i sz 9
XY T & A-3 R O BN o Hh g TR B A
BV (04 mg LR IMASEL S vz s, 2017
ELRFICEREIHBALTBELT, A-1BIW
A-3 i e HICIZITILEME LIS D 5o

ML v RN (Fig. 6, Table 2) 12k b, g
TN EEEASEE 15 4EMIC, B2 2B {&xT) 7T
AHEIWCRY L7z Booniz, KRBT, Bl
®D C-1, A-1 {8, B X OBEE D C-3, B-2 i
CBWTHE R BN (C-1: —0.011 mg L™
year !, A-1: —0.002 mg L ! year!, C-3: —0.012
mg L year™!, B-2: —0.016 mg L year!) #3&
SNie 72, BERIICHI-DH A-3 I TITE
MWz @E LT, EhfElo A-1, B-1 BLXUOERD
A-2 #ETIE, 2015 fEDLRE, JERE TN 2958 TN
Z ko> Twiz,

(3) £ (TP)

KIBIZBT 5 TP REOKF54 (Fig. 4) 13,
BRo CEMIREHE (TP © IV AR i
CHEY : BREEIEMEAE AT 009 mg L) o4 TIZ
TP-IV M 0L % B 2 2 REAHE &, TN i
JE & AR SRR TH D, M S micm
PVERERABIC 2 ), RESAMISHA LT
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Fig. 8 Time series of the COD concentration in riverine water with a large flow to Osaka Bay

and each sea area in 2004-2018. (a) COD concentration in riverine water of Muko River and
C-1 sea area. (b) COD concentration in riverine water of Kanzaki River and the C-2 sea area.
(c) COD concentration in riverine water of Yodo River and the C-2 sea area. (d) COD con-
centration in riverine water of Yamato River and the C-3 sea area.

W T ERL TS, BETIHEC-1 BIY
C-3 I CHHEAELL T O DSH BN B, C-1 i
WORPT AT ¥ PR 20 F%, C-2 ik
DN T, 12k >T02mg LB ED
IR ATHER T & 726

B AR ik (TP o 111 2EA 8 2 3 A
W BRI IEEEAT 005 mg LY TIE, B-1B Lt
B-2 i 3% B ¢ TP-IIT FE A o0 FedEf % 48 2
BT DD o72h, 2017 LRI I E 40 Ak it
HULTFTH o 72

A FERE I (TP o 11 FE A G 52 i3 (2 A
W BE AT 003 mg LY Tld, TN & [AkE
2 A-3 HHEO M TIEIEEHELL T TH S DD,
AT TP M oSl Z 82 5 2 &2 -
720 2018 AELIRETIZ A-1 B X OV A-3 i & %12
EIZEIADIIE DN E 72 > TV D,

ML Y FENFICX Y (Fig 7, Table 2), C¥®

R CIE R LB O TP IREIIFAETSH
D, A, BEAE R TR TP RENERE %
B AEASA S N7z, FEIZ B-1 #SC BT 5
JERE D TP IREEDSHE T > 720 /8 TP RS
FETOWRITBTAHBEIZHS L T,
COD, TN &F U<, RENIFRIROMITE AL TDH
% C-1 S ToOWMP R DKE W (-0.003 mg
Ll year "), IKRICBWTIE, EHRMO A-3,B-2
MR & EALF o C-1 IR TH E 2 WY (A-3
-0.001 mg L' year!, B-2: —0.002 mg L!
year }, C-1: —0.001 mg L ! year ) 2388 5172,

(4) 3A)Il COD &ROREIEED COD & D%

TN &SR B HES A B B COD i o> B
P (Fig. 8) 121%, WIZHE~<B X S 12, i 1EL
M (C-1, C-2, C-3 i) THZR 2 I 23R T
&7
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C-1 #3clx, )1 COD ¢ X v b #i#s COD
WD F B W EM AR S N7z, REN T IO
COD P13 29-50 mg L' Cah Y, i COD i
B (42-67mgL™Y) 25X 0 b 1-2 mg L FEEE
BV

C2 W IZm AT AT, L& Himo
COD EJEIZ# 4 mg LI THREL TV AL FHRT
BEBSAKE L, &K 101 mg L 0o
Hhrsohbd, £72, WU C2HRICHAT S
N TIE T D COD #1d 3.6-82 mg LT
HY, TN TR TOMIZEER COD O fi
36-82mg LT IRIEEE L v, —7, C-3pRICH
Wi, KAUIF#® COD #EE (58-9.6 mg L)
ASHEE COD #LfE (24-53mgL™) XV % 2-5mg
L EESWEIDS A SN 5,

3.2 COD, TN HKU' TP &S D%
suau74Va AW (orgN, org-P) & DA
BT (Figs. 9,10) &b, A BFEREEmEE C
BRSEWE Cldrzuoa 7o va LW E D
BRI BRSSPI R o720 T
bbb, A BEAEREEHTIE, COD A
BRI (A B ESTId 2 mg L' LE, B
BRI ERTIE 3 mg LM E) F—2 1B
T, orgNBLWorgP 7uua74)akdl
WA BERIEOMBEIIA S N72A, COD RED T
BRIV F— 7 1BV T A ELMHERAR SN
o7z (Figs. 9a-e, 10a-e)o KL T C $HIY
R TIE, C-1 B XU C-3#Hko COD
A8mg LI Fo#AIZHE T, orgN &7 on
T4 a tDOMHAMBRYPERETH -7 (Fig 9f,
h)o OrgP L7 uu>7 1 )Lakdiiziz, COD
B2 DOTETOHMICBVTHERIED
MDD S5z (Fig 10f-h) o ML EOERIZD
X, WS OBMOREEZHELT 57201235
L OBREIT L2 R T O L) TH o720
Org-N B & QorgP &L offR<Tl, &l
HEBEHRE L THINEAMOLEDIEEY AR5
A3 A Sz, BALES (A-1, B-1, C-1, C-2 i
W) Tk, BEALOT—IBHBEMREL Y RIS
MiELTWwA (Figs. 11d, 13e), d L <k, AEL

MR v (Figs. 11g, 12¢, e, 13d, g, h) = & 258
SN Tr o720 —T5, WHER (A-3, B-2, C-3 {fiH)
TRIFEA DT = PAHHEM LICEL, A
DA B B AR S LL B 1 5 A o 72 (Figs. 111, 124, £,
13f, 1)

DIN &35 & oBfRi, @i (A-1, B-1, C-1,
C-2ip) THELRADOHEIED LN, A,
B R il CHIB A E A - 72 (Figs. 114, 12¢,
13d, e)o DIP &% & BRI, BB ED
A-1 B X O B-1 #HRIC BV T O AEDOH A
FCc& 7 (Figs. 11g, 12e) 7%, ZFOMUo Tl
HERHBEIRWER Lo/ BHO C-1,
C-2 Wi Clx, 528 10-25 O BERIK K T org-
N, org-P, DIN B X O°DIP O § X TOIRENFE L
KB, BEAEDOTF—= 7 PHERERL Y EIThL
BY5HEnS, Mo E ERi A2ERNA LN
72 (Fig. 13a, b, d, e, g h)o

3.3 SAORMEBEICH TS TN/TP ®ILLH

C HMREHIIC BT 5 FK @D TN/TP £V It
i, C-1,C2 C-3DVTNOWHIZBNTDH 16
XD K& (Table 3), Redfield iz~ THIxt
BN 2% v, N O#IEIE, C-2iT 214 &
RHAREL, C3ip, C-1#HOMII/NS L %
0, C-1{B% T Redfield 2 LA o720 T
Wx LT, ERBICBITA TN/TP v Iid, CH
AR Bl L CRBOKESBRETH D,
LD C2WTI04 ENEDole T4
b, CEMIREHE, 2 C-2#HTIX, KET
P ASHI IS NS ERH S TH - 720

4. EXE
4.1 COD, TN KU TP OZEEHER

KBE DI B 5 KE OEBEITTIZO W
TiE, M8 20 4£C TN, TP & 1A
HHIZHhbH6T, CODIRMETFTLTWwWAWS
LG I N TS (B, 2014 5 3v5i4, 2019
KB E TS, 2021 5 IR IT A, 2021), &
D X9 RBGIIREBH DTN T E 7D
BIZbALNLBRTH L5, WIRLIENL
BRI & 222 7% 5 TW R,
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Fig. 9 Correlation between org-N and chlorophyll a in the surface layer of each of eight
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subdivisions of Osaka Bay (summers of 2004-2018). The triangles indicate the stations

where COD exceeded the regulation level, and the circles denote the stations where

COD was within the regulation level.

AWFZEIZ L D, COD, TN, TP 42 8 a1
X, BRI &ML S O ZT TR, B
DL R FH— IO RIEEHTH R > T b
ZEAUREN, SRS L EEENIC BT D
BHMTHDHZ Ebhols ZTNE TOREMMH
Wb AT L BRI, KEIREIZBIT 5
COD OBEEadLMeE N 1L, EIHO A FHMIGE
WS BV TIE, HRIHEE 2B 2 % Hhri3 4 4 3 -
TETIEVSLODOMKKE LTHHEM (2mgL™?)

