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Examination of factors causing the depletion of Manila clams
(Ruditapes philippinarum) on the eastern coast of Ise Bay, central Japan,
using a growth model
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Total nitrogen, total phosphorus and chlorophyll a concentrations have decreased markedly, and water temperature has
shown a tendency to rise in Ise Bay, central Japan in recent years. On the other hand, decrease of the standing stock of
Manila clams (Ruditapes philippinarum) occurred suddenly in spring of 2014 at the Kosugaya tidal flat, one of the
main fisheries areas on the eastern coast of Ise Bay, thereafter the decline of standing stock has continued. To clarify
the relationship between environmental conditions and the standing stock of Manila clams, we added a term of the en-
ergy distribution to gonad to a conventional clam growth model that assumes water temperature and the quantity of
phytoplankton as variables, and created a model that is capable of estimating growth and judging physiological death.
Calculated growth of clams using time series data in 2014 suggested that the sudden decrease of standing stock in the
Kosugaya tidal flat was likely due to physiological death caused by a drop in the quantity of phytoplankton. Moreover,
based on the calculated growth of clams using the past trophic condition estimated from Aichi Prefecture environmen-
tal data, it is suggested that physiological death did not occur before 2008.
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Figure 1. Yearly changes of harvested adult and transplanted young Manila clams on the eastern coast of Ise Bay
from 1979 to 2016. Broken and solid lines show the amount of harvested clams in Japan and eastern coast of Ise
Bay, respectively. Bar graph indicates amount of transplanted young clams.
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Table 1. Input parameters and calculated parameters used in the growth model of this study.
Parameters Description Values Unit References
a Coefficient of allometric equation relating full wet 2.34-1074 no dimension Calculated from observed data
weight to shell length
b Coefficient of allometric equation relating tissue dry 2.33-1072 no dimension Calculated from observed data
weight to full wet weight
P Coefficient of allometric equation relating tissue dry 0.993 no dimension Calculated from observed data
weight to full wet weight
A ynax Maximum growth rate on a dry weight basis 0.0132 gDW"*P-day ™' Calculated from observed data
Cmax Maximum respiration rate on a dry weight basis 0.0155 day ! Calculated from observed data
A Maximum growth rate on a length basis 0.257 mm-day ! Calculated from observed data
Cnax Maximum respiration rate on a length basis 0.00521 day ™! Calculated from observed data
R0 Reproduction ratio 0.15 no dimension  Estimated fitting case
L, Maximum length 49.27 mm Collected in Kosugaya, 2004
v, Maximum filtration rate 34.8 L-gDW !-day™! Aoyama etal.,1997
q Coefficient of allometric filtration rate 0.651 no dimension Ohashi et al., 2010
er Energetic content of clam 12940.2 J-gDW ! Ministry of Education, Culture, Sports,
Science and Technology, 2015
Er Energetic content of microalgae 47697.6 JgC™! Platt and Irwin, 1972
AssE Assimilation efficiency 0.696-0.00691-L no dimension Nakamura, 2004; Akiyama, 1988
T,q Maximum temperature for growth 35 °C Kurashige, 1957
T, Optimal temperature for growth 25 °C Isono et al., 1998
By Coefficient of temperature for growth 0.2 °c™! Solidoro et al., 2000
T, Maximum temperature for respiration 35 °C Solidoro et al., 2000
T, Optimal temperature for respiration 234 °C Kitamura, 1937
L, Coefficient of temperature for respiration 0.17 °c™! Solidoro et al., 2000
T,, Maximum temperature for filtration 32 °C Solidoro et al., 2000
T, Optimal temperature for filtration 28 °C Akiyama, 1988
B, Coefficient of temperature for filtration 0.2 oc! Solidoro et al., 2000
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Figure 2. Location of surveyed area (rectangle). Shaded area
indicates the Kosugaya tidal flat. Solid circle indicates the
station (N-12) where the water quality was monitored from
1997 to 2016 by Aichi Prefecture (http://kankyojoho.pref.
aichi.jp/Mizu/Koukyou/AichiMapWindow.aspx, 2 Novem-
ber 2017).

