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kEZ W TH Y s #ERY
5 2 ) N2 2 2 2,30
WA TR BEES
(. EHREERSK ™ S e LI 2013065 2. K P-RLEBFIE B s =GB
KA AP TR R T TR R VRS AT SR R W 266071,
3. FRIERRE S A R RIS SRS E R W 266237)

WE A REKBRMAELBETE AR INENKET, RABSAEFELR T X, N

B 4K ¥ K (pH 8.2) 4 A B, 8 52 T F Bl B AL 4 4 T (pH 7.7 #n 7.3), 3 £ % # 1F (Rudiitapes philippinarum)
A (OR), JEAKEFR)FLEEAJE Cu (0. 0.06 F7 0.60 mg/L)F# Cd (0. 0.03 7 0.30 mg/L)

HE AN, £RER, Cu bt B FEIKT 44 OR A1 FR(P<0.05), M Jfif it a9 2E K, #

fFi0 & § % T (P<0.05), Cd ffrit 3t #41F OR #1 FR & % % %" (P>0.05), 1E4£ 0.30 mg/L Cd ¥

T, HEWE W, B0 % 5 EFE(P<0.05), pH7.7 %1 7.3 ¥ Ak B 1L I % #1749 OR F1 FR
T B F % W (P>0.05), (24 pH 7.3 WA F, BT oEHIAEG TR RARKINAL, HREXH,

AT EMRAFET Cu. CARBRNBEARTH LT ML EE S E, ¥WELZHETFH Cu>Cd>pH, £k

KANEHBEABRNAE Cudl Cd HERERFHFEKREGFRERINL, RFARDMN T EEEBAFH A

AR NAE 4B Ml i ALE, B R T T 98 0200 F0E 8 IR il S AR B T AT

KA FEEBT; EA4E; B, OF; AERHY
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T 7K P B U 43530 1.7~3.5 F11 1.7~2.0 pg/L(Pan et al,
2012), 2002 4F 10 H, LA W4T O H B0 S0
(Meretrix meretrix) KIEIFSET- IS, FET-SCIAIR A
HHERY Cd. Pb Ml Zn & (ESCRAE, 2003), HEIL
J5 1 B2 2 DA OV — N B ] CHCR M Hh Cu A
Cd 4350 600 F1 27 mg/kg, ZHHE 4 mI5HHE
KJEJ1(Deng et al, 2010), HILLAT UL, 4 @15 Y 2k
IS0 A DL IR B e R R R

3F H %2 I3 1 (Ruditapes philippinarum) & o & 7F
eV UL B 28 T DU G 830 I U U0 R o X 3 1Y)
RS, KK 2 NI Sh s ma a3, HE R
M pH RIER B AR AN AR AR LB 2% (XIS TR,
2016). Riba % (2004)0F 5% W~ , pH B FEAK AT 3Nt
By hESENITER, FECRESHETEY h i E
4 )&, W Cu. Cd. Zn Fl Pb B BN, TEIFVEIR
ft(ocean acidification, OA) H MBI A9 TS 5 T (ZEHe iy
5, 2016), WFFEE 4SS EAIE pH A4 T X e D128
{14 A By H A A AR AR SO 5 7

AR, BN X TES R SRR G Mo xs bl
Az RS MR A AE T A AR R, (H K 22 4 v 4 0 R
i (Scapharca broughtonii) %5 (% i 3C, 2019; 2= [H,
2018; Z=EMFEE, 2016), 1 %F JEFRZIATFRYBTF I A
ASCWESE T AR pH 4 F (8.2, 7.7 f17.3), ELJE
Cu Il Cd XfUAfFAEBL M, B TR IGFESE R (OR)
FPEK AR (FR) 2 AN d B A PR RSN, S T 8547
ORI, DAARBUSERT | EOUL A £2 A4 XL 2
B EF 5% 1 VR R AL T 5 N B 4 X e v DL 28 A B
R, AT G SRR S BRI RS L E RS
MK TR S % | R RO R e K A AR ) S

FRAE A A BRER BRI DL B 5 o
1 M5
1.1 SCIgsrtd

DL IR (pH 8.2)FE A Xt HRAL, Fdil 2 ARk
K (pH 7.7 F17.3), JFiEHCT E 48 Cu 1 Cd #H17
SCEY . Cu Ml Cd A3 E 3 N, 20518 0. 0.06,
0.60 mg/L 1 0. 0.03. 0.30 mg/L, ¥ ES %2
(2018) X IBLUH AT o 2 FhR Ak I /K 15 430l 2 HR L
JF 1) S A5 AR A 1] 2 5142 (IPCC) Xt 2100 4EF1 2300 4F
K FR 10 pH AT (Caldeira et al, 2005),