B2 LEENSL L, 2018 FEHFICBWT Y, &
HAHLL T OH A 20 %572 Ao 720 LAML,
RS ) o BEHEEREIRIC B W T, 2018 4F
(213 80 % LA E oo i THRBEILHEME (3 mg LY DL
TThotzZ b, TLiRD CHIMIREHTICH
WY, HEIEFL oM A TRELEM (8 mg
LY BFTHDH, 2018 4£121F 90 % UL Lo b T
B LME A E R LT\ AR T X 2,
R D % & C MR EmICEH T
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Fig. 10 Correlation between org-P and chlorophyll a in the surface layer of each of eight
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where COD exceeded the regulation level, and the circles denote the stations where

COD was within the regulation level.
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COD : N=87, r=-0.22, y=-0.066x+4.687
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Fig. 11 Correlations between COD, TN, TP, and salinity in the surface layer in each of

three subdivisions of Type A area (offshore area) of Osaka Bay in summers of
2004-2018. For Type A area and its subdivisions, see Fig. 1.
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Fig. 12 Correlations between COD, TN, TP. and salinity in the

surface layer in each of three subdivisions of Type B area of
Osaka Bay in summers of 2004-2018. For Type B area and its
subdivisions, see Fig. 1.
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COD : N=141, r=-0.49, y=-0.172x+8.673
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Fig. 13 Correlations between COD, TN, TP, and salinity in the surface layer in each of
three subdivisions of Type C area (inner area) of Osaka Bay in summers of 2004-2018.

For Type C area and its subdivisions, see Fig. 1.
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Table 3. Average TN/TP ratio (mol) in C-1, C-2, and C-3 sea areas and the
downstream areas of Muko, Yodo, Kanzaki, and Yamato River in summ-

ers of 2004-2018

Area

TN/TP molar ratio (15-year mean value)

Surface Bottom

C-1 18.1 1.7

C-2 21.4 104

C-3 20.5 11.8
Muko River downstream 38.8 -
Yodo River downstream 16.4 —
Kanzaki River downstream 25.2 -
Yamato River downstream 18.2 —

1, KR TN, TP igEEAYERE % Bl 5 s H &
Nz ehs, EKiR» S OB (ELDERFIELD ef al.,
1981; TAKAYANAGI and YAMADA, 1999) A%t Z - T
W3 EEZ LN,

FHIREZ LE, 2 (2003) B & 0L -
FIE (1996) 12X 0, A, BERIREMmIICHH YT
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Comparison of early life histories between two clupeid fishes
(Konosirus punctatus and Sardinella zunasi) in Ariake Sound,

Shimabara Bay, Japan
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Abstract: The clupeid fishes, Konosirus punctatus and Sardinella zunasi, are dominant in the
larval ichthyofauna of Ariake Sound, Shimabara Bay, where they spawn in spring and spring to
summer, respectively. The distribution of two species larvae partly overlapped in the inner es-
tuaries in spring. To clarify the early life histories of both species, the pelagic, demersal and im-
migrated stages were collected with larva nets, a beam trawl and a seine net, respectively, in
Ariake Sound in May 2006 and 2019. While egg and larva distribution of both species spatially
fluctuated between two years, both larvae were fundamentally observed to aggregate in the in-
ner parts of the sound. K. punctatus and S. zunasi used the littoral zone and the inner estuaries
as their nursery grounds, respectively, but they overlapped to inhabit some estuaries. Then, the
vertical distributions of larvae in the estuary showed that K. punctatus was aggregated in the
surface layer, and S. zunasi was dispersed during all tidal phases. Thus, there is likely less seri-
ous competition of larval niche during early larval period between two species in the estuaries.

Keywords : Ariake Sound, Konosirus punctatus, Sardinella zunast, larval distribution

1. Introduction
Shimabara Bay is the largest tidal flat region
with the highest tidal range in Japan. Ariake

Sound (Fig. 1), which is located in the inner-
most part of the bay, is characterized by having
brackish, highly turbid water with strong tidal
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currents (INOUE, 1980; YAGI ef al, 2011). The im-
portance of this upper estuary as a nursery
ground has been demonstrated in a wide variety
of fish species, including clupeoid fishes, such as
Coilia nasus (Engraulidae), Konosirus punctatus,
Sardinella zunasi (Clupeidae), and Ilisha elonga-
ta (Pristigasteridae). Coilia nasus is an endemic
species (UcHIDA and TSUKAHARA, 1955), and S.
zunast and I. elongata are likely local stocks in
Shimabara Bay (Taxkrra, 1980, 2000). All of these
species have closely spawning seasons and
grounds, while their larvae inhabit the upper es-
tuary from spring to summer (YAacL, 2010; YAct
et al., 2011). It is considered that some larval ni-
che isolation exists between these species as a
means of avoiding competition within the estua-
ries of the sound.

Spawning of these species in the Ariake Sound
occurs mainly in spring in K. punctatus, in
summer in C. nasus and I. elongata, and in both
seasons in S. zunasi (TAKITA, 1966, 1967, 1978;
WANG et al., 2021a, b). Consequently, in the inner
estuaries of the bay, larvae of K. punctatus and
S. zunasi occur both sympatrically and in abun-
dance in spring, while larvae of C. nasus, I. elon-
gata and S. zunasi occur both sympatrically and
in abundance in summer (Yacr, 2010; YAGI ef al.,
2011; WANG et al., 2021a, b). Due to food isolation
and slight differences in distribution, larval niche
competition was not considered to be intense be-
tween C. nasus, I. elongata and S. zunasi in
summer (WANG et al, 2021a, b); however, the
extent of larval niche competition between K.
punctatus and S. zunast in spring has not yet
been clarified.

This study therefore compared the horizontal
and vertical distribution of K. punctatus and S.
zunasi over tidal cycles to clarify the potential
for spatial differences in their use of nursery
grounds in Shimabara Bay.

2. Materials and Methods

Konosirus punctatus and Sardinella zunasi
eggs and larvae were collected in Ariake Sound
in the morning (7:00-12:00) at around spring
tides (full moon) in May 2006 and 2019 (Table
1). Pelagic eggs and larvae were collected by ob-
lique tows using a larva net with a mouth diame-
ter of 1.3 m. The mesh apertures of the nets
were 0.5 mm at the sea and river-mouth stations,
and 1 mm at river stations to avoid clogging of
the net by suspended particles. To collect de-
mersal juveniles, beam trawls (width, 1.5 m;
height, 0.3 m; 2-mm mesh aperture) were per-
formed using a modification of the method de-
scribed by KurpErs (1975). Table 1 shows sam-
pling stations of two years, and the sets of larva
net and beam trawl were made during both
flood and ebb tides at Stns. 2 and 4 in 2006. A
small seine net (1 X 4 m, 1-mm mesh aperture)
(KINOSHITA et al., 1988) was also used to collect
larvae and juveniles immigrated the littoral zone
at Miike beach (Fig. 1).

To examine differences in the size and vertical
distribution of the two species relative to the ti-
dal phase, discrete-depth horizontal tows in the
surface and middle layers were conducted with
a larva net, and a beam trawl on the bottom at
Stns. 6-8 of the Rokkaku River (Fig. 1). The
horizontal towing in the middle layer were fun-
damentally followed ZHONG et al. (2003) to avoid
contaminations with other layer samples. Two or
three sets of the three categorized collections
were made from flood to ebb tides on 14 May
2006.

The towing distances (m) of the larva net
were measured by a flow meter (2030R, General
Oceanics), and towing depths (m) by a divers
watch (Log Memory 1473, Casio) in 2006, and a
depth recorder (DEFI-D10, JFE Advantech) in
2019, attached to the nets. The towing distances
(m) of the beam trawl and seine net was moni-
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Fig. 1 Charts showing stations where fish were collected in Ariake Sound, Shimabara Bay, May 2006 and
2019. Open circles (Stns. 0-14, 33-38, 43-54, 61, 62, 73, 74), solid circles (Stns. 0-8, 14, 16, 17, 33-38, 47-54,
61, 62, 73, 74) and the open square (Miike beach) indicate the stations where collections were made by a

larva net for pelagic eggs and larvae, beam trawl for demersal juveniles and seine net for larvae and juve-
niles entering the littoral zone, respectively. Tidal sampling by discrete horizontal tows was performed
from flood to ebb tides at Stns. 6-8 (stars) in 2006. Solid (flood tide) and shaded (ebb tide) arrows show the
tidal direction and speed (kt) at a depth of 1 m when surveys were made at each station.
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Table 1. Sampling schedule for stations where fish
collections (see Fig. 1) were made in Ariake
Sound, May 2006 and 2019

Date Station
Year
(May) Flood tide Ebb tide
12 872,9,107, 11, 12, 14
s 2,4,6
14 63,73,83 63,7)
15 33-36 37, 74
16 9-13, 16, 17, 61, 62
17 8, Miike 43-49
2019 18 33,73 34-38, 6,7
19”7 50-52, 54 3-5,53
20 0-2

. spring tide; % only observing water parame-
ters: : tidal collection from discrete layers.

tored using a GPS (Colorado 300, Garmin in 2006;
GPSMAP 64s, Garmin in 2019).

