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Abstract - A laboratory microcosm experiment was conducted to evaluate a major
metal uptake route as well as chronic toxic effects of the clam, Macoma balthica expo-
sed to Ag and Cu contaminated sediments. Twenty five clams were exposed to the sedi-
ments contaminated with four levels of Ag (0.01~0.87 umol g-!) and Cu (0.75~5.55 pmol
g~ 1) for 90 days. AVS (acid volatile sulfide) concentration in the sediments, considered
as major factor controlling metal geochemistry and bioavailability, was manipulated to
evaluate its effects on Ag and Cu biocaccumulation in M. balthica. Following 90-d expo-
sure, the tissue Ag and Cu in M. balthica increased linearly with the Ag and Cu concen-
trations in sediments extracted with 1 N HCI (SEM, simultaneously extracted metals
with AVS). The bioaccumulation of Ag and Cu in M. balthica was little influenced by
difference in [SEM]-[AVS] values, suggesting a minor contribution of pore water meta-
Is to bioaccumulation. Tissue Ag and Cu concentrations directly influenced on the
clearance rate and glycogen content of the clams. The clams with highest tissue Ag (1.0
+0.2 umol g-1) and Cu concentrations (2.7+0.3 pmol g-!) had only 18~43% of clearance
of the clams exposed to uncontaminated sediments. Similarly, glycogen content of the
exposed clams had a inverse relationship with tissue Ag and Cu concentrations. These
results suggest that M. balthica exposed to Ag and Cu contaminated sediments accu-
mulates metals largely by ingestion of contaminated sediments and can display chro-
nic effects as reduced clearance rate and glycogen content.

Key words : Macoma balthica, metal, Ag, Cu, AVS, clearance rate, glycogen, chronic
toxicity
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2483 x2d B WHEAE EXEFAA
A o)2AA 2E ARSI epd 4
o} ¢} & & metallothionein MT)-& FF-4:0] AE
ANz EAfE o, o]& F53A7)7] 3 ==
txAq) <l Al o]t} (Petering et al. 1990). &, A& A
Rel 298 FelzA RS oA HAHE el
g A A AFo] L R A W2 2EFH 2] o AT
oo &2l A ¢lv}(Luca-Abbott SD 2001). 7§ 4| 4=l A]
dehte wee RALEIMe G FRHeD U
o18}=1|, o =& (filtration rate)-> o|ufj s F2] AJz]=A gl
AFe Frhoe ANAZA B89 5 AT Aelch

2 dtdME $E4502 299 HAEY x=3X
ol 3] Q)] Macoma balthica®] AV ZEE%9 A=
HEsZre BAS AAe7) 99, Agsl Cuz 2@
EA ol M. balthical 9097t =&A71 F AW 2%
TE, A vES A4EE vl Mgl =3
34 0 334 $=8 24300 Y H4E Y
AVS (acid volatile sulfides)?} SEM (simultaneously
extracted metal)2] B]8-(Di Toro et al. 1992)& ©}ofs}
A WA Ageh Cul BN F4 A2E IS
o Ag9} Cut ¥ B5AE e FF%0lH, o)Ee] &
A% B ABL M. balthica NA 2o} J&-& uA 5 9]
& 7o)z}t AlAl" vl ¢lv} (Hornberger et al. 2000).
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Aol M HAEE 2200 AdelA HF st
AgelA 1mmAE FHAR F AYU= ol gstsich
AHE HHE9 A d=E 81 egen, FF =242
2, AE, Hest 27} 0.4%, 43.8%, 55.8%S i}x]%]—gj
o} AR A A oF 60kge] HAE-g 80L u}yloﬂ,\q
o] 20psuql #4= 30Le} TR TR F 47114
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9047k AR7|7HE3t vk olzA Age} Cuel &
A 25, Phaeodactylum tricornutumo|, M. balthica
MA 2 10mlA (1~2x 108 cells ml-1) s FFH Lo
P. tricornutum AW Agel Culsxx Zb xlZe g4
% ) sxe) fAbl A4 F, D48 T