RIS A BNV s, BEEANTE SR | fhk
B HR/N—3[(32.07+1.39) mm]#-ME, T 60.0 cmx
40.0 cmx30.0 cm IR LMK IENE FF 7 d, B
v, (RS R, B 24 h oK 1k, BRIERERR
S 4> (1sochrysis galbana)(4x10* cells/mL) 2 7%, 52
BOHT 1 d 5 R4,

SIS DU L AR s (L AR st ) i 4T
T K B 2 A8 75 3 48 (37°9'N, 122°33'E), #hJE K
32.0£1.0, pH N 8.17£0.02, ZUiIE. WIEE4H.
SCHOHT 2 h, I CO, SUMBLHIBR LK, o 5y
pH £ 7.7 f17.3, R 8 T2 S0 K AR X BRZH(C),
S pH AR WG R A (DOY WL 1. TRIL4L i K
DO 5N 25 3 A 2 (P>0.05), ANEEIGTIE
HWIEN . F CuSO4 F1 CdCl, (43ral, 2441k
WA BRA T/ B ECH 0.5 mg/mL 1) Cu Al Cd IH K
VEN BRI, SO0 e B SR b AT B . SC I A rp
155 (22.040.5) CIHE =1

®1 KKK pH, EEEREMFRRERFNE

Tab.1 Seawater pH, concentration of heavy metals, and biological characteristics of R. philippinarum

s e PERERE o cd Jek HABUT Tt

- : Initial DO J- q- Shell length Dry weight

/ L / L

Group Measured pH /(mg-L™" (mg'L) (mg'L) /mm of soft tissue/g
pH 8.2 8.17£0.02  7.75+0.08 0 0.06 0.60 0 0.03 0.30 22.82+1.19 0.31£0.07
pH 7.7 7.75€0.03  7.67+0.04 0 0.06 0.60 0 0.03 0.30 22.58+0.71 0.33+0.06
pH 7.3 7.37£0.05  7.77+£1.03 0 0.06 0.60 0 0.03  0.30 22.73+1.00 0.30+0.06

1.2 S HE

121 #AFq & (CUEERUBTIBIEID o S =0 )'G
(OXY-4 mini, 72 & DO, %45 i FL fsi K Precens
05k, PR 250 mL 7 FUOH, 55 BUGES /NFLI%E
A RET SR FE RS, FH DA% 22 W I /K R T EE & DO
TAPFUOR S 3 MaAT, B 4N EE, HikEH

X HE R A3 KA TS TR, SEER BT )R 0.5~1 ho
SR AR, AT SR T
Excel Ll DO FISZEGAF] t (WIERE], IF&MmG15 5
PREL y=kt+a, OR ITEAR N,

OR=—kV/W
A, OR NHNAEFEEF [mg/(gh)], k HIUAH
LR, WHRHT B, VAMFBIRAL),
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TSR JERR R AR AR S K R AL I 52 S (Cu F1 Cd) B8 Y A= B I 17 99

122 EREMNZ SZECTE 500 mL BEAR R T,
T K PRI — R B O BRSEE 4 B, MR PRI AE
30x10%~50x10* cells/mL, 4451 E <Ml 4 IR 51
5o WAL WICE 3 MG T, BHAANER, K
WA EARIR, SCER A 0.5~1 ho i L ER-EbR
B R 43 ) ) R S 6 T i VA K P R A I 4 e VR
BIS AR, 60 CHERIEE, FRE ., JEKkERS
F ot 2254 (2009) 1Y 7 AL
123 &R S 2 MK JEVIE 55 (2016) 1 5E i £
LR HES 7 ik, (#H E T #8 (Blu-Tack, Bostik
Ltd, 5[ )R 21 HMEG RS T 2 7 G A 70 IE X B 4 50 36
M, O 8k = AR 5O R & R AR (AMP 03,
heartbeat monitor, Newshift, %% 7)) K 3 4b B
Ja . H B R 2 (DAQ) 1% % (Powerlab 8/30, AD
Instruments, & [E)ic %, FIH#E/F LabChart V8.0 7]
THE 02 (bpm) o MR HEFE IR 1 L IR 25
BEIRGR Wi 45 B 8 (E A 5k JEE RIS A3 119 0.06 mg/L
Cu. 0.30 mg/L Cd Ml pH 7.3 #4703 E, LI E
KA AR IRAL(C) o BENLEBEE A UG (T 16 4>, i#
T A e I 7 3 T K R T 9 20 AT (I 16 BR
H 15 min O TCHH B3R O &R E), ZEA
R 2 S MR K f, B 4 NMIAAF . 18 SEIGAO
KA, FFEERIZ) R 0.5 h,