The number of individuals (7) was converted
to density (NV:n x 100 m~?) using the following
equations:

Nrn= (n x d x 100)/(A x D)

where A is the area (m?) of the larva net, D is
the towing distance (m), and  is the towing
depth (m) for the larva net;

Ngr, sv= (n x 100)/(w X D)

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

All samples were initially fixed with ca. 10%
field-water formalin. Eggs and larvae were im-
mediately sorted and preserved in 10% formalin
and 99% ethanol, respectively. Eggs and larvae
of K. punctatus and S. zunasi were distinguished
by Ucuma (1958), Mirto (1961), Takrra (1966)
and KUroDA et al. (1983). The developmental
stages of eggs and larvae were assessed by
Nakar (1962) and KENDALL et al. (1984), respec-
tively. Unlabeled lengths indicate body length
(notochord length for preflexion (including yolk-

sac larva) and flexion larvae, and standard
length for postflexion larvae). The mean body
lengths at different tidal collection stations were
compared by one-way ANOVA using the
Games-Howell post hoc multiple comparison test
using a significance level of a = 0.05. To ascer-
tain whether there was any difference in size
preference on prey between the two fishes, a
maximum of 100 specimens of each species that
were collected from the two species most over-
lapped stations (Stns. 48 and 54 in 2019; Fig. 1)
were randomly selected and their mouth size
(Surora, 1970) was measured. The data of
mouth size were compared by ANCOVA using a
significance level of a = 0.05.

At each sampling station, temperature (C)
and salinity were measured at 0.5-m intervals
from the surface to the bottom using STD
(AST500-P, Alec Electronics), and turbidity
measured at 1-m intervals from the surface to
the bottom using a Water Quality Checker
(WQC-22A, TOA DKK) in 2006. In 2019, these
all physical parameters could be observed at
05-m intervals by a Compact-CTD (ASTD102,
JFE Advantech). The current velocity was
measured with an ADCP (WHSZ1200-1-UG12,
RD Instruments) at 0.5-m depth intervals from a
depth of 1-m to the bottom.

3. Results
Physical environment

Although it was same season between two
years, water temperatures were markedly high-
er in 2019 (Fig. 2). In 2006, temperatures were
somewhat higher in the rivers than sea, but
there was little difference between the sea and
rivers in 2019. Marked haloclines were observed
between the estuary and upper river reaches,
and these are attributed to the tidal exchange of
water except the Shiota River in 2019. In 2006,
Isahaya inlet blocked with the Honmyo River
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Fig. 2 Horizontal distribution of physical parameters at 0.5 m depth (turbidity meas-

ured at 1-m depth in May 2006) at each station when fishes were collected in May

2006 and 2019.

showed unusual halocline horizontally. Waters
around estuaries were very turbid, while open
bay and Isahaya inlet waters were relatively
lower. In the rivers, much more turbid waters
were born in the Rokkaku and Hayatsue Rivers
in 2006, but the latter became considerly less tur-
bid in 2019. Flood and/or ebb current speed > 1
kt were frequently measured in the Rokkaku,
Hayatsue, Yabe Rivers and open bay, whereas
relative weaker current speeds were found in
the Isahaya inlet and Shiota River (Fig. 1).

Horizontal distributions of eggs and larvae
2006: A total of 9,684 Konosirus punctatus and
1,955 Sardinella zunasi eggs, chiefly at the A-
stage of development, were collected outside the
inner estuaries, both species being aggregated in
Isahaya inlet. Inside rivers, little eggs were

found in both species (Fig. 3).

A total of 1,452 K. punctatus larvae (2.7-14.7
mm with a modal size at 10-11 mm) and 99 S.
zunasi larvae (3.1-8.3 mm with a modal size at
3-5 mm) were sampled by the larva net, while
the beam trawl captured neither K. punctatus
nor S. zunasi larvae in any stations (Figs. 3, 4).
Like eggs, both larvae were more abundant in
Isahaya inlet, but K. punctatus larvae were ap-
peared inside rivers. Developmental stages of K.
punctatus were earlier in the Isahaya inlet than
Rokkaku and Hayatsue estuaries.

2019: A total of 9,804 K. punctatus and 3,780 S.
zunasi eggs, chiefly at the B and C-stages of de-
velopment, were collected from the Isahaya inlet
to the inner estuaries, where the K. punctatus
were more aggregated than the S. zunasi. The
latter eggs were not observed in the Rokkaku
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Fig. 3 Horizontal distribution of early stages of Ko-
nostrus punctatus and Sardinella zunasi collected
by larva net and seine net in Ariake Sound, May
2006 and 2019. Densities at Stns. 7 and 8 in 2006
were averaged those of discrete horizontal tows
for flood and ebb tides at each station, and at oth-
er stations, oblique tow data were used. The di-
ameter of each circle is drawn in proportion to
the square root of density (n X 100 m ™~ 2).

and Hayatsue Rivers. However, there were dom-
inantly A-stages eggs of K. punctatus only near
the mouth of Isahaya inlet (Fig. 3).

A total of 817 K. punctatus larvae (2.9-15.5
mm with a modal size at 9-10 mm) and 128 S.
zunast larvae (3.1-13.1 mm with a modal size at
3-4 mm) were collected using the larva net.
Compared to eggs, K. punctatus larvae were
found further upstream in rivers except the Rok-
kaku River, being scarce in the Isahaya inlet.
The S. zunasi larvae were considerably scantier
than K. punctatus larvae, being distributed al-
most in the mouth of the Shiota and Yabe Rivers,
and absent in the Isahaya inlet. A total of 61,282
K. punctatus larvae [14,419 X haul ™! (ca. 50 m
distance), mainly at the flexion stage, 9.4-16.4
mm with a modal size at 11-12 mm] were col-
lected in the littoral zone of Miike beach, but no
S. zunasi larvae being occurred at this site.

Tidal distribution

Dominant tidal currents entirely affected the
vertical structure of the water column at Stns. 6
(river mouth), 7 (just outside the river mouth)
and 8 (sea) (Fig.5). Higher temperatures, low-
er salinities and higher turbidities were gradual-
ly accounting upper estuary. The current flowed
up and down, mixing vertically, but was margin-
ally stronger at the surface than in the bottom
layers at all stations. Waters near the bottom
were more turbid when current speed over 0.5
kt during both tides at three stations.

Most of K. punctatus eggs, predominantly with
A stage, occurred at Stn. 8 and the eggs gradual-
ly developed as upper estuary. There, however,
were only a few eggs and larvae of S. zunasi at
only Stn. 8 where the K. punctatus eggs were
more abundant in the surface and middle layers
during flood and high tides, respectively. In K.
punctatus, Stn. 7 yielded most larvae, being as-
sembled at the surface in all stations (Fig. 6).
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Fig. 4 Size and developmental-stage frequencies
for Konosirus punctatus and Sardinella zunasi col-
lected in Ariake Sound, May 2006 and 2019. The
thick bar above each histogram denotes mean *
SE of body length. The patterns of larval develop-
mental stages are the same as those in Fig. 3.

The larvae were more developed and larger at
Stns. 6 and 7 than Stn. 8 (Fig. 7).

Comparison of mouth size

Larval mouth sizes were significantly larger in
Sardinella zunasi than Konosirus punctatus espe-
cially under the flexion stage (Fig. 8).

4. Discussion

Temperatures were entirely ca. 3C higher in
2019 than in 2006. TAkgucH (2012) and our
stocked data from 2002 to 2013 indicated temper-
atures suddenly fluctuated from ca. 19C in early
May 2005 to 21-23C in later May 2002, 2003,
2009 and 2013. Thus, the differentiation between
2006 and 2019 should be attributable to seasonal
rising for the short term rather than a global
warming. Usually, there are hardly differentia-
tion of salinities as ca. 30 between Isahaya inlet
and open bay (YAGI et al., 2011; TAKEUCHI, 2012;
SIMANJUNTAK, 2016). Accordingly, the horizontal
halocline in 2006 could be definitely due to dis-
charging land waters from the retention basin
by irregularly opening the north and south gates
of the reclamation dike (Fig. 1) (per. commu.
from Nagasaki Station, Kyushu Regional Agricul-
tural Administration Office, 2006).

The eggs of both species were primarily at A
and B-stages of development in May 2006 and
2019, respectively (Fig. 3). When ca. 28C in Ju-
ly 2016, most of Sardinella zunasi eggs were un-
der C-stage (WANG et al, 2021b). Accordingly,
the difference of egg developmental stage be-
tween 2006 and 2019 seems to be attributed to
the water temperature, i.e. higher temperatures
in 2019 could accelerate to make both clupeid
eggs develop.

In S. zunasi, although there is little differentia-
tion in the horizontal distribution scale of the
eggs between May (Fig. 3) and July (WANG et
al, 2021b), the larvae were hardly distributed in-
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side the Rokkaku and Hayatsue Rivers in May.
In August 2005 (YAGI et al., 2011) and July 2016
(WANG et al., 2021b), a rather number of S. zuna-
st larvae occurred in both the Rokkaku and Ha-
yatsue estuaries. The reason for this difference
is considered to be a seasonal variation. Com-
pared to larvae of Konosirus punctatus, those of
S. zunasi were more scarcely distributed in the
both years. In July 2016, however, S. zunas: lar-
vae abundantly occurred around inner estuaries
and Isahaya inlet (WANG et al, 2021b). These
suggest that May is too early to distribute this
species larvae in Ariake Sound. In the Isahaya
inlet of 2019, S. zunas: tended to spawn actively,
but no their larvae were appeared, so that this
may show there was a large larval mortality
from unknown cause, and also in July 2016, the
Isahaya inelt hardly could accelerate to develop
S. zunasi larvae (WANG et al., 2021b). Further-
more, the Isahaya inlet was annually yield no
more than a few larvae of this species in summer

respectively. Arrows indicate the hour at high tide.

of 2004-2011 (Takrucwr, 2012). However, S. zu-
nasi larvae were previously predominately abun-
dant in the Honmyo estuary (Fig. 1) in June
1979 (Kmosuita, 2007; Takeuch, 2012). Taken
together, these findings suggest that the con-
struction of a dike across the inlet blocking the
Honmyo River (Fig. 1) in 1997 has had an ad-
verse effect on the suitability of the Isahaya inlet
for use as a nursery ground for S. zunasi. Hence,
the present or absent of undeveloped larvae sug-
gest that the now Isahaya inlet is suboptimal for
early life history of S. zunas:.