A= e

3. A5 27

M. balthicad 9047t =FXZ F 2t x&2I2FA
AQste] Ao 299 HAHEE AASI] A3 244
7k Fob ARE oA A YEES A ES =
A AGAE F Y5TE BL3E] Aol AT
£ AE3te] o5& S AT o] AL duAddE
Q2NN e 2N 27 e ol o 5ge] 27
ehdr] wojch 1L v A 950ml a2} 50ml A
22835 P tricornutum (1 X 10 cells ml-1)& Fo|F
g, 7] (stirrer)E o] 43t FFIEo] F LI

FzaA st ol F, Zb M| ZelA 2k A 4nie
(20.3£0.7mm)E ¥]A] HolF % 308 7tEo = 3
£E A5l EHIE Axo o2 A (fluor-
escence) ¥ 2} %7‘3 33, o] 2RE] Ajzlel] 2 Al E-E
FAE F4ags Ao AP A5EE Oy

A& o] 8-3le] L3} (Coughlancence 1969).

Clearance rate(ml g=' hr-1)=b V B-?
b : specific loss rate
V : volume of seawater in experimental beaker

B : dry weight of clam

M. balthica® <$4-&L =23
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2274 (Glycogen) ek

& ZA o A% M. balthica® Z7|™ (717 o
20mm vs. 26 mm)E Vo], T4 ARAAH R E7)
Rotomixer®= EH3ldc}. o|gA Fuljd ZHEA8:
Fe=A $AD A 2FE 2H80z dHel Ag
Aok M. balthica AW Fe)|zZA FFe &4 71
23 (enzymatic hydrolyzation)e 2 23 3lgdd}
(Roehrig and Allred 1974). ¥4 &% A, ¢F 20 mgB] )
2% Alge 1ml FF5E Yo 7IeEaAZ &, ot
Ng olgstel F7Mow Aol Feth Bhed 1004l
amyloglucosidase (in 0.05 M sodium acetate at pH 4.5)
£ 7 ohe, 3TCIA 2412 Fak WA Rk o 5,
102 %3k 5000 rpmelA] PAEE] A7 H, AHS5d 10
WL 3ml Trinder®7} 274 ¢l 5ml Msé-‘;}(’ﬂ o
oA 108 Fob 3TCAA HSAAS FHEE spec-
trophotometer&- ©]-§3}e] 504 nmeol|A] &3 3}¢]v).
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sl (HaS)8 HAARY. s S3lpae Absty
A A9l SAOB (sulfide anti-oxidant buffer)S o]-£-3}e]
A 239 #2329 =+ S2-ASF(Orion®)
& olgs1e 24T AVS BAHAGIA ool o
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extracted metal)> 0.45um PVDF ez AHZ & 20 7t Z W3S B9ri(Table 1). 22 EAE2 AVS ¥ %
Helde wasieidh T 2% 05umol gt oldl & viehdd, o] Ab
M. balthica Aol HHW F34S) FEE 42 T35 GHT 23 shol 8l AR A

S r&ﬂ

Az
A& 14N HNO; & Ar}sle] 120°Col|lA] 2247

A Aelth AA Macoma balthica7t MAPLA = ¥

Z&ksd o} (Brown and Luoma 1995). % LH Agi} Cu HEBE(4~8cm)?] AVS x= iz FoA =F 13.8
FEE 7 AEelA AgAEk A 3o lg& A umol g-1o| ATk, E| A Bol] H7Ist FF<42) Fo] 7}
3k, 14N HN03-‘li 2537t FEAA 25 EM3) 45 7hAsted M3 AF T HF 1.7 pmol g-to]
Aot FF%5 Fx FMel:= ICP-AESE AM43l9lch = Aok AE 2719 9047t =E F AVS = H3lE )

ZFE4 (SRM, standard reference material)¢l NBS Oys-
ter tissue 1566a%} Estuarine sediment 1646aE 2A 3}
Aol 2FAA 22+ JBAme} HAHE AR QAQC
£ 3. 2FEAE o] 43 AR 3pge
Age] 104.5+0.1%, Cu”} 85.1+0.1%, E|H & A& 3

22 zkeko) 1N HCle) 9)8) 229 Ag = Cu SEM
Fxo 277 HAFRY Aol dETE Az
23% o]3}3]t} (Table 2). SEM-2 E|H 2 7) o]oﬂ et W
e B, AF FAHE] Aget Cussrs T3 HAE
59| 52.1+17.5%9} 52.1+14.3%9) £33}t SEM

YA F Z

%82 Ago] 98.440.2%, Cu7} 100.3+0.2%°) %t} 7 AVSY Exx 3} (SEM]-[AVS)E T34 & 22

Table 1. AVS concentrations and [ ZSEM-AVS] in sediments at the beginning (t = 0d) and the end of exposure (t = 90d)

(umol g1
t=0d t=90d [XSEM-AVS]
Treatment Depth
Mean s.d. Mean s.d. Mean s.d.