S I — %W%ﬁﬁﬁ%(g) _ %100 (15)
jtx I (mm) X 5% 5 (mm) X 5% (mm)

222 HERE

HHOBRERHARE R Sk BHE DA K (Size class=
2mm) ZVERL, @R AIRA IEB € T VIS
e L, SFAMEREOREE G & TFRR & MS-Ex-
celD 7 —2 ¥ — b+ ETSolver # JHW 72 i LHEIZ X D g
L7z (R - W, 1999). X512, FEAMMKEERH 5o
PR O REE (mm-day ™) &M L7,
20144E1 A2 5201541 A £ TOKAIIBT %k Ak
D AR — MENTH R Fig. 3137 F. 20144E 1 HICA LN
7o R 20 mm P O KREIRE (24— FA,B,C) &, 6HF
TICITIZWMEE L 72, 6 HB X O°7 HIZI137%E 10 mm K 0
FBUMARE (28— FD) 2RI N/AY, 11 H F T
FEL72. SHWONICHHBIMARE (28— ME) 2R
AN, FOBBEIRITEAEZILET, 20154E1H F
TITIAE L 7.

B, KHIBT L PEREOMY (Fig.4) Z&#EH
BB LZEERE (mm-day ") &, fEHED D 20144E
T8HOMM THRDFEL, 0220mm-day ' THo7z. D
iz (7) DdLdek LTRA L.

223 BALBEEH SBREFZREEENDBREDFRE
EREERNRIFHI L2 73D OfE &R 2REE &0
BAR, mef i Ea & RIRRZ i & O BIfR % Fig. 5(a)

BXO (b) [IRT. &G, BRI R) £50.93
DEomwBz sz K00 #Hoa (234-107%) 1
Fig. 5(a) O7kf (mm) L@fFBERE (gWW) & OBfR
26, KO o (2331072, p (0.993) i Fig. 5(b)
D iR (gWW) LIREHEZERE (gDW) & OR#R
NHZENEFNRDTZ.

224 BREEENIFEIEBES LJUCREFZER
BEISmmMU Eo7 ) 2L LT, B X ) RD
7220124F 1 H 55 2016 4F 12 A £ TOEEE OHER % Fig. 6
RS, FFICX BB H LD 00N E (CFME) &
HHBITIHIENE, SHBLXT7THIZEWEZRL
720 20154FEDLRELE, R DA & b Ze v 1Y 2 8
WET— 7 5 ohd, WRLEZEIED b ih o
F 7, MEEEEE CPIfE) O KMEIZ20154E4 HD21.3, ik
MEIZ20124E1 D 112 TH Y, BARIFH, (2014) A=
BB L OGS CRERR L 72 B o fili & FREEECTdH - 72,

BEGGEE 1, AR ER E Hi oY 4 Aol Tcali s,
AFERAFEET B IO THRL, Aok &b
WA A E RS (RIS, 2014) Zeh5, kit
DG E DR ARAM211E, YO 7 ) 12O THGE
PRARK L b EEERTIEREL L, TR EIC%5 &
- BT A e ARRLE. 2, EMEOR/MEZ, Zh
UTFOMEOT7THVIIMREN T W EETH ) Off
ML (R ER) oR/MizERTRIEE L, ZhDTIC
5 EAEHPPBECHAE LS DD EARR LT

JIELSi5 FE % 3R 2 72 0 (SR L 727 L iRz R & o
AR % Fig. 5(c) (29, Ko mFli,y (Y=1.76:1076-
X33, R=0.979) 1%, MUWGEE 11 DLF & xf S & U7z [l i
THY, INET7H I »EFTELREER (LT, 4
HFRFGER) 2R LTWEEEL, EREICBVWTIO
ELL TS % LB E LA D E A LT,

225 HIERECOE
AGERR D FEEL, BIEA (1993) DEFHEIIC B % Al
R2bRHZBRwAZ1IH20 11 HoMBE & L, diEs

(1994) OEY N RANTEOHE L b L IR ESmm L |
DOWEDI IS DL L. T2, ARROREL, %k
IO LT LziksE e Le (GR(D).