Compared to the eggs, the K. punctatus larvae
migrated upstream in Shiota, Hayatsue and
Yabe Rivers, becoming more euryhaline. Howev-
er, few K. punctatus larvae were collected in the
Rokkaku River, suggesting that the extremely
turbid waters of the Rokkaku River have an ad-
verse effect on larval migration (Figs. 2, 3). In
May 2019, a huge number of larger and more de-
veloped larvae than larva net collections of K.
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Fig. 7 Spatial comparison of the size and develop-
ment-stage frequencies for Konosirus punctatus
and Sardinella zunasi during tidal collections in
2006. The thick horizontal bar above each histo-
gram denotes mean = SE of body length. The pat-
terns of larval developmental stages are the same
as those in Fig. 3. * Significant at a = 0.05 be-
tween the two stations.

punctatus occurred in Miike beach (Figs. 3, 4).
Thus, they tend to be inshore when attaining to
the flexion stage. This finding was corroborated
by HIBINO et al. (2002) who demonstrated that K.
punctatus larvae were the most abundant larvae
in Miike beach. In other areas such as Tosa Bay
in Shikoku, K. punctatus has been reported to be

the most dominant along surf zones of sandy
beaches in spring (Kmosmrta, 1993; Fujta, 2005).
These findings imply that K. punctatus larvae
use shallow coastal areas like Miike beach,
where it relatively lower turbid (Fig. 2), as
nursery grounds, rather than inner estuaries in
the Ariake Sound. Prior to the construction of
dike in the Isahaya inlet, indeed, KINOSHITA' s
(2007) and Taxeucurs (2012) data of 1979-1980
showed that the K. punctatus larvae were rela-
tively uncommon in the Honmyo estuary, which
had as visually turbid waters as those of Rokka-
ku estuary. This phenomenon was observed in
2004-2009 (YAcI et al., 2011; TAKEUCHI, 2012) un-
til the present, indicating a nature of K. puncta-
tus oneself. Before constructing the dike, K.
punctatus larvae born in Isahaya inlet likely had
used inner beaches of the inlet as their nursery
ground.

In 2019 these two species were sympatrically
distributed during the flexion and preflexion
stages in the Yabe and Shiota estuaries, respec-
tively (Fig. 3). Assessments of auxotrophic dif-
ferentiation based on mouth size (Fig. 8) seemed
to reveal a possibility of feeding competition and
differentiation for flexion and preflexion larval
periods in some estuaries, respectively. Then, in
vertical distribution of K. punctatus, most abun-
dant eggs under earlier developmental stage at
Stn. 8 show that this station locates in the
spawning grounds of this clupeid species. Subse-
quently, the larvae became denser and larger at
Stn. 7, being drastically aggregated at the sur-
face in all stations irrespective tidal phases (Figs.
6, 7). These phenomena are likely attributed to
not vertical but to the horizontal movement of
larvae, which seem to move to shores such as
Miike beach with relatively weak currents to
avoid dispersing offshore during the ebb tide.
There were only few S. zunasi larvae were cap-
tured at Stn. 8 in the present study (Fig. 6), but
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WANG et al. (2021b) reported that this species
larvae were vertically distributed throughout
most layers during all tidal phases at Stn. 7 in Ju-
ly 2016. Thus, there may hardly occur serious ni-
che competition between the two species.

In conclusion, four clupeoids, including also
Cotlia nasus and Ilisha elongata, overlapping
their spawning and nursery grounds in the inner
estuaries during spring to summer can vary ver-
tical habitats and feeding habits each other
(WANG et al., 2021a, b), so that such niche isola-
tion between closely related larvae likely facili-
tates the coexistence of these sympatric species
in Ariake Sound, Shimabara Bay.

Acknowledgments

We are grateful to the staff of Saga Ariake
Fisheries Promotion Center for their support.
We thank T. Ohta and K. Nakayama for assis-

tance with the investigation. We express our
gratitude to two anonymous reviewers for help-
ful comments. Skipperings by H. Katafuchi, E.
Hashima and other two captains are also ac-
knowledged. This work was supported in part
by a Grant-in-Aid for
(19K12417).

Scientific Research

References

Fujrra, S. (2005): Ecological study on larvae and ju-
veniles of the two sea basses and the three Spar-
ines occurring in the Shimanto estuary, Japan.
Bull. Mar. Sci. Fish. Kochi Univ., 23, 1-57 (in
Japanese with English abstr.).

HiBivo, M., T. Oura, I KmosHita and M. TANAKA
(2002): Fish larvae and juveniles occurring in
the littoral zone of a tidal flat, in the bottom of
Ariake Bay. Jpn. J. Ichthyol, 49, 109-120 (in
Japanese with English abstr.).

INoUE, N. (1980): Physical environment of Ariake
Sound. Mar. Sci. Month., 12, 116-125 (in Japa-
nese).

KenpaLL, A.W. Jr, E.H. AHLsTrRoOM and H.G. MOSER
(1984): Early life history stages of fishes and
their characters. /n Ontogeny and systematics
of fishes. MOsER, H.G., W.]. RicHARDS, D.M. COHEN,
M.P. Fanay, A.W. Jr. KExpaLL and S.L. Rice-
ARDSON (eds.), Am. Soc. Ichthyol. Herpetol,, Spec.
Publ. 1, Lawrence, p. 11-22.

Kmosurira, I, S. Fujra, L Takauasar and K. Azuma
(1988): Occurrence of larval and juvenile Japa-
nese snook, Lates japonicus, in the Shimanto es-
tuary, Japan. Jpn. J. Ichthyol., 34, 462-467.

KmosmTa, I. (1993): Ecological study on larvae and
juveniles of sparine fish occurring in surf zones
of sandy beaches. Bull. Mar. Sci. Fish., Kochi
Univ,, 13, 21-99 (in Japanese with English
abstr.).

Kmosurra, I (2007): Reviewing importance as nurs-
ery ground for fishes of Isahaya Bay. Aquabiol,
29, 69-74 (in Japanese with English abstr.).

Kurpers, B. (1975): On the efficiency of a two-metre
beam trawl for juvenile plaice (Pleuronectes pla-
tessa). Neth. J. Sea Res., 9, 69-85.



112 La mer 59, 2022

Kuropa, K., T. Yamamoro and Y. Hirano (1983):
Identification of the eggs of the Japanese sar-
dine, Sardinops melanosticta (T. & S.), the giz-
zard shad, Konosirus punctatus (T. & S.) and the
Japanese shad, Harengula zunasi B.. Bull. Tokai
Reg. Fish. Res. Lab. 110, 81-91 (in Japanese
with English abstr.).

Miro, S. (1961): Konosirus punctatus (Temminck et
Schlegel). In Pelagic fish eggs from Japanese
waters-I. Clupeina, Chanina, Stomiatina, Mycto-
phida, Anguillida, Belonida and Syngnathida, Sci.
Bull. Fac. Agr. Kyushu Univ,, 18, p. 286 + pl. 20
(in Japanese).

NakaL Z. (1962): Studies relevant to mechanisms
underlying the fluctuation in the catch of the
Japanese sardine, Sardinops melanosticta. Jpn. J.
Ichthyol, 9, 1-115.

SmiroTA, A. (1970): Studies on the mouth size of fish
larvae. Bull. Jpn. Soc. Sci. Fish. 36, 353-368 (in
Japanese with English abstr.).

SiMANJUNTAK, C.P.H. (2016): Early life history of the en-
demic engraulid, Coilia nasus, in Ariake Bay.
PhD thesis. Kochi University, Japan.

TakeuchHs, K. (2012): Annual transition (2003-2011)
of larval ichthyofauna after building a dike
across the Isahaya inlet in Shimabara Bay. Mas-
ter thesis. Kochi University, Japan (in Japa-
nese).

Takrra, T. (1966): Egg development and larval
stages of the small clupeoid fish, Harengula zu-
nast Bleeeker and some informations about the
spawning and nursery in Ariake Sound. Bull
Fac. Fish. Nagasaki Univ., 21, 171-179 (in Japa-
nese with English abstr.).

TaxkiTa, T. (1967): The spawning and the early life
history of the engraulid fish Coilia sp. distribut-
ed in Ariake Sound. Bull. Fac. Fish. Nagasaki
Univ., 23, 107-122 (in Japanese with English
abstr.).

Taxkira, T. (1978): Reproductive ecology of a shad,
Konosirus punctatus in Ariake Sound-I, distribu-
tion, body condition, and maturation. Bull. Fac.

Fish. Nagasaki Univ., 45, 5-10.

Takira, T. (1980): Fish in Ariake Bay. Mar. Sci.
Month., 12, 105-115 (in Japanese).