FIA#AT SPSS 19.0 43 #Hr Hei ARl E K pH Z&1F
T Cu Fl Cd XHEHREE G OR. FR FALLZHYFE0
PL P<0.05 1y i 35 1 22 S5 ARG I A e

2 #R

21 FFEERFEASFMEZFE THREEMIEKER

S0 M 1) B 21 G0 T K) R S IR AT OR A
(1.86+0.10) mg/(g-h), FR “4(0.64+0.13) L/(g-h), %5
PIR E (P>0.05) (& 1 MKl 2), HFEZE I 225080
(one-way ANOVA) 7%, Cu XTH511#9 OR Fl FR 14
L E R (P<0.05), SXTHRAAMLL, FEHEERIFES
A Cu IR & sh B s/, B BEaE K AS el 48
FAFEM% . 755 0.60 mg/L Cu K i (45 # 1L
K RFRALIEK), W57 OR Al FR ¥J#43T T 0, pH X}
I 4F OR Al FR JC I 3520 (P>0.05), {H#E Cu A
0.06 mg/L B, i pH /9 F %, OR W& I FH(P>0.05),
XK 2 7 250 Fi (two-way  ANOVA)EE R /R (5 2),
pH Al Cu ria1 %t #4547 OR Al FR J638 B AEH (P>0.05).

5 Cu A, AF7ES Cd By K EI 5%,
KEBKIGER, RESX BMAFLAME ., pH 82 5
pH 7.3 £b3F4H v Cd % OR S0 A fiL 2 (P>0.05), (B

& CAREMTHE, OR A TS (A 3). 4iff/K pH
7.7 8, Cd ARFAH ST OR W E LT Cd gk
A fE 1 OR (P<0.05), Cd % IEALEIGATHY FR 5200
AN EP>0.05) (K 4). WHRTTZMrER TR, pH
1 Cd e XA 1 OR 1 FR 3 28 HAEH(P>0.05)(# 2).
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Fig.1 Variation of oxygen consumption rate of clams
at different acidification and Cu treatments
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Different letters represent significant differences (P<0.05).
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Fig.2  Variation of filtration rate of clams
at different acidification and Cu treatments
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Fig.4 Variation of filtration rate of clams at different
acidification and Cd treatments

ANTR] S 50 21 ) A & 2R b % 22 5 (P>0.05)
No significant difference was found among all treatments
(P>0.05)

R2 WRIFEEEMBAKEERILMESE
B EH THREERFTES
Tab.2 Two-way ANOVA of the OR and FR of calm under
acidification and heavy metal addition

2415 EarA HUr
Group df  Sumof Mean F P
squares  square
4% pH 2 0056 0028 058 0.566
OR Cu 2 29.082 14.541 302.102 0.000
Cd 2 1.155 0.577 4.155 0.027
pH*Cu 4 0.050 0.013 0.261 0.901
pH*Cd 4 0.440 0.110 0.791 0.542
ek % pH 2 0.011 0.006 0.797 0.461
FR Cu 2 2.434 0.005 169.493  0.000
Cd 2 0.021 0.010 0.520 0.600
pH*Cu 4 0.018 1.217 0.635 0.642
pH*Cd 4 0.015 0.004 0.189 0.942

PE: *10% pH 5 Cu sl pH 5 Cd 922 A
Note: * represents interaction between pH and Cu or pH
and Cd