R (EFHPRFECE) 130(14) XD R-AT'TROLR,
EHICR (EFHMREL 5 HE © gDW-day ') 1ZDWTIE,
KAFHMRE R (eDW) LEINE TICET 2 HE (days) (2
MY WAL EL 5.

% A F F Atrina pectinata X° 5 ¥ T /' 4 Patinopecten yes-
soensis \ZAFEPEAH. L7283 B & o THB Y, ERBREO%RE
FEREIZFH L 72 A b R 2 D AR R (AR R
o BIREER ) L LTI ENTES. T, TH
Y D AFHBRIE AR & IHAL R E O [ O AR S 56 E
L, BRSO PIEERE 2 S L2888 & i3k o> T»
v BARIEA, 2014). F07z, T QLG EE



Z B, EBRHE, HHE R, R OB HEBRA S

70% 1

oo | B 2014/1/11 2014/8/20
n=100 n=100
50%
40% 4 c l A
30% 1 H
20% 1 1 :
- -—A_b
0% +
70% 4
oo | C 2004/3/12 2014/9/25
50% 4 . n=100 n=100
40% | 1 B
30% v
20% l
10%
0% +
70%
60% | B 2014/4/23 2014/10/23
50% n=64 n=100
40% 4 C l
> 30% 1 1 .
SR ! i A
c v A4
[ 10% 1
> ]
S .
bl oo | 2014/5/29 2014/11/22
(. B n=17 n=100
50% 1
40% l H
aox | (3 V A
20% 1 1
10% V
0%
70% 1
ol D 2014/6/25 2014/12/19
n=9 n=12
50% .
40% 1 V
30%
20%
10%
0% 4
70% 4
oo | D 2014/7/24 oox 2015/1/15
H n=56 n=0
50% : 50%
40% v 40%
30% 30%
20% 20%
10% 10%
0% 1 - T T 0% T T T T
0 10 20 30 40 50 0 10 20 30 40 50
Shel |l length (mm) Shell length (mm)

Figure 3. Shell length frequency of Manila clams collected in the Kosugaya tidal flat from Jan. 2014 to Jan. 2015.
Arrows show identified cohorts (A—E).
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Figure 4. Monthly-mean shell length of identified cohorts (A—
E) of Manila clams collected in the Kosugaya tidal flat from
Jan. 2014 to Jan. 2015. Solid line indicates the shell length
calculated by the model constructed in this study. Error bars
indicate the range of shell length.
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Figure 5. Relationships between (a) shell length (mm) and to-
tal weight (gWW), (b) total weight (gWW) and soft tissue
weight (gDW), and (c) shell length (mm) and soft tissue
weight (gDW). In the panel (c), soft tissue weight (gDW)
is separated into clams of condition factor =21 (£), <11
(y) and whole range (a).

2001) ZHWTH A Y ¥ 2285 73 WHEEEN,
R L7z, TOHERDT— 51, FEBERIRINREIC
JE [F) HSEME 2 R0 1D O ISETH [RIRLE 28§ % $R H S



¥ o 5—, HEPRME, HHOWE, R OB, HPEA, SRR
30 -
S 25 -
: : — 21
[Tag
c 20 - l;+ K
R AR
T °
c ; [ ® %0
S T T A e e =11
5 rrrrrrrrrrrrrrrrrr1rrr1rr1r1rrrrrT rrrrrrrrrrrrrrrrrrrrrrT TTrrrri
=N~ ATA M INNOOAT A NN AT A MO NN A NN
i i i L= -
o o o o o
o~ (o] (o] (o] o

Figure 6. Temporal variation of condition factor of Manila clams collected in the Kosugaya tidal flat from Jan. 2012
to Dec. 2016. Error bars indicate ranges. Horizontal dashed and solid lines indicate critical lethal starved level
(11) and spawning level (21) of condition factor (CF) assumed in this study, respectively. In the interpretation
of the model’s results, clams of CF = 11 and = 21 were predicted to be subjected to physiological death and phys-

iologically capable of spawning, respectively.

