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ABSTRACT: The  m arin e  gastropod  Crepidula fornicata w as exposed for 24 m o to 1, 5, an d  10 gg  I -1 
silver as th e  n itra te . C hronic  su b le th a l ex p o su re  of 120 m atin g  p a irs  d e m o n s tra ted  som e effects of silver 
on rep ro d u c tiv e  b eh av io r of bo th  a p a ren ta l stock  and  an  F t g en era tio n . At le a s t 5 p a irs  from  each  
silver-ex p o sed  group  a n d  control g roup  w ere  obse rv ed  for eg g  p ro d u c tio n  a n d  la rv a l re le ase . T he 
n u m b er of sp aw n in g s  p e r fem ale  and  n u m b er and  size of la rv ae  at e ach  re le ase  w ere  reco rded . P a ren ta l 
C. fornicata exp o sed  to silver for 6, 12, and  24 mo w ere  a n a ly ze d  for b od y  b u rd e n s  of silv er a n d  copper. 
F t C. fornicata exposed  for 24 mo w ere  an a ly zed  sim ilarly . Larval re le a se s  in th e  p a re n ta l  stock of C. 
fornicata w ere  sign ifican tly  red u ced  in the  10 gg I-1 s ilv er-exposure  group. T he a v e ra g e  n u m b er of 
larvae  at each  re lease  of the  p a ren ta l stock w as h ig h e r in the  1 gg I-1 g roup  th an  e ith e r  the con tro ls or 
o th er exposure  groups, w h ile  larval size w as sim ilar for all groups. In the  F[ g en era tio n , the  n u m b er of 
larvae  re le a sed  w as low er in the  5 gg l ' 1 g roup  th an  in the  controls. P a ren ta l C. fornicata accu m u la ted  
s ig n ifican t am oun ts of silver over the  24-m o tes t period . At 24 mo, how ever, th e re  w as a sig n ifican t 
red u ctio n  in  silv er from th e  12-mo sam ples. C opper w as also accu m u la ted  to h ig h  levels, w ith  silver- 
exposed  in d iv id u a ls  accu m u la tin g  s ign ifican tly  g re a te r  am oun ts th an  contro ls. T he Fj g e n e ra tio n  
a ccu m u la ted  h ig h  leve ls of bo th  silver and copper. H isto p a th o lo g ic  ex am in atio n  of p a ren ta l C. 
fornicata exposed  to 1, 5, an d  10 gg 1 1 Ag for 24 m o show ed  dep o sitio n  an d  re ten tio n  of silver in  the  
connective  tissue  and  b asem en t m em b ran e  of various tissu es and organs.

INTRODUCTION

Silver is a m etal th a t has received  re la tive ly  little 
atten tion  in aq u a tic  toxicity stud ies, p articu la rly  in  the 
m arine environm ent. A lthough  it is not gen era lly  
assum ed  to be a w id esp re ad  po llu tan t, it does occur in 
industria l d ischarges and  shou ld  be lis ted  in  any clas­
sification of h igh ly  toxic, po ten tia l po llu tan ts  (Bowen, 
1966; Saila and  Segar, 1979). S chutz an d  T urek ian  
(1965) m easu red  silver levels as h ig h  as 19.6 gg I -1 in  
w ate r sam ples co llec ted  from Long Island S ound at the 
m outh  of th e  H ousaton ic  River, n ea r  M ilford, C onnec­
ticut, USA. G reig  et al. (1977) rep o rted  sed im en t levels 
of silver ran g in g  from 6.7 gg g _I (dry w eight) to non- 
de tec tab le  lim its (<0.3 gg g -1) in  Long Island  Sound, 
w ith  the g rea tes t concen tra tions found  a t the  w estern  
end  of the Sound. G re ig  e t al. (1975) m easu red  levels of 
silver as h ig h  as 12.1 (±  4.5) gg g _1 (dry wt) in  A m eri­
can oysters Crassostrea virginica  from the H ousatonic 
River and  G reig  (1975) repo rted  silver levels of 30 gg

g _1 (wet wt) in d igestive  d iverticu la  of the  ch an n e led  
w h e lk  Busycon cana licu la tum  from  Long Island Sound.