22 FERWTFEARMEZFHTHOE

TERMESR, BHA 3~4 DR R ER
MELs S, BOFYEH T (A S), FFkEe 5 A4t
[E) 50, 5. 6. 11 120 min), A4S0
TP 255 (K 3) MR RI R LR IME S (24.2+4.7) bpm,
225 A (P>0.05), BEERIH A, SAHAOFE
PSR (25 Ak #a . Cd 423140 (0.30 mg/L Cd, pH 8.2)
WG AR R AE 0~15 min BPIA S EFF, 15 min J5.0%
B E, 20 min BFIGAT02%(39.0 bpm)AH EL R IR 1E
(26.0 bpm) = F+ T 50%, Cu ZbFEZ{(0.06 mg/L Cu, pH
8.2) A FF )L FRAE 0~10 min I i FR%, 10 min J5 &
kS sE , 20 min IS AF.0 2R [(10.6+0.3) bpm] 2 K #] bh

{EHY 45%. FBRALAIH (pH=7.3), IAFRYORESE TR
Ja g T, JFPE 20 min AR E(20.5+
4.3) bpm, SHHIIRHLFRTC R 2 5 (P>0.05).

50F o
-+ 0.06 mg/L Cu

——0.30 mg/L Cd a
——pH7.3

'S
=)

w
o

>3 Heart rate/bpm
Ny
S

—
S

0 1 1 1
0 4 8 12 16 20

fis} 6] Time/min
5 Cu, CdskfRfbib3 T AEREERF0.0R L
Fig.5 Variation of heart rate of clams at Cu, Cd or
acidification treatments

= 3 HHEIEREE LW AFERERTFHIOE
Tab.3 Heart rate of clams at the same incubation time
among different treatments

i ] Cu cd pH
Time/min  Control 0.06 mg/L  0.30 mg/L 7.3
0 253444 238407  26.0£6.0 22.6+5.3
5 263433 163407  25.1489 19.6£3.9
6 25.9+47°  147£0.6°  30.9+9.4° 18.4+3.2%
11 24.9+4.4®  11.7£0.8°  33.6£6.9° 16.4+£3.9°
20 253443 10.6£03¢  39.0£2.0° 20.5+2.3°

VE: AN[R) BRI (] — I [ AN ] Ak B A 00 256 22 5 W 25
(P<0.05)

Note: Different letters represent significant differences
among different treatments at the same time (P<0.05)

3 itig
31 FEERFERAEMEFE THRERMIEKE

Cu BHUALAT PR &IRITER, FERIksiyh
Z 5L M a B EasH, (AYHUAS ER A Cu B
2> r= A F3 (Arumugam et al, 2020; Bartlett et al,
2020; Pan et al, 2009) . Ivanina 55(2015)f H 5 4 b 3
BE7KSEARIL ) Cu AT Cd R E(0.05 mg/L)iE AT T 7 d 1)
TFE L, K PLIE N4 W5 (Crassostrea virginica) fl132
YA 5 (Mercenaria mercenaria) i) 41 4 B 8 15 - Hb 4%
W4aIE AR AN, BXFT Cu A AL PERE
H1o MAZEABFFEH, 0.06 mg/L Y Cu B A5 174 3 7
ARt T WL, EE A R X R ST ) 5
HADMR S, HERHEMEA L, 22H%2018)
WAERA TaX — 5, Cu Whif W R AUE I FE 4% . HE



%53

RN FEA AR AR PR TR K R AL I R 5 (Cu F1 Cd) 8 Y A= B I 17 101

SRMA R, HFRARRE R 5 5 5 s B) e A oG
£: 0.1 mg/L Cu & %% 96 h J&7 , bl 8 22 H Bl K
HEZBORL L S 40 s 45 0% . Grace Z5:(1987)HF5%
FW], Cu WSR2 fRWR, (A 54
RO B 5 R BRET B 3R 8l , HXT M ZF B A 3 il & —Fh
PZTTHLH . L, Cu BEARIE K 20T BE 24 4 10
VI R 88 22 4y 2L W) 4 R 0 25

NPT Cd XA 2R Skt B &
UM st 3 2, (BB = 3 40 9 28 23100 £k 08
(Rattikansukha et al, 2019; FRIERIZE, 2008), AHF5T
Hr, Cd B0 X SR G A YRR SR R KR Y 52 k)
/NTF Cu Wi, XATREZ M TR Cd BREEGIR T
AR BEEALEI R 3, BT T EEEAR, s
JE B AR (M Ts) Rk 2R (A9 2R3k B (TR EZ %, 2013),
HE—ERRE LI T Cd faEtE, ik, #EERME
IKEREAT 837254k, Blasco Z5(1999) I 55t % B,
Cd XBFEE K14 MR 2 5 B g (AST) 1Y 75 M /]
T Cu. Shi % (2016)MF5 &L, TERKIWIEKIRILS Cd
(0.05 mg/LYE & Mhiasimd, K pH #45(7.8 Fil 7.4)
SARHE Cd 7R SRR | SNERRIA FE WL R,
XA RERAMIIT P IRIL S Cd B AWl R s Fe R
FRERIE, T TR R, AR pH S 230
TREREEIFA 3