Takira, T. (2000): Fish. I Life in Ariake Bay: biodi-
versity in tidal flats and estuaries. SATO, M. (ed),
Kaiyu-sha, Tokyo, p. 213-252 (in Japanese).

Ucnia, K. and H. TsurkanARA (1955): The fish-fauna
of Ariake Sound. Bull. Biogeogr. Soc. Jpn., 16,
292-302 (in Japanese).

Ucuma, K. (1958): Eggs, larvae and juvenile of Kono-
sirus punctatus (TEMMINCK et SCHLEGEL)
(Dorosomatidae); Larvae and juvenile of Hare-
ngula zunasi BLEEKER (Clupeidae). I Studies
on the eggs, larvae and juvenile of Japanese
fishes, Ser. 1, Sec. Lab. Fish. Biol. Fish. Dep. Fac.
Agr. Kyushu Univ., Fukuoka, p. 3-5, 13-15 + pls.
2-4,12-13 (in Japanese).

Wang, X. D, Y. Yac, S. Toyma, I KmvosHiTa, Y.
HmoTA and S. Fujita (2021a): Early life history
of Ilisha
formes, Pisces) in Ariake Sound, Shimabara Bay,
Japan. Plankton Benthos Res., 16, 210-220.

Wang, X. D, Y. Yacy, S. Tojva, I KivosHiTa, S. Fujita
and Y. HmroTA (2021b): Comparison of larval
distribution in two clupeoids (/lisha elongata

elongata (Pristigasteridae, Clupei-

and Sardinella zunasi) in the inner estuaries of
Ariake Sound, Shimabara Bay, Japan. Plankton
Benthos Res., 16, 292-300.

YacL Y. (2010): Study on a nursery ground for fishes
in Ariake Bay, Japan. PhD thesis. Kochi Univer-
sity, Japan (in Japanese with English summary).

Yacr Y., L Kmosuira, S. Fujita, D. AoyamA and Y.
Kawamura (2011): Importance of the upper es-
tuary as a nursery ground for fishes in Ariake
Bay, Japan. Environ. Biol. Fish.,, 91, 337-352.

ZHONG, J. S., I. KivosHita, M. KuBo and S. SUGIYAMA
(2003): Immigration patterns to Uranochi Bay
as a nursery ground of fish larvae in summer.
Bull. Jpn. Soc. Fish. Oceanogr., 67, 65-77. (in
Japanese with English abstr.).

Received: 29 September, 2021
Accepted: 13 January, 2022



La mer 59 : 113-129, 2022, https://doi.org/10.32211/lamer.59.3-4_113

Société franco-japonaise d’Océanographie, Tokyo

Occurrence patterns and ontogenetic intervals based on
osteological and morphometric characters of larval and juvenile
gluttonous goby (Chaenogobius gulosus) in Furuhama Park,
innermost Tokyo Bay, central Japan

Asami NAKAMUKL ¥, David E. ANGMALISANG, Keita MARUYAMA and Hiroshi KOHNO

Abstract: The occurrence patterns of the larval and juvenile gluttonous goby, Chaenogobius gu-
losus in Omori Furusato-no-Hamabe Park in the innermost portion of Tokyo Bay were investi-
gated by monthly sampling. Four types of gear were used: a small seine net towed off the sandy
beach and over the tidal flat between January 2015 and December 2018; basket nets placed at a
wharf with a vertical seawall between January 2016 and December 2018; a hand net used at the
wharf between January 2016 and December 2016; and a set net placed on the tidal flat and in the
waterway from the tidal flat to a tidepool between January 2016 and December 2018. Ontogenet-
ic intervals were determined from the morphometric characters of 274 specimens (3.93-41.7 mm
body length [BL]) and the osteological characters of 92 cleared and stained specimens (3.93-25.
5mm BL). In total, 124 individuals (3.78-30.3 mm BL) were collected from the sandy beach, 447
(398-729 mm BL) from the tidal flat, 239 (22.8-107 mm BL) from the wharf using basket nets,
221 (6.30-45.2 mm BL) from the wharf using a hand net, two (17.3 and 30.4 mm BL) from the
tidal flat using a set net, and one (450 mm BL) from the waterway. Based on morphological de-
velopment, the developmental stages of the larvae and juveniles were divided into four phases
each of swimming and feeding functions and five phases of relative growth. The occurrence pat-
terns and ontogenetic intervals imply that hatched larvae are transferred to the sandy beach or
tidal flat by flow, occupy these habitats while their swimming and feeding functions develop,
then begin migrating to the wharf at 8-9 mm BL. Subsequently, juveniles settle on the seafloor;
they then migrate and settle at the wharf until ~35 mm BL. C. gulosus utilizes different habitats
in this artificially established seaside zone depending on the developmental phase from hatching
to immature individuals, although the distribution of mature individuals remains unclear.

Keywords : Gobiidae, early life history, artificially constructed environment, ontogenetic develop-
ment
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ecosystems. In Japan, approximately 80-90% of
tidal flats and shoals have disappeared as a re-
sult of land reclamation during the period of high
economic growth (KoARAT and NAKANO, 2013); in
Tokyo Bay, tidal flat areas decreased by 89.2%
over the period of approximately 35 years after
1945, from 9449 ha to 1016 ha (Toyo Koku Jigyo
Co., Ltd., 1980). In 1982, the Cabinet of Japan re-
leased a comprehensive national development
plan that included extensive conservation and
aggressive utilization of coastal zones; since then,
preparations for artificial beaches on reclaimed
land have been conducted in various regions
(KoARAI and NAKANO, 2013).

However, according to Kouno (2012), who
compared fish fauna among tidal flats in Tokyo
Bay while considering the reconstruction of
ruined shallow waters and tidal flats, there is a
need to identify the habitat that the artificial en-
vironment provides for fishes at each location.
Although many surveys have been conducted in
developed coastal areas, no study is yet available
regarding the long-term usage patterns of such
artificial environments by certain species.

The gluttonous goby, Chaenogobius gulosus, is
distributed from Hokkaido southward to Kyushu
in Japan; around the Korean Peninsula and Jeju
Island; and in the Pohai Sea, Yellow Sea, and
Qingdao City in Shandong, China (AKIHITO et al.,
2013). Despite several studies investigating the
traits of this species, such as the period until
eggs hatch, growth rate, feeding habits, and
spawning areas (NAKAMURA, 1936; SAsAkl and
Hatrory, 1969; HAarADA, 2014; BEACK et al., 2010;
PARK et al., 2020), their ecology in inner Tokyo
Bay has remained unexplained because they are
rarely collected there. However, many samples
have been caught in Omori Furusato-no-Ha-
mabe Park (hereinafter referred to as Furuha-
ma Park). Therefore, we decided to investigate
this species.

Here, we aimed to define the ontogenetic in-
tervals during the early life history of C. gulosus
in terms of functional improvement of its swim-
ming and feeding abilities, as well as the relative
growth rate. In addition, we investigated the re-
lationships of these ontogenetic intervals with
the occurrence patterns of larvae and juveniles
at various sites in Furuhama Park, which was ar-
tificially constructed in the northwestern area of
the inner Tokyo Bay in 2007, to elucidate how
this species utilizes its habitat. This study clari-
fies where larvae and juveniles of C. gulosus ac-
quire the abilities to swim and feed; it also de-
scribes how artificial coastal-zone environments

can provide habitats for this species.

2. Materials and methods

The specimens used in this study were collect-
ed from four sites, including a sandy beach, tidal
flat, wharf with vertical walls, and waterway in
Furuhama Park (Fig. 1). There are no Sargas-
sum or Zostera beds in the park. Water tempera-
ture fluctuates between approximately 10C and
30T in the sandy beach, the tidal flat and the
wharf; the annual mean salinity is approximately
18 in the sandy beach and the tidal flat, approxi-
mately 17 at sea surface of the wharf, and 27 on
the sea bottom of the wharf (MARUYAMA ef al.,
2021; ONODERA et al., 2020). All samples were col-
lected using one of four types of sampling gear (i.
e, a small seine net, basket nets, hand net, or set
net) during daytime at low tide around the
spring tide of each month. An 0.8-mm mesh
small seine net (cf, KANOU et al., 2002) was de-
ployed monthly between January 2015 and De-
cember 2018, with two tows of approximately
100 m? at a depth of approximately 1 m along
the sandy beach and over the tidal flat. Three
40-mm mesh basket nets (0.4 m in length and
width, 0.5 m in height) were deployed at the sea
surface and an additional three were placed on
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Fig. 1 Map showing the sampling sites in Furuhama Park located in the innermost Tokyo Bay.
Fish were caught with a small seine net in the sandy beach and the tidal flat, with a hand net
and basket nets in the wharf of vertical wall and with a set net in the tidal flat and the water-

way.

the seafloor of the wharf; each basket net includ-
ed a fishing gut net, several pieces of bamboo
brooms or oyster shells to provide shelter for
fishes, and the nets were collected after specific
intervals (cf, ONODERA et al., 2020). Withdrawal
was conducted twice monthly from January 2016
to December 2018, at 1 month after placement
and on the following day. A 1-mm mesh hand
net (0.35 m in width) was also used for sam-
pling at the wharf monthly from January to De-
cember 2016; the hand net was pushed into the
water as deeply as possible and fishes were
gathered while the net was rubbed against the
wall for 30 min. A set net was placed monthly
from January 2016 to December 2018 at the tidal
flat and the waterway sites between the area of
tide pools and the tidal flat. Captured fishes were
collected at 24 h after placement of the net.
Collected specimens were fixed in seawater

containing 5% formalin, then preserved in 70%
ethanol. Identification of the species was per-
formed in accordance with the approach used by
NakaBo (2013) and Oxivama (2014). The body
length (BL; notochord length until notochord
flexion and standard length after post-flexion), of
each specimen was measured to three significant
digits using a micrometer attached to a binocu-
lar stereomicroscope for specimens of up to 16
mm; a digital caliper was used for specimens
larger than 16 mm.