Control surface 0.537 0.322 0.006 0.399 0.177 0.614
deep 11.554 0.889 15.983 0.214 —-11.357 —-15.739

M1 surface 0.163 0.073 0.006 0.868 0.610 0.822
deep 8.518 0.420 9.437 0.509 -7.973 -9.058

M2 surface 0.027 0.004 0.004 2.510 2.542 2.465
deep 4.515 0.013 4.265 1.594 -3.276 —2.780

M3 surface 0.004 0.002 0.001 5.012 5.326 5.490
deep 0.982 0.046 2.381 3.875 2.382 1.027

a) Sediments was collected at the surface (< 0.5 cm).
b Sediments was collected 4~ 8 cm depth and homogenized before analysis.

Table 2. Ag and Cu SEM concentrations (umol g—1) in sediments at the beginning (t = 0d) and the end of exposure (t = 90d)

t=0d t=90d
Treatment  Depth Ag Cu Ag Cu
Mean s.d. Mean s.d. Mean s.d. Mean s.d.

Control surface 0.004 0.000 0.711 0.038 0.012 0.000 0.615 0.156
deep 0.002 0.000 0.196 0.001 0.002 0.000 0.243 0.008

M1 surface 0.036 0.000 0.755 0.001 0.039 0.001 0.808 0.010
deep 0.027 - 0.531 —a) 0.017 0.002 0.370 0.054

M2 surface 0.124 0.003 2.507 0.168 0.153 0.000 2.392 0.028
deep 0.060 0.001 1.209 0.021 0.083 0.005 1.443 0.094

M3 surface 0.588 0.078 5.036 0.044 0.627 0.011 5.178 0.028
deep 0.408 0.018 3.159 0.059 0.399 0.017 3.208 0.018

@ No replication was used



140 7 E-O0|Qlef - oA
150-L aquarium (30X50X100 cm?)
equipped with water-purification
and recirculation system
Control M1 M2 M3
4L sediments Control Ml M2 M3
in 6-L container
Total metal concentration in sediment (umol g!)
Ag target - 0.05 0.19 0.93
measured 0.01 0.06 0.18 0.87
Cu target - 0.79 393 7.87
measured 0.75 1.25 3.05 5.55

Fig. 1. Schematic diagram of experimental design. Each treatment with different concentration of Ag and Cu (Control,
M1, M2, M3) had two replicate exposure containers and was submerged in the 150-L aquarium equipped with the
water—purification and recirculation system. Each exposure container had 25 Macoma balthica with similar size

range.
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Fig. 2. The relationship between the mean tissue Ag (A)
or Cu concentration (B) in Macoma balthica (umol
g~ 1) and the mean metal concentrations in sedime-
nts (umol g~1) extracted with 1 N HC] (SEM). The
mean Ag and Cu SEM concentration is depth-wei-
ghted and time-averaged value to represent mean
exposure condition of M. balthica during 90 d ex-
posure period and over entire sediment depth. The
error bar represents standard deviation around
mean (N = 6) (***: p<0.005).
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Fig. 3. The relationship of tissue Ag (A) or Cu (umol g=1)
(B) with [SEM -AVS] (umol g—1). The SEM and AVS
concentration used for the [SEM-AVS] calculation
is depth-weighted and time-averaged value to
represent mean exposure condition of Macoma
balthica during 90 d exposure period and over ent-
ire sediment depth. The vertical line represents
(ISEM]-TAVS]) = 0. The open symbol is data from
control treatment and the closed from metal con-
taminated treatment
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T 450 AESHSE Adde a3 Qalz