B 25 (2017) 8198 &P, U5 (Cyclina sinensis)
R T E IR 10 d JFRER R B ERAR, TR
SRR AL [R] IE AR 5C , T AS A8 A BT X6 e S R AL A T T
SYHT, IXATBEAE pH GG A1 RE SR R E K T i Y
AR, W, S5 pH 5 Cu/Cd B A 3538 HAE
FH o 30, W MEVR FRBE R Tl A8 RN 3 19 5 i)
pH BN, AEHEEE UG AV S B 1 3 (B) e AR
A B EEE ST T A R A A BT B 0L GE I HL I, X
2 S R AL T S A 75 /N R SRR 22—

32 FBRRBFEARMEZFHTHOE

XLSE S RO W2 LR 1), O I Ao 28 i PN O i 28
7 AT BESE AL A S, Cu B Cd AT DA 52 M il
£F B — 38 ) P 283 IS 0 2R (Grace et al, 1987).
o LT R, 25 b £5 T A AR A 1) R AT S 2 e il
HIG 15847 4 o Davenport Z5(1984)#F 5548 i, O
Bk 2 2O MRS S A S5 350, T DL ] AR 3] A 858
HY Cu AR HBOCH D152, SO el AR DL 5 R
TR A6 R, X AT BEJE Cu FEUG A0 R R R
JFE I Z — . Ivanina 25 QO015MFRTE L, B&ET
0.05 mg/L Cd Al FEONFE 2R 1M 4L N HY (pHi) e B
TR 30%~50%, 1M} 0.05 mg/L Cu % pH; JC5 i . Anwer

E(1993) X LW A ST A BE, Cd AT DL R )3
Na/H 32 egg AR Ca* 5 5 (Bl Ca® i A4l
M) TR . 55 R ME ik . A5,
0.30 mg/L Cd nJ g i T HRua AR N5 515 5, il
WD 2, TR A S BOGA0 PR

K pH BEREE] 7.3, MAA70 358 T RS s K
SIEH B R P ANaTRTA , 1T BE-S WA A7 R R 1L 1 N
5 B AT 56 o Tvanina 45(2015)WF 75 L HH , 17K pCO,
Je pH YOS X RLSE 2 I A ALY pH; AN R B 25 G
ERM XA R AL K R S AT O R B AR E Y R
o 38 3T 20 AR RAR 5 7 i D O R B JE B M L T
PEAT DRI RE B PG A5, ELAS B A 48 A v] DUKS i AL
(OB FE2E, 2016), © 7F 4% 20 &% 1 (Haliotis discus
hannai) Flt4 U1 (Braby et al, 2006)%: JC3 HE: sh# th 15
SR o ARG, FH AR SR RN K 3555 FUAE A,
S W B2 e T A2 B0 Pk F 1 RIS R, A
R B 1) P B AT s i 22 ), 3 1R A I S 0 Y A
Fro B FILTCIGIME R R A, WnT F T 276 DU 5
5o AR, ORI E BARTE A B SCI0 0k H A i
AR N, BANEAH — N, ZUAMAE K 75l i i
TR EE M AR ORI Y FE 3R TH , SR B R A
AR BUIGATC R I 2R B R BR G, AR iE— 21k
DU

ARG B T pH S E 4R W WIba , Ak
Al — PR IR LS5 F pH S E A B E G2
No EET, MATRE] pH 500 4 8 X AT RFEEY
A b, 8 pH AR X V5 Yein] 1114 4 I8 o)) 124 FniE
M O A 5 2 W58 IE 52 (Hyland et al, 1999; Mount
et al, 1992; Schubauer-Berigan et al, 1993), HEj, 3%
B b T I %) R B 22 0 1 9 11 R UV M XA TR 4 )
V5 Y, AR X IR FH K DA RS A A BT DA
BEE A,

g Aty AR FIREFTIT R EFAY
FEELET A SRR BB, Btk &l
FEAL B AL Ao B 2 3 A2 R 48 F AL
B PERLRFHRMKELLTRFLTHOHSSL
.
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ANWER K, OBERTI C, PEREZ G J, et al. Calcium-activated
K" channels as modulators of human myometrial contractile
activity. American Journal of Physiology, 1993, 265(4):
C976-C985

ARUMUGAM A, LI J, KRISHNAMURTHY P, e al.