Table 2. Predicted maximum gonad weight and Rratio using pre-spawning 86 and 100 days.
Soft tissue dry weight (DW) Rratio
i . i A e day !
Shell Condition factor: Mn:zlmuimht Gonad index WT Assimilation (GW-A™!-day ™)
length gonad weig (GW:-DW 1) o (A) . .
)< All (GW) pre-spawning  pre-spawning
B 86 days 100 days
16 mm  0.0269 gDW 0.0188 gDW 0.00814 gDW 30% 18°C  0.000674 gDW -day 14% 12%
24mm  0.0978 gDW 0.0716 gDW  0.0261 gDW 27% 18°C  0.00164 gDW -day ! 19% 16%
32mm  0.244 gDW  0.185gDW  0.0589 gDW 24% 18°C  0.00308 gDW -day ' 22% 19%
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Figure 7. (a) Grid-divided spatial distribution of total harvest of Manila clams from April 2014 to March 2015 by
sampling vessels. Harvest of clams was limited in the grids along the shore. Dotted lines show the boundaries of
the fishery areas licensed to the local fishermen’s union. (b) Relationship between cumulative harvest and CPUE
for the clams in four grids of the Kosugaya tidal flat. ON, OS, SN, SS indicate grid of offshore north and south,
onshore north and south, respectively. Shaded triangles indicate inflection point of the regression lines.
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Figure 8. Changes of (a) concentration of chlorophyll a (ug-L™"!), (b) water temperature at station N-12 (solid line)
and its 5 year interval average (the length of 1st and 5th interval is less than 5 years because of the lack of data).
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Figure 9. Changes of calculated soft tissue weight (gDW) of Manila clams (bold curve), estimated critical lethal
starved level of soft tissue weight (gDW, chain curves), and phytoplankton concentration in the Kosugaya tidal
flat (solid line, see Fig. 2). Panel (a)—(b) and (c) corresponds to cohort A (adult clams, see Fig. 4), cohort D
(juvenile, see Fig. 4) and young clams transplanted on 17 Oct. 2014 (SL=14.2 mm, DSTW=0.0123 gDW), re-
spectively. Vertical arrows indicate the first date when soft tissue weight (gDW) became lower than the critical

lethal starved level.
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Figure 10. Calculated changes of soft tissue weight (gDW) of Manila clams collected in 2014, which were assumed
to be exposed to past conditions of chlorophyll @ concentrations and sea water temperatures between 1998-2015.
Bold curves in all panels indicate soft tissue weight (gDW) in the case of original condition. In panel (a), (b),
and (c), dashed and gray curves indicate soft tissue weight in the case of 139 and 192% of observed phytoplank-

ton concentration in 2014, respectively. In panel (d),

(e), and (f), dashed and gray curves indicate soft tissue

weight (gDW) in the case of 1 and 2°C lower than observed temperature in 2014, respectively. Chain curves in
all panels indicate critical lethal starved level of soft tissue weight (gzDW). Solid line in all panels shows changes
of observed phytoplankton concentration. Panel (a) and (d), panel (b) and (e), and panel (c) and (f) corre-
spond to cohort A (adult clams), cohort C (juvenile), and young clams transplanted on 17 Oct. 2014 (SL

14.2 mm, DSTW 0.0123 gDW), respectively.
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(a) Monthly variation of phytoplankton concentration at station N-12 (solid line, see Fig. 2). Shaded bar

shows yearly variation of harvest of Manila clams on the eastern coast of Ise Bay from 1997 to 2015. (b) Chang-
es of calculated soft tissue weight (gDW) of new wild population settling each year in July (solid curves) and
that of transplanted young clams each year in Oct. (dotted curves).
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