A1g) 51 9loH(Di Toro 1992). [SEM]-[AVS] 3t& 2+ &
433159 A e ASE T3l 7]|E2] vl (Leeet
al. 2000b)el] whe} AAbstd). [SEM]-[AVS] ghe ==
N BE <Fo) g Jepla, e R g2
FE5E A7 M3 A el ok g& Bk
st AAF(14N HNOp o2 323 AR U Age) &
== djR2Z, M1, M2, M3o|A] Z+z} 0.01, 0.06, 0.18,
87 umol g-1, Cux 0.75, 1.25, 3.05, 5.55 umol g~1-& X
2 F=9} FABIE O (Fig. 1).
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M. balthica?) AV Ags}l Cud] ¥ xi FAloz =
HAE Wl Agel Cud] ¥=(SEM)9} o] 4334
B, Hd EXF5=: HAE &5t 7

2 M3 Hz|ZelA] 1.01 umol Ag g1 (=109.3 pg Ag

g ¢ 2.73umol Cug-1(=173.7ug Cu g~H5 el

o} (Fig. 2). A2 4 4= (BAF, bioaccumulation factor)

+ ARAY FE55=9 HAE W F55E0] w2y
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Fig. 4. Variations of water clearance rates in the Macoma
balthica following exposure for 90 days to the sedi-
ment having different level of Ag and Cu concen-
trations. Clearance rate is represented based on
either individual clam (A) or clam dry weight (B).
See figure 1 for Ag and Cu concentrations in the
Control, M1, M2, M3 and M4 treatment.

ol s FE (Fig. 2). Age] AJEFAA$E Cukd 3
v A% =t} (BAF of Ag = 1.43 vs. BAF of Cu =0.45).
AVSo| 22 ([SEMI-[AVSDe] 29 3t& 712 o A&
W FEFH ] dojdA] g Aolgtn &3R4k &
Aol M= (SEMI-[AVS]e] &9 #e 7HE A$el=
&2 M. balthicars W27 PEro AH o oo
Ags}l Cu® &4 3}9ic}(Fig. 3).

3. 9§

Agel] AHLE M. balthica®] 582 HAEY 22
4 29 =9 ABAY 455 =S T dedEd
M. balthicaZ} 343 s|42] 42 HHE W 234 %
=7t Z7ME4% A Y (Fig. 44). fx22e =he
A (20mm)2} Z A (26 mm)2] o5& 2zt 74 ml
clam~thr-1¢} 112ml clam-! hr-l¢o]¢l =4, 224 ==
7} 7P 2 M3 A ZAA A7 52ty

12r
o smail (20 mm)
m large (26 mm)
g ot
g
8 L
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Q
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Fig. 5. Variations of glycogen content in the Macoma
balthica exposed for 90 days to the sediments hav-
ing different levels of Ag and Cu concentrations.
Glycogen content is represented as % glycogen in
the M. balthica following 90-d exposure (A) or this
value is normalized to the glycogen content of the
M. balthica before exposure (B). See figure 1 for
Ag and Cu concentrations in the Control, M1, M2,
M3 and M4 treatment. The error bar represents
standard deviation around mean (N = 4). * indica-
tes significant difference between the control and
the treatment at (p <0.05).
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>ZAZ M. balthica®) ZFelZA FFe =39
Fe|ZA Ffro Wgkoh(Fig. 5A). 9097k =& 3
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SEM#} AVS®] B &S ZA-sle] ¥
EAE Ay 42zl AVSyE A
o} AEAY FAe w2 of S dotrlvh A E
245 Agel Curl AEel v|X& 332 AT 4

oA FEj=A FHI A TN HA5-E AL
sle] H7bslsd o

AVSe] =x= EAEd 78 Agel Cug =7}
Z71EeE 143 paste FEE Rodoh B A Bl
33184 (HeS, HS): 2 Fe?t 3 Z#sls] H3stg
(amorphous FeS, mackinawite, greigite)g 3 4] 3}m
(Morse et al. 1987), 4 ¥t} ﬂi’—]—&] QAT B L 2
433188 A3 FE5(F4H3E A= Hg>Ag
>Cu>Pb >Cd>Zn>Ni>Fe)o] &% A, o|5 F
Zo] H33E Fo Fel* & X|33le] B} AT
Z<£31312-8 A%t AVSE 1N HCl® <4313}
5 S9A1A LGS F3tpig D, F4533E
o] M =7t ol 5 FEtpa WA Fo] Yelxint
(Simpson et al. 1998). t}g}r] B AFAE Yol Z
40] oFo] Z71E4E, HHE | AgeSe} CuSo <)o)