Of 571 specimens collected with the seine net
from the sandy beach and tidal flat during the
3-year period, 274 individuals (3.93-41.7 mm BL)
were randomly selected for morphometric meas-
urement to establish the ontogenetic intervals.
The following morphometric characters were
measured: swimming-related characters of body
depth at the base of the pectoral fins, body depth
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(DSnout depth at anterior end of an eye

(@Snout depth at posterior end of an eye

(®Body depth at a base of pectoral fins

(®Body depth at anterior end of the first-dorsal fin base
(®Body depth at posterior end of the anus

(®Depth of caudal peduncle

(Distance between both eyes
(DMaximum distance of both eyes
(Head width

®Body width

(®Pelvic fin length
®Pelvic fin width

(DHead length
(®Snout length
(©Upper jaw length

@Mouth width

@Shorter pelvic frenum length
(®Longer pelvic frenum length

Fig. 2 Morphometric characters for relative growth in which 18 characters out of 25

measured characters are shown. Seven remains are the maximum body depth, the posi-

tion of the maximum body depth, gut shape, the area of pelvic fin, the volume of swim-

bladder, wet weight and the condition factor.

at the anterior end of the first dorsal-fin base,
body depth at the posterior end of the anus,
depth of the caudal peduncle, maximum body
depth, and the position of the maximum body
depth; feeding-related characters of mouth
width, upper-jaw length, snout length, gut shape,
and body width; eyesight-related characters of
distance between the eyes and maximum dis-
tance between the eyes; settlement-related char-
acters of pelvic fin length, pelvic fin width, area
of the pelvic fin, shorter and longer pelvic fre-
num lengths, and the volume of the swimblad-

der; head-shape-related characters of snout

depth at the anterior and posterior ends of the
eye, head length, and head width; and body-
condition-related characters of wet weight and
condition factor (Fig. 2). Each character was
measured with a micrometer attached to a bin-
ocular stereomicroscope or digital caliper using
the same criterion applied for BL. The volume of
the swimbladder was calculated using the follow-

. . 4 . .
ing equations: V=§7r7’3 for spherical swimblad-

ders and VZ%ZhZ (BLaXTER and HAMPEL, 1963)

for oval-shaped swimbladders (V, 7, [, and % in-
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dicate volume, radius, length, and width, respec-
tively). The condition factor, CF, was computed

. . . BL?
with the following equation: CF = T4

X104,

where W is wet weight. The gut shape was sep-
arated into the following four stages: straight in
stage 1; bending at a right angle in stage 2;
slightly folding back in stage 3; and completely
folding back in stage 4 (Fig. 3).

Of the 274 individuals used for morphometrics,
92 (3.93-25.5 mm BL) were selected for osteo-
logical measurement to assess functional devel-
opment. These specimens were cleared and
stained using the method of PorTHOFF (1984),
and the following characters were observed:
swimming-related characters of fin supports and
rays, the angle of notochord flexion, the verte-

N

I

Fig. 3 Developmental stages of gut shape.
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bral centra, and hemal and neural spines; and
feeding-related characters of the upper-jaw
structure (premaxilla and maxilla), lower-jaw
structure (Meckel's cartilage; dentary, angular
and retroarticular processes), jaw teeth, and the
ratio of premaxilla to gape, as well as the suspen-
sorium, hyoid arch, branchiostegal rays, opercu-
lar bones, and pharyngeal teeth. Developmental
phases were determined in accordance with the
method established by Komno and Sora (1998),
which combines the histogram method of identi-
fying developmental events by 0.5-mm body-
length intervals employed by Sakar (1990) and
the key characters method.

3. Results
3.1 Occurrence patterns

The total number of C. gulosus collected from
the sandy beach was 124 individuals ranging
from 3.78 mm to 30.3 mm BL (Fig. 4), with no
discernable yolk in the smallest larvae. The
months of occurrence ranged from February to
May. The number of samples and size range in
each month was 22 individuals in February
(range, 3.93-10.7 mm BL; mode, 4.00-5.99 mm
BL), 29 individuals in March (range, 3.78-13.1
mm BL; mode, 4.00-5.99 mm BL), 72 individuals
in April (range, 7.18-19.0 mm BL; mode, 12.0-13.
9 mm BL), and 1 individual in May (30.3 mm BL)

W Tidal flat (n = 447)
‘Wharf with hand net (n=221)
®| Waterway (n=1)

Wharf with basket net (n = 239)

7]
Erl.lﬂ.lﬂ.l |Ir\|| L 1 I

40
30 F
20
0} H [
o Lo 0
0 2 4 6 8 10

12 14 16

18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 More

Body length (mm)

Fig. 4 Occurrences of all the gluttonous gobies collected at all the sampling sites or methods during the four-

year period from 2015 to 2018 in Furuhama Park.
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(Fig. 5).

The total number of specimens caught on the
tidal flat was 447 individuals, ranging from 3.98
mm to 72.9 mm BL (Fig. 4). C. gulosus occurred
from January to July; its monthly occurrence
was 2 individuals in January (range, 4.08-4.54
mm BL), 26 in February (range, 3.98-8.67 mm
BL; mode, 4.00-5.99 mm BL), 121 in March
(range, 3.93-13.4 mm BL; mode, 6.00-7.99 mm
BL), 267 in April (range, 5.92-21.5 mm BL; mode,
14.0-15.9 mm BL), 27 in May (range, 18.6-34.9
mm BL; mode, 28.0-29.9 mm BL), 3 in June
(range, 35.5-41.6 mm BL), and 1 in July (72.9
mm BL) (Fig. 5).

The total number of specimens collected from
the wharf with basket nets was 239, ranging
from 22.8 mm to 107 mm BL (Fig. 4). Occur-
rence was observed between May and August;
the monthly occurrence was 71 individuals in
May (range, 22.8-40.8 mm BL; mode, 28.0-29.9
mm BL), 108 in June (range, 29.4-54.7 mm BL;
mode, 36.0-37.9 mm BL), 53 in July (range, 34.1
-61.5 mm BL; mode, 46.0-47.9 mm BL), and 7 in
August (range, 53.2-107 mm BL; modes, 54.0-55.
9 and 56.0-57.9 mm BL) (Fig. 5). At the same
site, the total number of C. gulosus sampled with
a hand net was 221 individuals ranging from 6.30
mm to 45.2 mm BL (Fig. 4). The period of oc-
currence ranged from April to July; the monthly
occurrence was 211 individuals in April (range,
6.3-27.5 mm BL; mode, 12.0-13.9 mm BL), 5 in
May (range, 10.9-27.9 mm BL), 3in June (range,
325-405 mm BL), and 2 in July (range, 37.4-45.2
mm BL) (Fig. 5).

The total number of specimens collected from
the tidal flat with the set net was two individuals
(Fig. 4): one in April 2016 (17.3 mm BL) and the
other in May 2016 (304 mm BL) (Fig. 5). Only
one individual (450 mm BL) was caught in the
waterway in April 2016. At these sites, no speci-
mens were collected in 2017 or 2018,

3.2 Morphological development
3.2.1 Developmental phases of swimming func-
tion in terms of osteological development

Based on the skeletal development of the
swimming-related characters illustrated in Fig.
6, C. gulosus larvae and juveniles were divided
into the following four phases.

SF-I, the phase of less active swimming (up to
~5 mm BL): No swimmingrelated characters
appeared, with the exception of pectoral fin ele-
ments such as the cleithrum, coraco-scapular
cartilage, and cartilaginous blade, which later de-
veloped into actinosts and postcleithrum. No fin
rays appeared, and all fins were composed of fin
folds.

SF-II, the phase of caudal fin and whole-body
propulsion (from ~5 mm to ~8-9 mm BL): Cau-
dal fin supports and rays began appearing and
notochord end bending commenced at ~5 mm
BL. At ~7.5-8 mm BL, all bony elements of the
caudal fin supports were discernable; ossification
of the caudal fin supports began; the caudal, dor-
sal, and anal fins attained their adult comple-
ments of rays; notochord flexion was completed;
and all cartilaginous elements of the vertebrae
began ossifying.

SFE-III, the phase of upgraded propulsion using
the caudal fin and whole body with maneuverabil-
ity (from ~8-9 mm to ~17 mm BL): All cartila-
ginous elements of each fin support had begun to
ossify by ~14 mm BL.

SF-IV, the phase of functional, juvenile swim-
ming (> 17 mm BL): All fin rays were complet-
ed in number at ~17 mm BL, and thus all charac-
ters concerning swimming function were com-
pleted and began to ossify.

3.2.2 Developmental phases of feeding func-
tion in terms of osteological development
Based on the skeletal development of feeding-
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related characters, C. gulosus larvae and juve-
niles were divided into the following five phases
(Fig. 7).