102 ook B

2 R 42 4%

Investigation of toxic elements in Carassius gibelio and
Snanodonta woodiana and its health risk to humans.
Environmental Science and Pollution Research, 2020,
27(16): 19955-19969

BARTLETT J, MAHER W, UBRIHIEN R, &t al. Fitness of two
bivalves Saccostrea glomerata and Ostrea angasi exposed
to a metal contamination gradient in Lake Macquarie, NSW
Australia: Integrating subcellular, energy metabolism and
embryo development responses. Ecological Indicators, 2020,
110(105869): 1-12

BLASCO J, PUPPO J. Effect of heavy metals (Cu, Cd and Pb)
on aspartate and alanine aminotransferase in Ruditapes
philippinarum (Mollusca: Bivalvia). Comparative Biochemistry
and Physiology Part C: Pharmacology, Toxicology and
Endocrinology, 1999, 122(2): 253-263

BRABY C E, Somero G N. Following the heart: Temperature
and salinity effects on heart rate in native and invasive
species of blue mussels (genus Mytilus). Journal of
Experimental Biology, 2006, 209(13): 2554-2566

CALDEIRA K, WICKETT M E. Ocean model predictions of
chemistry changes from carbon dioxide emissions to the
atmosphere and ocean. Journal of Geophysical Research,
2005, 110: C09S04

CAO R W. Combined toxic effects of seawater acidification and
trace metals (Cd*" and Cu®") on economic shellfish.
Doctoral Dissertation of University of Chinese Academy of
Sciences (Yantai Institute of Costal Zone Research), 2019,
6-75 [WHiSC. WKL AIR i 48 (Cd™ Al Cu”) X2
VUYL G REVERONIE. ThERR B 7 (I 15 W 1
R LT A 2285, 2019, 6-75)

CHEN H G, LIN Q, CAI W G, et al. Comparisons on the
accumulation and elimination characteristic of Hg, Pb and
Cd in three kinds of marine bivalve molluscs. Journal of
Agro-Environment Science, 2008, 27(3): 1163-1167 [F4ifF
Wi, BREK, ZE3C5E, A% 3 R LI DL X H 42 J% He, Pb
il Cd MR RS BEHURE AR, RO FRERR #2741, 2008,
27(3): 1163-1167]

DAVENPORT J, REDPATH K J. Copper and the mussel
Mytilus edulis. In: BOLIS L, ZADUNAISKY J, GILLES R
(eds). Toxins, drugs, and pollutants in marine animals.
Proceedings in life sciences. Berlin, Heidelberg: Springer,
1984, 176-189

DENG B, ZHANG J, ZHANG G R, et al. Enhanced
anthropogenic heavy metal dispersal from tidal disturbance in
the Jiaozhou Bay, North China. Environmental Monitoring
and Assessment, 2010, 161(1/2/3/4): 349-358

DU M R, FANG J G, GE C Y, et al. Effects of salinities and
microalgae densities on filtration rates of scallop Chlamys
farreri spats. Progress in Fishery Sciences, 2009, 30(3):
74-78 [#E3EZR, AV, BT, S R R
FFL A DUHE DL 3g K R s2m. ol Bk, 2009, 303):
74-78]

GAO S, LIANG J, LI Y R, et al. Effect of ocean acidification on
respiration rate and excretion rate in clam Cyclina sinensis.
Fisheries Science, 2017, 36(6): 758-762 [ 1L, $2fil, 255k
1=, 55, WK RRALXT T IR AR AR . KRl
2%, 2017, 36(6): 758-762]

GRACE A L, GAINEY Jr L F. The effects of copper on the heart
rate and filtration rate of Mytilus edulis. Marine Pollution
Bulletin, 1987, 18(2): 87-91

HYLAND J L, VAN DOLAH R F, SNOOTS T R. Predicting
stress in benthic communities of southeastern U.S. estuaries
in relation to chemical contamination of sediments.
Environmental Toxicology and Chemistry, 1999, 18(11):
25572564