In acu te  toxicity  stud ies  w ith  em bryos of Crassostrea  
virginica, C a lab rese  e t al. (1973) found the  toxicity  of 
silver to be sim ilar to th a t of m ercury, i.e. th e  LCS0 
v a lues for surv ival w ere  5.8 an d  5.6 gg I -1 , resp e c­
tively. C a lab rese  an d  N elson  (1974) rep o rted  the LCS0 
v a lue  for em bryos of th e  h a rd  clam  M ercenaria  m er­
cenaria  exposed  to silver to be 21.0 gg I -1 . Larvae of 
the m arine  gas tropod  C repidula  fornicata  exposed  to 
silver for 12 d h ad  an  LC50 v a lu e  of 22,0 gg I-1 (Nelson, 
1978). T hese  s tu d ies  p ro v id ed  a fu rth er focus for d e te r­
m in ing  the toxic effects of silver on m arine  organism s 
(C alab rese  et ah, 1977; in  press).

S ilver can  be co n cen tra ted  by m arin e  organism s 
e ith e r  d irectly  from the  w a te r or th ro u g h  th e ir  food. 
A lthough  ad u lt m arine  an im als m ay not be no ticeab ly  
affected  by a re la tiv e ly  b rief exposu re  to low  levels of 
silver, long-te rm  exposu re  (a y ea r or m ore) m igh t e v e n ­
tua lly  affect som e o ther s tag e  of th e ir  life cycle or th e ir
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offspring. Of the nu m ero u s s tu d ies  of heavy -m eta l 
effects on specific life stages of m arine  an im als, few 
have b ee n  devo ted  to an  en tire  life cycle an d  to su c­
ce ed in g  g en e ra tio n s (N im m o e t a l .r 1977; Reish and  
C arr, 1978; T yler-Schroeder, 1979). This is espec ia lly  
tru e  of m olluscs. C a lab rese  et al. (in press) considered  
those  m olluscs th a t w ou ld  be p rac tica l to w ork  w ith  
from  th e  s tan d p o in t of local ab u n d a n ce , size, se d e n ta r­
iness, short g en e ra tio n  tim e, fecundity , an d  ease  of 
cu ltu re  in  th e  labo ra to ry  w h en  co n sid erin g  en tire  life­
cycle stud ies. W ith th e  m arin e  sn a il C repidula  for­
nicata, as recom m ended  by C a la b re se  an d  Rhodes 
(1974), resea rch  could  be perfo rm ed  on the  su b le th a l 
effects of con tam inan ts on v iab ility , grow th, an d  rep ro ­
duction  in  su cceed in g  g en e ra tio n s . B ecause of these  
ad v an tag es , C a lab rese  e t al. (in press) s tu d ied  the 
su b le th a l effects of silver to C. fornicata  h e ld  for 12 mo 
in  a ch ron ic  exposure system . This rep o rt is a co n tin u a­
tion  of th a t study, d o cu m en tin g  fecundity , la rva l su rv i­
val an d  grow th, v iab ility  of su c ce ed in g  generations, 
an d  m e ta l u p ta k e  afte r a 24-m o exposure . T he p are n ta l 
stock w as also ex am in ed  h istopatho log ica lly .