offt e

(¢

Z71sla olE 433182 1IN HClAM REAHo=
FEHe] AVSY] F=rt A oz Hozd g
A F(Lee et al. 2001; Berry et al. 1999 X = E] A E-o)
A7FA Age| k3 F23 AVS Ev= ylE gy B
13t v glet. o] A ¥ Agsl Cu®] 3318-o] 1N HClolA
g0z 339% WAL 223 429 Agsh Cus)
7t B8 o8 AWl o4d S 3id F =
EAE W Agel Cul: IR ofalel o3 4A &
2 4 ole Al ol ARkt A st EA)3)
nz, A= ] 73 Ag.Se} CuSE &£l A3 EH
EoM Xyt 1IN HCIZ v o] &% AHAiolth o9}

i ofe of 4
e

d

FA13HA, Lee et al. (2000b)2 E|HE W 1IN HCl2 3
29 Cud HE& AVS 3x9} 99 @A 7} glvx v
i A
ZFE4o2 299 HAE M AMAEY F
F& FPARE oHEte AL AT SHAM ®
Tk ofvel, 29 A A9 HAedME v Fo
sleh. M. balthica® F3F4 8L op7hv|E 3 42
B 3349 Faze 29 HAHER oo A4
£ 53 F97RR oRxdan & & g &5
59 F9E 9 T 23 £E3 34
o2 MEE 5 U B AFANME 2E ALY x
Z 8750 2Z24E FHIGET, 235 oY=
(A17F3 43] 3-89 oJ4AR] (=), ke o}, A&t
D)% E9si7] Wi, 4 Ay H4EEe 22
B

HpzRe FU9T Agd) Cu p=o :=EIUHY
SeERE Agsl Cuf] AW F5 HA] =9
& 7oz Reixoh AVSE f7|18As A 334 U
£E 249 v=F 2N o7 AdxE AAF
2 Yot A 7R B2 dFE(Leeet al. 2000b; Di Toro
1992; Hansen et al. 1996)3— A BoA FEF AVS %
=7} AVSe}t @7 &% F49 FE=EEMEY &
o, T55 W F2% l"—E—: v % by B wEka )
o} 2 A3 AP EQ M. balthica T)RE AVS
9] %7} Agyt Cul SEMEY =& 279 ¥AE
x2H7] WEl, F552EE Ags) Cud] F5E 7
n)PL Aoz A=} M. balthica7} AWel| A3
Aggel Cu 3=+ INHClez F23 EAHE Y Age}
Cu s=9} vj$ 22 AAHAE vell=d, &= %
M= AW FEe=9 R L& AL Jel=
A ) x3std 2L Z2A = ofilozs 25
24 olgtx B.a1¥ ¥} 9)v}(Luoma and Jenne 1977). ¢F
Aol 2]gF F4pe] FEAAL QB 43| BelAM F
4ol F2HE HAFA FAHE 7HA 3 sdvt(Mayer et
al. 1996). M. balthica’= $ 9% EAEo|u} Helg 43
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3] 2371 HE B3l o2 F34(Cd, Ni, Cr, Zn)=
ANE F53 4 9lh(Lee et al. 2000a; Griscom et al.
2002). Lee ef al. (2000a)2 22 AEES o] gshe] <
99 =9E2yE AEAW Cd Ni, Zn2) HE AVS
FEY 358 W S50 RAglel, F2 HAE A
le BalAl ol Folalntn nusgon, ol ¥ Y
o] Azte} T3k B AYa o2 dF A}z RE
. balthica®] G442 dutd oz Aalo] o2 F4
2Hn A Aoletn AEAE 4 Qleh
2 dEA ] B v A oboddEE o
7veted Qo] 7 2238 A= AEA W =
F BB v BAHE Abe)e] FAE T8}
olth. E Ay A Agel Cu' ©ol 23 M. balth-
ica I HAGFozA Axgn FejIA o] &
8] Zage o 4 9ok M. balthicad) o582 ¥
HE Wl Agdt Cu®l 29A =7 Z7lsla, AV =7}
2rl4s Folo) aste A%E tehhsich Sze
and Lee (2000)= 50 ppb Cudl| »=&% Perna viridis®]
ofpgol 9097t & Fol| 10.3~18.5% ATy
R3elsich Fa4o] olulsl 7o) ois-gel vAE U
2 2H el daM= vlwA b odeix gled, d=
Aoz gFelA e AEHAE 53] 98 Ade
AAZE Thol B 7)zto] ol T FET (Patel and
Anthony 1991), =3}, Cur} o)|uj=) F2] o}r|u] Hejdl =
E AN, HEREE AAAA AeEe 7FaA
ZA 4 1o} (Sunila 1986; Brown and Newell 1972).