IVANINA A V, HAWKINS C, BENIASH E, et al. Effects of
environmental hypercapnia and metal (Cd and Cu) exposure
on acid-base and metal homeostasis of marine bivalves.
Comparative Biochemistry and Physiology Part C:
Toxicology and Pharmacology, 2015, 174/175: 1-12

LTI X M, GUO T H, ZHANG L J, et al. Effects of ocean
acidification on the toxicity of lead on lysozyme activity of
Crassostrea rivularis. Jiangsu Agricultural Sciences, 2016,
44(12): 297-299 [ZEIEt, TR, HOREE, % BRI
o N AVEE XS T VLA R T RS PRS2 IR
Fl2, 2016, 44(12): 297-299]

LIY,XUESY,LIJQ, et al. Effect of Cu®" stress on physiology
biochemistry and histopathological structure of Scapharca
broughtonii. Journal of Fisheries of China, 2018, 42(10): 1531—
1540 [45BH, BEZHE, AInEy, 45, Cu® e xd ekt AR 3 A
A ANLHL SRR, K724, 2018, 42(10): 1531-1540]

LI'Y. Physiological response of ark shell Scapharca broughtonii
to Cu®" and ocean acidification stress. Master’s Thesis of
Shanghai Ocean University, 2018, 9-22 [Z=[H. 4t
Scapharca broughtonii XF Cu® FIE 7K R AL e 1) £ BRI
N AR 5T AR AR, 2018, 9-22]

LIN S H, WU F C, ZHANG G F. Variation in cardiac response
to thermal stress in two different cultured populations of
Pacific abalones. Marine Sciences, 2016, 40(11): 84-90 [k
B, REA, RENE. miRpbNa T S A W IR AT
RLFAAE L. R, 2016, 40(11): 84-90]

LIU P F. Export flux of dissolved inorganic carbon from the
Yangtze River and its effects on estuarine pH and CaCOs
saturation states. Master’s Thesis of Shanghai Ocean
University, 2016, 27-61 [XIMS %K. < ITICHLR A TEE £ K&
HOXHAT 1 pH FIBR RS MR ANEE RS20, IR At
WA 28, 2016, 27-61]

MOUNT D R, MOUNTZ D 1. A simple method of pH control
for static and static-renewal aquatic toxicity tests.
Environmental Toxicology and Chemistry, 1992, 11(5):
609-614

PAN K, WANG W X. Biodynamics to explain the difference of
copper body concentrations in five marine bivalve species.
Environmental Science and Technology, 2009, 43(6): 2137-



RN FEA AR AR PR TR K R AL I R 5 (Cu F1 Cd) 8 Y A= B I 17 103

2143

PAN K, WANG W X. Trace metal contamination in estuarine
and coastal environments in China. Science of the Total
Environment, 2012, 421-422: 3-16

PAN K, ZHU A J, XU Z B, et al. Copper contamination in
coastal and estuarine waters of China. Asian Journal of
Ecotoxicology, 2014, 9(4): 618-631 [i&Fl, KU, &
i, A E R PR TS AR, AR SRR
2, 2014, 9(4): 618-631]

RATTIKANSUKHA C, MILLWARD G E, LANGSTON W J.
Partitioning of Cd, Zn and Fe in the tissues and cytosols of
blood cockles (Anadara granosa) from the gulf of Thailand.
Estuaries and Coasts, 2019, 42(1): 237-249

RIBA I, DELVALLS T A, FORJA J M, et al. The influence of
pH and salinity on the toxicity of heavy metals in sediment
to the estuarine clam Ruditapes philippinarum. Environmental
Toxicology and Chemistry, 2004, 23(5): 1100-1107

SCHUBAUER-BERIGAN M K, DIERKES J R, MONSON P D,
et al. pH-dependent toxicity of Cd, Cu, Ni, Pb and Zn to
Ceriodaphnia dubia, Pimephales promelas, Hyalella azteca
and Lumbriculus variegatus. Environmental Toxicology and
Chemistry, 1993, 12(7): 1261-1266

SHI W, ZHAO X, HAN Y, et al. Ocean acidification increases
cadmium accumulation in marine bivalves: A potential
threat to seafood safety. Scientific Reports, 2016, 6: 20197

SONG Y G, WU J H, SHAO Z W, et al. Evaluation of heavy

metal pollution in the offshore surface seawater of the
Liaodong Bay. Progress in Fishery Sciences, 2016, 37(3):
14-19 [ROKNI, R4, Rt & ILREILRRZE
IKEE B YAT S5PE0. ol Bl 2# 3, 2016, 37(3):
14-19]