MATERIALS AND METHODS

A dult C repidula  fornicata  w ere  co llec ted  by d red g e  
from  com m ercial oyster b ed s in  Long Island  S ound off 
N orw alk , C onnecticu t, USA, an d  ac c lim a ted  in  the 
labo ra to ry  for 2 w k  befo re  ex p e rim en ta l use. M ated  
p a irs  w ere  th en  a llow ed  to a ttach  to a 5 X 10 cm P lex i­
g la s ' p la te . T en  p la te -a tta c h e d  p a irs  w ere  su sp en d ed  
by g lass hooks in  each  of tw elve 80-1 g lass aq u a ria  
filled  to 60 1 w ith seaw ater, w h ich  w as first passed  
th ro u g h  25- and  10-pm nylon  filte r bags an d  then  
th ro u g h  sand. A p ro p o rtio n a l-d ilu te r ap p a ra tu s  (M ount 
an d  Brungs, 1967) con tro lled  the  con tinuous delivery  
of s ilv er-co n ta in in g  w a te r  an d  control w a te r at a flow 
ra te  of 1 1 to each  ta n k  every  3 m in  th ro u g h o u t the test 
period , p rov id ing  a flow  of 480 1 ta n k -1 d -1 an d  an 
e s tim a ted  90 % rep la ce m en t tim e of 7 h (Sprague, 
1969). S ilver n itra te  (A g N 0 3) w as a d d e d  a t nom inal 
concen tra tions of 1, 5, or 10 gg I -1 Ag to each  of 3 test 
tanks, w ith  3 tanks serv ing  as controls. S ilver co n cen ­
tra tions refer to ca lcu la ted  concen tra tions of silver ion 
in  so lu tion ; b ack g ro u n d  concen tra tions, w h ich  w ere 
less th a n  1 ^g I -1 , are no t in c lu d ed  in  the  results. 
W eek ly  m easu rem en ts  w ere  m ade of silver co n cen tra ­
tions in  th e  test w ate r th ro u g h o u t the  en tire  2-yr ex p e r­
im ent. T he actual va lues  of silver concen tra tions w ere 
n early  id en tica l to the  nom inal va lues in troduced , i.e.

' M en tio n  of trad e  n am es does no t im ply  en d o rsem e n t by  the 
N a tional M arin e  F isheries Service

the  av e rag e  va lues th roughou t the ex p erim en t w ere 
1.34 (±  .40), 4.97 (±  1.14), an d  10.93 (± 2 .3 9 )  pg I-1 .

P lex ig las p la tes  w ith  a ttach ed  C repidula  fornicata  
w ere  first in troduced  into the test system  on Ju n e  20, 
1978, an d  exposed  continuously  un til Ju n e  30, 1980. 
W ater tem p era tu re s  du ring  this period  ran g ed  from 
4.5° to 25.0 °C an d  the  sa lin ity  w as 25 ±  2 %o S. The test 
an im als  u tilized  w h a tev er food w as av a ilab le  in  the 
seaw a te r  source an d  w ere  su p p lem en ta lly  fed a 
lim ited  am ount of cu ltu red  u n ic e llu la r  a lg ae  once a 
w eek . The m ean  len g th  of ad u lt fem ales u sed  in  this 
study  w as 33.6 mm  (range: 28.7 to 41.2 mm). After 
copu lation  an d  fertiliza tion , the fem ales p roduced  y e l­
low  eg g  sacs w hich, by ad h e rin g  to th e  P lex ig las 
p la tes , a llow ed  observa tion  of the d ev e lo p in g  larvae. 
W hen the eg g  sacs of ind iv id u al fem ales ap p e a red  
b row n to gray  in  color (an ind ica tion  th a t la rva l re lease  
w as im m inent), the  P lex ig las p la te , w ith  a ttac h ed  m a t­
ing  pair, w as transfe rred  to a 3-1 po lyp ropy lene con­
ta in e r  w ith  seaw ate r at the  sam e concen tra tion  of silver 
as th e  ta n k  from w hich  it w as rem oved, to allow  for the 
re le ase  an d  re ten tio n  of ve lig e r la rvae  from  a sing le 
fem ale. A fter each  ind iv id u al larval re lease , the m ated  
p a ir  w as re tu rn ed  to its o rig ina l te s t ta n k  for fu rther 
eg g  production . T he nu m b er of larval re leases  for each  
of 10 fem ales from each  test concen tra tion  of silver and  
contro ls w as reco rded  for the en tire  test period . The 
la rv ae  re le a se d  by each  fem ale in  the 3-1 con tainers 
w ere  m ixed  to a uniform  suspension  by g en tle  aera tion  
an d  th e n  coun ted  by  tak in g  20 subsam ples  of 5 ml 
each, w h ich  w ere  th e n  in d iv id u ally  counted , averaged , 
an d  th e  av erag e  m u ltip lied  by  a factor of 600 to d e te r­
m ine to ta l nu m b er of la rvae  re leased  in  th e  container. 
F ifteen  larvae w ere  th e n  m easu red  to d e te rm in e  the ir 
size a t release .