HolAA e A AEAURE 308 duviAE F=
Ao} A A 2] ez A=, A&, A a5 P4
Boll 2ol AELS R W= AEH A vho)s)
Avt &4E AEEE 3 %4)7]7] 98 AR ¢uA
7b AHEE7) w2, ZElmA g U aE o
HEA Zof] 23 ¢J3ke wledslo) (Sobral and Widdow
1997). 13u, S =2 Fake] wses AEe] ArAal
NAANALE HEg3)7] o)), dr)Hos #EE7) g
Lo} G529 Lamellidens corrianus® 100~ 400
ppb Cuell 96A|7F F-ob x=ZA|7] AdeH 27 Al
W ZR=A $xe) Folrt #2357 ekoich Rajalek-
shmi and Mohandas 1993). AP EE 90Y Eot =&
Al B A FE3A ke f937 xlelr)
vebgen, 53] Age] 357 o)A s} wlms}
o, AR AW FEesrt 3U1EeS dA8A 3Has)t
e,

Di Toro et al. (1992)¢] A|2}3F 93 E4l (equilibrium

partitioning)o] 22 z}-frol& A= =9 (free ion acti-

>

o R

st

ol off
AR

MM of

vity model)ol] ZA g Roz, Tt g 222
EA e FFETe] AEA A3E vy FAs)
Ak o] 5 FAE YRR FFE 99w FHAES
o] &8 FA=AFAYHL Aol Fxslm ok B A
dAME 2995 EAHE A7 x=2% M balthica?}

g2 Fouct F2 099 =B 44E 39
©.
j=3

=
B3 Aol FHE F&el 1 WS HERRH o4
3 FZA FFel Q¢S E UL HAFUH
2 A ZAgsiE 94502 299 HAEY &

AR G2 FEol €0 i 2 ohel,
Hol 44g B =3¢ Teldor Aoz ANY 4
e

Agel Cuz 295 EFHAHEo| olmidllE Macoma bal-
thicad) WA= WHRAAYH 2B TAE FoA
2F F71s7] S, AgAGA a4 Age] 4
#A= ek AN B M. balthicas 47]2) =TS
Zb= Ag(0.01~0.87 umol g~1)¢} Cu (0.75~5.55 pimol
HE 2498 HHENA 90 Fob wickEch H4
AW 5559 A3EA Ex BT JEoLEE £
A3y oA AVS (acid volatile sulfide)?] 52
WA A, AVST) M. balthica®] Aggt Cud] A)WNEA )
A e o e FHristgoh 904zt x=&" F, M.
balthica?} #338 Agel Cud ¥+ 1IN HClz ==
H HAE W =749 %% (SEM, simultaneously ex-
tracted metal)?} F2] AFWA)L Holm Z7)13I9T) Ag
s} Cu2] AW 22 [SEM]-[AVS] ghol] 2 oJgkg b
A sk, A0S $4 W $3Hz EAske Ag
o Curh A% AW 46 2A Aedekn) gereks A
£ GAZ QY 22 F Ags} Cus M. balthica®] o
&3} 2oz gakel AuAel e At A
1.0+0.2pumol Agg-1¢} 2.74+0.3umol Cugl1& &4
M. balthica®) A58 09357 ke HxEe] w2
A2 18~43%0) E3}ssich. ol $AIaA), 22
% 2o x=2% M. balthicad) Fe|2ZA FFL
W Agel Cu®l s=9} &9 A4S vepigich 2 o

o)1

=| NS )

T2 A= Agdt Cuz 99% EHAE =39 M
balthica’ 72 HAEe) 42 Bd F34E 343
o, A4 FelmA g ash 2o BHSA

& Ehd 4 alehe A GAIRe,
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