FF-I, the phase of primordial sucking (up to ~6
mm BL): Characters comprising the oral cavity
(e.g., the premaxilla, maxilla, Meckel's cartilage,
dentary, angular, several parts of the suspensori-
um, hyoid arch, and branchiostegal rays) devel-
oped rapidly.

FF-II, the phase of enhanced sucking (from ~6

mm to ~9-10 mm BL): All elements comprising
the oral cavity were completed in number and
began to ossify.

FF-III, the phase of sucking and biting (from
~9-10 mm to ~18 mm BL): After completion of
the oral cavity, the numbers of both upper- and
lower-jaw teeth plateaued at ~17.5 mm BL.

FF-IV, the phase for completion of feeding func-
tions (from ~18 mm to ~23-24 mm BL): The
number of upper pharyngeal teeth sharply in-
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creased again and the number of lower pharyng-
eal teeth maintained constant growth during this
period. In addition, the ratio of premaxillary
length to gape reached a plateau at ~20 mm BL.

FFE-V, the phase of functional juvenile feeding
(greater than ~23-24 mm BL): No developmen-
tal alterations were observed in this period be-
cause the growth of both upper and lower phar-
yngeal teeth was complete.

3.2.3 Developmental phases in terms of rela-
tive growth of morphometric characters

Based on the relative growth of morphometric
characters related to swimming, feeding, eye-
sight, settlement, head shape and body condition,
C. gulosus larvae and juveniles were divided into
the following five phases (Fig. 8).

RG-I, floating phase with general growth of the
body and rapid development of swimming and
Jeeding functions (from 3.78 mm to ~10-11 mm
BL): In total, 12 flection points were detected



122 La mer 59, 2022

Body length (mm) |

20 25 30 35 40

Swimming

Body depth at a base of pectoral fins o

Body depth at anterior end of the first-dorsal fin base
Body depth at posterior end of the anus

Depth of caudal peduncle

Maximum body depth

Position of maximum body depth [ J

Feeding

[eNeXNe]
(XX X ]

Mouth width
Upper jaw length (@]
Rostrum length
Gut shape (]
Body width (o)

Vision

Distance between both eyes
Maximum distance of both eyes ()

Settlement

Pelvic fin length ()
Pelvic fin width (@]
Area of pelvic fin

Shorter pelvic frenum length
Longer pelvic fienum length
Volume of swimbladder (e} [eJ[ J{e]

Shape of Head

[ X _NeX ]

Snout depth at anterior end of an eye ()
Snout depth at posterior end of an eye o
Head length
Head width O

Body Condition

Wet weight

Condition factor [ ] [e)

Number of developmental events

B2 o5 g5 mg -

..... 1 —

Developmental phase

RG -V

RG- 1V \

Fig. 8 Schematic representation of the development of morphometric characters with relative growth, show-
ing the developmental phases in the gluttonous goby, Chaenogobius gulosus, collected from the sandy beach
or the tidal flat in Furuhama Park. O: increasing points of gradients; @: decreasing points of gradients; O
leaping points of graphs. Developmental events are shown by boxes, and developmental phases are also

shown in the bottom.

from various sections of the body at 10-11 mm
BL. Among swimming-related characters, the
position of the maximum body depth shifted sig-
nificantly backwards until 10 mm BL; the vol-
ume of the swimbladder began to increase at ~5
mm BL, then exhibited extremely rapid growth
between 10 mm BL and 11 mm BL. The pelvic
fin became measurable from 6-7 mm BL; it grew
slowly until ~10 mm BL. Among feeding-related
characters, upper-jaw length and body width in-
creased gradually between BLs of ~4 mm and

10-11 mm. This phase nearly overlapped with
the respective periods of rapid osteological de-
velopment of swimming and feeding functions:
SF-I and -II (Fig. 6), and FF-I and -II (Fig. 7).
RG-II, the initial phase of settlement (from
~10-11 mm to ~17-18 mm BL): The changes in
this phase mainly affected characters related to
swimming, feeding, and settlement. The swim-
bladder, which was significantly enlarged during
RG-I, suddenly disappeared at 12 mm BL. The
ratio of the caudal peduncle to the maximum
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body depth sharply increased from 15% to 50%
at ~18 mm BL. Pelvic fin length increased sharp-
ly between ~10 mm and ~18 mm BL, and the ra-
tio of pelvic fin width to length rapidly shifted af-
ter ~10 mm BL. Moreover, pelvic fin area rapidly
expanded beginning at ~15 mm BL. Among
feeding-related characters, the gut folded back
fully at 15 mm BL; this phase overlapped with
the period of FF-III, when larvae acquired the
feeding function of biting (Fig. 7).

RG-III, the completion phase of settlement
(from ~17-18 mm to ~22-23 mm BL): The
growth rate of the maximum body depth, body
depth at the posterior end of the anus, and cau-
dal peduncle increased at the beginning of this
phase. Additionally, the pelvic fin was rapidly
transformed from elongated to circular in shape
during this period. In terms of feeding-related
characters, the growth of mouth width increased
at ~20 mm BL; wet weight significantly in-
creased after ~22 mm BL. This period corre-
sponded to FF-IV (Fig. 7), when the develop-
ment of feeding functions approached comple-
tion.

RG-1V, settlement and reaching final body pro-
portions (from ~22-23 mm to ~35 mm BL):
The flection points at the beginning of this phase
were increases in the gradients, with a shift to
decreasing gradients concentrated at the border
with the next phase, ~35 mm BL.

RG-V, immature stage (greater than ~35 mm
BL): This phase is equivalent to the post-RG-IV
period. The growth rates of all morphometric
characters significantly decreased; some reached
plateaus after ~35 mm BL.

4. Discussion
4.1 Usage pattern of Furuhama Park by C. gu-
losus
4.1.1 Size of newly hatched larvae
In this study, many individuals of less than 5

mm BL were observed; four individuals were
less than 4 mm BL, including the smallest larva
of 3.78 mm BL, which lacked a yolk, while 51 in-
dividuals were between 4.00 mm and 4.99 mm
BL. NAKAMURA (1936), who observed and stud-
ied the habits of C. gulosus in captivity, reported
that C. gulosus hatched at ~5.5-6.1 mm total
length; on the basis of that study, HArRADA (2014)
forecasted that the size of fixed newly hatched
larvae would be ~4.4-5.0 mm BL, after the appli-
cation of a reduction ratio for 4% formalin. How-
ever, all specimens sampled in this study lacked
a yolk-sac, implying that the size at hatching is
smaller than 3.78 mm BL. Additionally, our sam-
ples may have shrunk more than HARADA
(2014) predicted, because we employed seawa-
ter containing 5% formalin for fixation and 70%

ethanol for preservation.

4.1.2 Larvae of SF-I and -II, FF-I and -II, and
RG-I (< 8-10 mm BL)

Individuals of less than 4 mm BL occurred at
the sandy beach and tidal flat sites from January
to March, when most individuals were up to
~10.0 mm BL. The period during which speci-
mens are smaller than ~10 mm BL corresponds
to RG-I; it includes SF-I and -II, as well as FF-I
and -IL.

Based on the findings in Fig. 9, larvae in SF-I
are presumed to drift passively, rather than ac-
tively swim. During SF-II, caudal fin propulsion
(KouNo et al., 1983) and whole-body propulsion
are enhanced. As stated in previous reports, the
vertebrae efficiently conduct the oscillation of
the caudal fin forward (GOSLINE, 1971; OMORI et al.,
1996); the dorsal and anal fins regulate the sway
that accompanies forward swimming (GOSLINE,
1971). Thus, the larvae likely acquire swimming
ability using both the caudal fin and the whole
body during this period. In FF-I, individuals can
apply negative pressure to the inside of their
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Fig. 9 Summary of developmental phases on swimming function, feeding function and relative growth, shown

with developmental events happened in each phase.

mouth (GOSLINE, 1971), but this negative pres-
sure is presumably weak because of the cartila-
ginous parts of the oral cavity (Fig. 9). There-
fore, the larvae appear to achieve an initial
sucking type of feeding in this phase. During FF-
1L, more powerful sucking becomes possible (Fig.
9). During RG-I, growth of the whole body and
rapid improvement of both swimming and feed-
ing functions occur (Fig. 9).

Therefore, C. gulosus larvae occurring during
the 3 months from January to March are likely
transferred by tidal flow after hatching; they
then migrate between the sandy beach and tidal
flat with physical and functional growth. Accord-
ing to OMORI and TSurRUTA (1988), the nursery
site (where many fishes spend the period of ini-
tial development) improves survival rates dur-
ing early life stages, compared with other loca-
tions; thus, the nursery site has the ideal inor-
ganic environment, low predation danger, and
suitable food availability. The sandy beach and
tidal flat in Furuhama Park constitute an appro-
priate nursery area for larvae of C. gulosus.