F! la rvae  from each  re le a se  of a sing le  m ating  pa ir of 
the p a re n ta l stock at each  test concen tra tion  an d  con­
trol w ere  h e ld  in  a 3-1 po lypropy lene co n ta in e r at the 
sam e silver-exposure  concen tra tions as the  p aren ts  
an d  rea re d  at am b ien t tem p era tu res  (15 to 25 °C) and 
25 ±  2 %o S for fu rthe r experim en tation . Each cultu re 
w as ch an g ed  daily  and  fed a m ix ture of cu ltu red  
u n ic e llu la r  a lg ae  at a ra te  of app rox im ate ly  150,000 
cells m l-1 . The la rvae w ere  rea red  th rough  m etam or­
phosis an d  th e  p e rc en ta g e  th a t se t w as determ ined . 
The la rvae w ere  se t on P lex ig las p la tes  as d escribed  
above an d  w ere  su sp en d ed  an d  rea red  as juven iles  in 
3-1 con taine rs un til they  grew  la rg e  en o u g h  to be 
p laced  in  a p roportional d ilu ter. After b e in g  p laced  in 
the  d ilu ter, they  w ere  m a in ta in ed  at am b ien t seaw ater 
conditions (4.5 to 25.0 °C and  25 ±  2 %0 S) and  at the 
sam e silver concen tra tions in  w hich  they  w ere 
h a tch ed . F t ju v en ile s  w ere  th en  rea red  to adulthood  
a n d  a m axim um  of 10 m ated  pairs  from each  re lease  of 
the sin g le  m a ted  p a ir  of p a re n ts  b e in g  fo llow ed from
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each  te st concen tra tion  w as re ta in ed  to observe fecun ­
dity.

For d e term in a tio n  of m etal u p ta k e  in  p a ren ta l Cre­
p idu la  fornicata, sam ples w ere  ta k en  at 6, 12, and 
24 mo. S im ilarly, Fj C. fornicata  w ere sam pled  at 
24 mo. Both silver an d  copper concen tra tions w ere 
d e te rm in ed  in  w ho le-body  soft tissues of an im als from 
each  te st concentra tion , w ith  th e  exception  of copper 
ana ly ses in  paren ts  at 1 an d  5 fig I -1 . A nalyses for 
copper w ere  m ade since b ack g ro u n d  concen tra tions m 
th e  incom ing  seaw ater av e rag ed  2 to 4 gg I -1 . Soft 
tissues w ere  rem oved from the  shell an d  d ig ested  in 
n itric  acid, follow ed by sm all am ounts of hydrogen  
peroxide. The residues w ere  ta k e n  up in  5 % n itric  acid 
and  an a ly zed  w ith  a P erk in -E lm er HGA 400 g rap h ite  
fu rnace on a P erk in -E lm er atom ic absorp tion  sp ec­
tropho tom eter (G reig et al., 1982).

P aren ta l C repidula  fornicata  exposed  to silver for 24 
mo w ere  sam p led  for h is topatho log ic  exam ination . C. 
fornicata  w ere  shucked  from th e ir  she lls  d irec tly  into 
H elly 's fixative. A fter 10 to 15 m in, the snails w ere  
rem oved from  the fixative, cu t sag itta lly  th rough  the 
m id line  an d  re tu rn ed  to fixative. A fter overn igh t fixa­
tion (16 to 24 h), th e  C. fornicata  w ere  trim m ed, 
w ashed  in ru n n in g  tap  w ate r overn ight, and  processed  
in to  slid es  as d escribed  by Y evich an d  Barszcz (1981).