XUY, WANG Y, ZHOU B, et al. Study on single and joint toxic
effects of cadmium and lead on Ruditapes philippinarum.
Marine Environmental Science, 2013, 32(1): 6-10 [#&E,
A&, JER, 45 AR POY IR — RN SR R R R
IS AP AT RON B 5. TR IR R, 2013, 32(1):
6-10]

ZARYKHTA V V, ZHANG Z H, KHOLODKEVICH S V, et al.
Comprehensive assessments of ecological states of Songhua
River using chemical analysis and bivalves as bioindicators.
Environmental Science and Pollution Research, 2019,
26(32): 33341-33350

ZHAN W Y, WANG N P, YE H, et al. Study on the cause of
death of Meretrix meretrix in large area in Rudong, Jiangsu.
Marine Fisheries Research, 2003, 24(4): 62-65 [& 3%, T
R, BERE, S VTR AR SCHR R TRIBRAE T2 R ST
HEKFERESE, 2003, 24(4): 62-65]

ZHANG P, HU R J, ZHU L H, et al. Distributions and
contamination assessment of heavy metals in the surface
sediments of western Laizhou Bay: Implications for the
sources and influencing factors. Marine Pollution Bulletin,
2017, 119(1): 429438

(i D)



104 b /A - =

-
el

%42 %

Physiological Response of Ruditapes philippinarum to the Acute Stress
of Seawater Acidification and Heavy Metal (Cu and Cd) Incubation

ZHANG Wenwen'"*?, DING Jingkun'*?, LI Jiaqi**, XUE Suyan®”,

JIANG Zengjie’, FANG Jianguang’, MAO Yuze™"

(1. College of Fisheries and Life Science, Shanghai Ocean University, Shanghai 201306, China; 2. Yellow Sea Fisheries
Research Institute, Chinese Academy of Fishery Sciences, Key Laboratory of Sustainable Development of Marine Fisheries,
Ministry of Agriculture and Rural Affairs, Shandong Provincial Key Laboratory of Fishery Resources
and Eco-Environment, Qingdao, Shandong 266071, China; 3. Laboratory for Marine Ecology and Environmental Science,
Pilot National Laboratory for Marine Science and Technology (Qingdao), Qingdao, Shandong 266237, China)

Abstract Intertidal bivalves experience broad fluctuations of abiotic factors including pH, salinity
and temperature, which could affect their physiology and biochemistry. They are also exposed to trace
metals such as copper (Cu) and cadmium (Cd) that accumulate in their tissues and may negatively affect
respiration and cardiac activity. Therefore, understanding the impact of pH and heavy metals on intertidal
bivalve physiology is of prime importance especially in the context of global ocean acidification. We
determined the interactive effects of low pH (7.7 and 7.3) and the addition of heavy metals (Cu or Cd) on
the physiological functions including oxygen consumption rate (OR), filtration rate (FR) and heart rate of
a common intertidal bivalve, Ruditapes philippinarum. The experiment was conducted under laboratory
conditions with pH 8.2 as the control treatment. Addition of Cu at concentrations of 0.06 and 0.60 mg/L
suppressed OR, FR, and heart rate (P<0.05). The clams’ heart rate decreased from 23.8 bpm (beats per
minute) to 10.5 bpm after being exposed to 0.06 mg/L Cu for 20 min. No significant effect of Cd (0.03,
0.30 mg/L) was found on OR or FR (P>0.05), however clams incubated in the 0.30 mg/L Cd group had a
significantly higher heart rate (39.0 bpm) than the control (25.3 bpm) (P<0.05). Low pH had no effect on
OR and FR (P>0.05), but clams” heart rate in the pH 7.3 treatment decreased at the beginning of
incubation and recovered rapidly. Our findings suggest that short-term exposure to Cu, Cd, or low pH, all
impact the cardiac activity of clams, and the order of toxicity was Cu>Cd>pH. Heart rate was a more
sensitive endpoint than OR and FR. There were no interactive effects of low pH and Cu or Cd on the
respiration of clams. Our study provides referential data for studying the response of intertidal bivalves to
heavy metal exposure and ocean acidification, which may be helpful in the prevention and biological
reparation of potential heavy metal pollution in coastal areas.

Key words Ruditapes philippinarum; Heavy metal; Ocean acidification; Heart rate; Physiological
metabolism
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