4.1.3 Larvae of SF-III, FF-III, and RG-II (be-
tween 8 mm and 16 mm BL)

In April, collection of C. gulosus at the wharf
with the hand net began, in addition to collection
from the sandy beach and the tidal flat. The BLs
of fishes collected at these three sites were simi-
lar, ranging mainly from 8-16 mm BL; these
lengths corresponded to SF-III, FF-III, and RG-
1L

On the basis of the findings in Fig. 9, during
SF-III, propulsion by the caudal fin and the
whole body is enhanced and maneuverability is
acquired, with  the
Tanwcuct (1987), indicating that the pectoral

consistent report by
fins have roles in propulsion, stopping, and buoy-
ancy. C. gulosus individuals also obtain the abili-
ty to bite, in addition to sucking, for feeding, in
FF-III (Fig. 9). In addition, the pelvic fin func-
tion of adhesion and the instantaneous power for
swimming markedly intensify at this stage; food
composition can change during the period of RG-
II (Fig. 9). The sucker-shaped pelvic fin of fish in
the family Gobiidae adheres to surfaces using a
hydraulic gap between the inside and outside of
the fin, which is produced by extruding water
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from inside the sucker. Additionally, the caudal
peduncle is associated with instantaneous swim-
ming ability, rather than the ability for cruising,
implying that prey-ambushing species possess
sturdier caudal peduncles (WEBB, 1994).
According to NAKAMURA (1936), C. gulosus be-
comes an omnivore after settlement, feeding on
various organisms including green algae, poly-
chaetes, small crustaceans, snails, small insects,
and fish eggs. Furthermore, SASAKI and HATTORI
(1969) reported that the main diet of the C. gu-
losus included crabs, polychaetes, algae, hermit
crabs, isopods, and shrimp, implying that modifi-
cation of food composition occurs after settle-
ment. Considering that RG-II overlaps with the
period of improved swimming and feeding func-
tions, C. gulosus likely commences preparing for
settlement during RG-II. Hence, the larvae ex-
pand their habitat to the wharf from ~8 mm BL,
when the larvae began to appear at the wharf.

4.1.4 Juveniles of SF-IV, FF-IV and -V, and
RG-III (between 18 mm and 26 mm BL)

The greatest month-to-month difference in the
distributions of BL was between April and May;
in that period, samples of 18-26 mm BL (corre-
sponding to SF-IV, FF-IV and -V, and RG-III)
were rarely collected.

According to the findings in Fig. 9, the juve-
nile stage of swimming commences at SF-IV.
Furthermore, FF-IV is the time of feeding ability
enhancement, which is initiated in the previous
phase; the juvenile feeding mode becomes fully
functional in juveniles during FF-V. The swim-
ming speed of C. gulosus improves after acquir-
ing the functional juvenile swimming mode dur-
ing RG-III (Fig. 9), as described by FISHER ef al.
(2005); their study showed that body depth is
associated with the amount of muscle, which is
related to fishes’ swimming speed. Furthermore,
from the discussion above and the findings in

Fig. 9, C. gulosus settles on the seafloor at 22-25
mm BL, around the transition between RG-IIT
and RG-IV; HarADA (2014) estimated that the
settlement period of this species was between
~20 mm and ~40 mm BL. C. gulosus settles
more slowly than do other gobioid fishes, such as
Acanthogobius flavimanus (KANOU et al., 2004)
and Eutaeniichthys gilli (ANGMALISANG et al.,
2020). Moreover, according to Dotsu (1988), the
C. gulosus habitat preference shifts to the sea-
floor at sizes greater than 30 mm BL. HARADA
(2005) caught juveniles, which were up to ~33
mm BL, near the sea surface. Some individuals
over 25 mm BL were also caught with a hand
net at the surface in this survey. However, we
were unable to determine whether these individ-
uals remained at the surface after the acquisition
of settlement ability or physically were unable to
migrate to the bottom because of environmental
factors. The sampling site of our research exhib-
its hypoxic conditions in summer, particularly
between June and October; animals disappear
from the seafloor during this period (ONODERA et
al., 2020). Thus, from an ontogenetic perspec-
tive, RG-III constitutes the period of settlement
completion and the time of the greatest physical
growth. In addition, a discussion of settlement
that combines ontogenetic information with be-
havioral patterns should be conducted in the fu-
ture.

Although larvae were present at the wharf,
they were not caught with basket nets in April.
The largest individual sampled with the hand
net in April was 27.5 mm BL, while the smallest
individual caught with basket nets in May was
22.8 mm BL. The period between these two sizes
is generally equivalent to the settling period.
Furthermore, regarding to lost swimbladders at
~12 mm BL, additional studies in this species
should be conducted to reveal how they acquire
buoyancy without swimbladders until settlement
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from ~12 mm BL to ~22 mm BL, because swim-
bladders of hemiplanktonic fishes in related
Gymmnogobius such as Gymmnogobius urotaenia,
Gymnogobius breunigii, Gymnogobius isaza and
Gymmnogobius heptacanthus do not undergo invo-
lution after being mature (DoTsu, 1961).

4.1.5 Juveniles of RG-IV and RG-V (> 35 mm
BL)

After May, C. gulosus individuals were sam-
pled almost exclusively with basket nets. Obser-
vations in this period were limited to individuals
larger than ~35 mm BL, which is the border be-
tween RG-IV and RG-V.

Fig. 8 and Fig. 9 indicate that C. gulosus ex-
hibits accelerated quantitative growth in RG-IV
after the completion of qualitative development;
this phase is the period when body proportions
are adjusted to the dimensions observed in
adults. Our results also imply that RG-V is the
immature stage of C. gulosus. Moreover, a sur-
vey conducted beginning in 2000 in Furuhama
Park by Ota City showed that numerous individ-
uals over 35-36 mm BL were collected in the re-
gion of the vertical seawall, which is near the
wharf sampled in this study and the mouth of
the Uchikawa River (Ota City, 2001-2015).
Therefore, this species presumably completes its
migration from the tidal flat to the wharf by RG-
V when its adult body proportions are reached.
As a reference, no Chaenogobius annularis,
which is the most closely related species to C.
gulosus and often occupies the same habitat as
C. gulosus, has ever been found in the park (Ota
City, 2001-2015).

4.1.6 Spawning period and ground

The occurrence period of C. gulosus lasted un-
til August in this study; no specimens were
caught after that month. The size range of indi-
viduals sampled in August was from ~52 mm to

107 mm BL. Conversely, in autumn, an individual
of ~90 mm BL was sampled at the vertical sea-
wall site near the wharf during the survey con-
ducted by Ota City (Ota City, 2001-2015). These
findings imply that C. gulosus continues to uti-
lize the vertical seawall area after the last occur-
rence in August.

This species begins to mature sexually in No-
vember (KM et al., 2004); the 50% maturity size
for females is reportedly 79 mm standard length
(BEACK et al., 2011). Additionally, KM et al.
(2004) reported that the gonad somatic index of
C. gulosus changed most between December
and March.

The spawning ground of this species has been
suggested to occur near the low-tide line in inner
areas of inlets or small bays with sand or shingle
sediments and scattered appropriately sized
stones (SAsakI and HATTORI, 1969). Furthermore,
NAKAMURA (1936) noted that C. gulosus eggs are
deposited on the undersides of stones or small
rocks in shallow water. SASAKI and HATTORI
(1969) reported that one spawning site was a
small stone, while two others were large rocks
that could not easily be displaced by two people.
A rocky area is present at the west end of Furu-
hama Park, and fish larvae or juveniles are un-
likely to enter Furuhama Park from outside be-
cause the park is situated in the innermost part
of Tokyo Bay (MURAI et al., 2016). Thus, C. gulo-
sus probably spawns in the park.

Regarding the spawning period, NAKAMURA
(1936) indicated a range from January to May,
with a peak between February and April. BEACK
etal. (2011) and PARK et al. (2020) reported that
the spawning season of this species is from De-
cember to April in Korea. MURASE et al. (2007)
suggested that the spawning period in the inner-
most portion of Tokyo Bay is during winter and
spring. In addition, eggs hatch at approximately
1 month after spawning (NAKAMURA, 1936). Con-
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sidering these reports, the spawning period in
Furuhama Park is presumably between Decem-
ber and February.

4.2 Artificial environment

In this study, we investigated three types of
environments in an artificial seaside park: a san-
dy beach, a tidal flat, and a wharf. We discovered
that C. gulosus occupied the artificial environ-
ment and individuals utilized various habitats
throughout development.

Many fish surveys have been conducted in ar-
tificial environments other than Furuhama Park,
and C. gulosus has been sampled in such sur-
veys. According to the Bureau of Environment
of Tokyo Metropolitan Government (1992-2018),
this species has been collected at an artificial
sandy beach and two tidal flats; all collected indi-
viduals were less than ~20 mm BL. In surveys
conducted by Yokohama City (1974, 1978, 1981,
1986, 1989, 1992, 1995, 1996, 2001, 2004, 2007,
2010, 2014, and 2018), most samples between
~50 mm and ~100 mm BL were collected at re-
vetments or wharfs. However, existing evidence
is fragmentary, although these surveys indicate
which fishes occupy specific habitats at specific
times each year in an artificial environment. Fur-
thermore, each study conducted in a different
area is considered discrete, although several sur-
vey areas have included multiple types of envi-
ronments. This inconsistency limits the under-
standing of successive use of adjacent habitats
by fishes. Thus, synchronous investigations in
adjacent but differing environments, rather than
in only one type of habitat, are crucial to eluci-
date the role of each environment for fishes. Fur-
thermore, artificial locations are presumably ca-
pable of providing fishes with habitats where
they can spend longer periods or their entire life
histories because they contain diverse environ-
ments, in contrast to the simple environments

created when beaches, tidal flats, or shoals are
rebuilt.
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