M etal u p ta k e  d a ta  w ere  su b jec ted  to ana lysis  of 
variance for d e te rm in in g  sign ifican t source of v a ria ­
tion, an d  differences b e tw e en  ex p e rim en ta l m eans 
w ere  com pared  by the  leas t s ign ifican t d ifferences 
(LSD) m ethod. T he d ifferences b e tw e en  any 2 m eans 
a re  dec la red  to be s ign ifican t a t the  0.05 leve] if th e ir  
un certa in ty  in te rvals do not overlap . U ncertain ty  in te r­
vals of m eans w ere  ca lcu la ted  as LSI =  y ±  LSD/2 and  
g rap h ica lly  p re se n ted  in  in te rva l plots, w h ich  are 
describ ed  in  deta il by A ndrew s et al. (1980). The 
num ber of larval re leases  w as com pared  u sing  Chi- 
square, an d  the d ifferences b e tw e en  controls and 
m eans for the  nu m b er of la rvae re leased , an d  size and

ag e  of Fj C repidula  fornicata  a t first la rva l re le ase  
w ere  com pared  by ana ly sis  of variance , m u ltip le  com ­
parison , an d  f-tests.

RESULTS 

Life history effects

A fter exposure  of the p a re n ta l stock of C repidula  
fornicata  to silver for 24 mo the  n u m b er of la rvae  
re le ase d  w as s ign ifican tly  red u c ed  (P <  0.01) in  the  
10 gg I“1 Ag exposed  group  as com pared  to the  co n ­
trols. T h ere  w ere  92 re leases  of la rvae  by 10 fem ales in 
the control g roup  an d  52 re le ase s  by 10 fem ales in  the 
10 gg I“1 group . Larva] re le ase s  in  the 1 an d  5 gg I -1 
g roups w ere  68 an d  94, resp ectiv e ly  (Table 1). The 
o bserved  freq u en c ies  of the n u m b e r of abortions w ere  
alm ost even ly  p ro po rtioned  over 4 concen tra tions. 
A lthough  the  n u m b e r of abortions ra n g e d  only  from  24 
to 27, th e  p roportions of abo rtions over th e  com bined  
to ta l n u m b er of re leases  an d  abortions (percen t a b o r­
tions) b e tw e e n  concen tra tions a p p e a re d  to b e  d ifferen t 
(Table 1). W e could  not, how ever, re jec t the  h ypo thesis  
of eq u a l p roportion  b e tw e en  contro ls an d  the  3 test 
concen tra tions by u sin g  arc s in e  an g u la r  transfo rm a­
tion  for th e se  proportions. For th e  n u m b e r of la rvae  
re leased , the  concen tra tion  of silver u se d  w as a m ain  
source  of varia tio n  (P <  0.015), fo llow ed by th e  b io lo g i­
cal con tribu tions of in d iv id u a l pa irs  (P <  0.02), It is not 
c lear w hy the  nu m b er of la rv ae  exposed  to 1 gg I-1 
sign ifican tly  d iffe red  (P <  0.01) from  controls, w h ereas  
resu lts  from  h ig h e r  levels of A g ex posu re  d id  not. 
Larval size w as sim ilar for each  group.

T ab le  2 show s the  size an d  a g e  at w h ich  Fj fem ales 
exposed  con tinuously  to silver from  eg g  to adu lthood  
b e g a n  to spaw n. T he g en e ra tio n  tim es, from  eg g  to 
adu lthood  an d  first spaw ning , of fem ales a t 1 an d  5 gg 
I-1 w ere  sign ifican tly  d iffe ren t (P <  0.025) from the  con­
trols. T he ag e  of fem ales exposed  to 10 gg I-1 w as also

T ab le  1. Crepidula fornicata. N u m b er of larv a l re leases and  abortions, an d  n u m b er and  size of la rv ae  a t re le a se  of p a re n ta l stock
exposed  to silver for 24 mo

C o ncen tra tion  
(FO I '1)

N u m b er of 
re leases (pairs)

N u m b er of 
abortions

P ercen t abortions 
No. abortions 

No. re le ases  +  ab o rtio n s

M ean  n u m b er 
(range) of la rv ae  

a t re lease

M ean  size (gm) of 
la rv ae  a t re lease  

(n u m b er of re leases)

C ontro ls 92 (10) 26 -2ÍL _  22  03 
118 5,170 (60-26,550) 393.9 (86)

1 68 (10) 27 27
U  = 2842 7,100 (150-25,379)- 399.1 (62)

5 94 (10) 26 =  21.67 5,303 (80-20,220) 401.0 (84)

10 52 (10) • 24 24Ü  =  31.58 4,874 (400-15,960) 400.4 (47)

• S ign ifican tly  d ifferen t (P <  0.01) from  controls
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T ab le  2. Crepidula fornicata. M ean  len g th  (range) and  m ean  ag e  (range) of p rogeny  exposed  to silver from egg  to first larval
re le ase

C o n cen tra tio n  N u m b er of fem ales M ean  len g th  in  mm 
(M-g I“1) (range)

M ean  age  in d 
(range)

C ontro l
1
5

10

18 23.8 (19.0-31.0) 
21 23.4 (17.5-29.5)
19 20.4 (18.0-26.3) 

5 23.0 (20.4-29.5)

300 (240-377) 
326 (260-388)”  
271 (2 1 8 -2 4 0 )"  
235 (158—356) '

'  S ig n ifican tly  d iffe ren t (P < .0 0 5 ) from  controls 
' '  S ig n ifican tly  d iffe ren t (P <  0.025) from  controls

T ab le  3. Crepidula fornicata. N u m b er of larva l re le a se s  an d  abortions, and n u m b er and  size of la rv ae  a t re le ase  of an  Fj
g e n e ra tio n  exposed  to silv er co n tinuously  from e g g  to adu lthood

C o n cen tra tio n  
(M-g i"1)

N u m b e r of N u m b er of P e rcen t abortions 
re leases  (pairs) ab o rtio n s No. abortions

No. re le a se s  +  abortions

M ean  nu m b er 
(range) of larvae  

a t re lease

M ean  size  (gm) of 
la rv ae  a t re lease  

(num ber of re leases)

C ontro ls 139 (18) 8 147 =  5 44 4,721 (90-29,490) 417.6 (129)

1 154 (20) 17 m  =  9 94 3,992 (360-11,100) 406.7 (112)

5 97 (13) 3 8 ' - j^ r =  28 .1 5 ' 3,044 (310- 9 ,9 0 0 )" 413.5 (51)

10 36 (5) 1 2 ' =  25 .00 ' 4,260 (670-13,110) 393.4 (29)

■ S ig n ifican t (P <  0.001 ) in c rease  in  n u m b er of abortions p e r in d iv id u a l w h en  com pared  to controls 
' '  S ign ifican tly  d iffe ren t (P <  0.025) from  controls

T ab le  4, Crepidula fornicata. P e rc en tag e  of la rv ae  of re p re se n ta tiv e  broods of F( p ro g en y  exposed  to  s ilv e r a t various 
co n cen tra tio n s th a t m etam o rp h o sed  and  set, tim e to se tting , and  size at se ttin g

R elease  n u m b er N u m b er of la rv ae  N u m b er se t Percen t set T im e to se t (d) Size (gm)

C ontrol
1
2
3
4

6720 303 4.5 
8460 52 0.6 
6110 362 5.9 
2580 233 9.0

21
22
18
45

984
1400
1100
1700

1 gg I"1 
1 
2

6300 95 1.5 
5340 212 4.0

42
27

1200
1400

5 gg I“1 
1
2

2390 129 5.4 
1980 77 3.9

22
76

1500
1800

10 gg I“1 
1 
2 
3

5100 3 0 ' 6 .0 ' 
5520 3 ' 0 .6 ' 
4080 2 2 ' 4 .4 '

32
32

1400
1600

' F igu res b a se d  on re te n tio n  of only 500 larvae  a t re lease  an d  not to ta l re lease as w ith  o thers
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T ab le  5. Crepidula fornicata. Levels (gg g ', w et wt) of silver [m ean (±  S. D.)] a ccu m u la ted  a fte r 6-, 12-, a n d  24-m o expo su res to 
silver. Total sam p les (T); m ales (M); fem ales (F); n u m b er of sam p le s  (N)

E xposure
concen tra tion

(ng I-1)
0 Mo N 6 Mo N 12 Mo N 24 Mo N

Control T 0.84 (0.42) 19 T 1.09 (0.46) 7 T 2.80 (1.20) 10 T 2.22 (1.73) 14
M 0.79 (0.53) 10 M 1.00 (0.33) 2 M 3.72 (1.24) 5 M 1.52 (0.24) 4
F 0.89 (0.28) 9 F 1.13 (0.53) 5 F 2.08 (0.19) 5 F 2.57 (2.05) 10

1 T 16.11 (3.86) 9 T 34.00 (18.18) 10 T 8.02 (7.33) 14
M 17.67 (3.21) 4 M 45.72 (17.77) 5 M 8.66 (11.28) 5
F 14.87 (4.21) 5 F 22.28 (9.20) 5 F 7.66 (4.84) 9

5 T 54.07 (22.30) 10 T 44.90 (22.06) 10 T 5.36 (3.15) 15
M 57.20 (26.49) 5 M 53.82 (22.11) 5 M 3.60 (1.14) 5
F 50.94 (19.84) 5 F 36.06 (20.23) 5 F 6.23 (3.50) 10

10 T 86.71 (44.50) 11 T 70.70 (69.75) 10 T 7.53 (3.30) 14
M 101.32 (62.76) 5 M 114.06 (74.68) 5 M 10.25 (4.35) 5
F 74.53 (20.30) 6 F 27.28 (25.71) 5 F 6.44 (2.19) 9

sign ifican tly  d iffe ren t (P <  0.005) from controls. 
Fem ales at 5 pig I“1 w ere sign ifican tly  (P <  0.005) sm a l­
ler (20.4 mm) th an  controls (23.8 mm) upon  first larval
re lease .

The nu m b er of larval re leases  an d  abortions, an d  the  
nu m b er and  size of la rvae  re le a se d  by the  F, fem ales 
from first re le a se  an d  for 18 mo th e rea fte r are  show n in 
T able 3. The nu m b er of re leases  p er fem ale at all test 
concen tra tions show ed  no s ign ifican t d ifferences from 
controls. The proportion  of abortions over the com ­
b in e d  total of re leases  an d  abortions (or p e rcen t ab o r­
tions) in c reased  w ith  inc reasing  Ag concentra tions. 
T he p ercen t of abortions app rox im ate ly  tr ip led  from 
1 pig I“1 to 5 an d  10 pig I-1. T ests u sing  arcsine  an g u la r 
transform ation  b e tw e en  th e  control g roup  and  the 
5 an d  10 pg I-1 groups w ere  h igh ly  s ign ifican t 
(P <  0.001). T he n u m b er of la rvae  re leased  by the  Fj

group  also rev e a le d  th a t m eta l concen tra tion  levels 
w ere  the m ain  source of v a ria tio n  (P <  0.005), follow ed 
by  the  factor of b io log ica l con trib u tio n  of in d iv id u a l 
pairs  (P <  0.025). T he m ean  n u m b e r of la rvae  re le a se d  
w as s ign ifican tly  (P < 0 .0 2 5 ) low er in  the 5 pg I“1 group  
com pared  to th e  controls. No d iffe rences w ere  found  in 
larval size a t re le a se  for Fj C repidula  fornicata.

T he p e rc en ta g e  of Fj la rv ae  th a t su rv ived  an d  se ttled  
is show n in  T ab le  4. O nly  a sm all p e rc en ta g e  of th e  
la rvae  re le a se d  ac tu a lly  se ttle d  an d  surv ived . This w as 
true  both  for contro l an d  silv er-ex p o sed  snails.

M etal uptake

A fter 6-, 12-, or 24-m o exposure , th e  p a re n ta l stock of 
C repidula  fornicata  accu m u la ted  s ign ifican t (P < 0 .0 5 )

1 40

Fig. 1. Crepidula fornicata. T otal con­
cen tra tio n s (pig g-1, w et w eigh t) of silver 
an d  co p p er accu m u la ted  by  p a ren ts  
(m ale and  fem ale  com bined) afte r 6-, 12-, 
an d  24-m o ex p o su res to silver. Bars: u n ­
certain ty  in te rvals of m eans. M ean s are 
s ign ifican tly  d ifferen t (P <  0.05) if in te r ­

vals do not overlap
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Fig, 2. Crepidula fornicata. C on­
cen tra tio n s (pg g-1, w et w eigh t) of 
silver accu m u la ted  by e ith e r p a ­
ren ta l m ales (M) or fem ales (F) 
after 6-, 12-, an d  24-m o exposures 
to silver. Bars: u n certa in ty  in te r ­
vals of m eans. M eans are  sign ifi­
can tly  d ifferen t (P <  0.05) if in te r­

va ls do not overlap
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Fig. 3. Crepidula fornicata. C o n cen tra tio n s (pg g_1, w et 
w e ig h t) of co p p er accu m u la ted  by e ith e r  p a ren ta l m ales (M) 
or fem ales (F) a fte r 6-, 12-, a n d  24-m o ex p o su res to silver. 
Bars: u n c erta in ty  in te rvals of m eans. M ean s are  sig n ifican tly  

d iffe ren t (P < 0 .0 5 ) if in te rv a ls  do no t overlap

am ounts of silver in w hole-body  tissues at a ll 3 test 
concen tra tions (Fig. 1). At 12 mo silver w as still b e in g  
accu m u la ted  by  the 1 pg I-1 group, w h ereas no inc rease  
w as ev id en t b e tw e en  6 an d  12 mo in the 5 an d  10 pg I-1 
g roups (Table 5). A fter 24 m o silver concen tra tions 
w ere  s ign ifican tly  red u ced  (Table 5, Fig. 1). M ales at 
the 10 pg T 1 exposure concen tra tion  accu m u la ted  s ig ­
n ifican tly  la rg e r am ounts of silver in  th e ir  tissues th an  
fem ales (Fig. 2). M oreover, th e re  w as a sign ifican t 
d ecrease  (P <  0.05) in  silver concen tra tions in  tissues of 
fem ales in  th e  5 and  10 pg I-1 exposure  groups from th e  
6- to 12-mo exposure period  an d  a further s ign ifican t 
d ecrease  (P <  0.05) in both  m ales  and fem ales at a ll test 
concen tra tions from 12 to 24 mo. For silver accu m u la ­
tion  w ith  Ag exposures, the concen tra tion  of silver 
te s ted  w as th e  m ost s ign ifican t source of variation , 
fo llow ed by the  factors of tim e an d  sex. Each factor w as 
sign ifican t (P <  0.005) for silver accum ulation  in  the 
tissues of bo th  sexes over the 6-, 12-, an d  24-m o expo ­
sure periods at 1, 5, an d  10 pg I-1 Ag.

In ad d itio n  to silver ana ly ses  in  tissues of silver- 
exposed  snails, ana ly ses  for copper levels w ere p e r ­
form ed on the  controls an d  10 pg I-1 group. As copper 
in  the  incom ing  seaw ate r av e rag ed  2 to 4 pg I-1, w e 
w ere  in te res te d  in  know ing  w h e th e r  u p ta k e  of copper

T ab le  6. Crepidula fornicata. L evels (pg g \  w e t wt) of co p p er [m ean ( ±  S. D.)] a ccu m u la ted  afte r 6-, 12- 
silver. T o tal sam p les (T); m ales (M); fem ales (F); n u m b er of sam ples (N)

an d  24-m o exposures to

Ag ex p o su re  
co n cen tra tio n

(pg i_1)
0 Mo N 6 Mo N 12 Mo N 24 Mo N

C ontrol T 9.37 (6.15) 19 T 23.11 (9.43) 7 T 39.93 (18.1) 10 T 100.05 (44.23) 14
M 8.88 (6.01) 10 M 23.12 (12.24) 2 M 54.14 (14.1) 5 M 124.33 (48.35) 4
F 9.91 (6.61) 9 F 23.10 (7.08) 5 F 25.72 (5.5) 5 F 90.33 (40.99) 10

10 T 27.56 (14.85) 11 T 79.55 (16.1) 10 T 154.52 (61.00) 14
M 34.00 (18.22) 5 M 87.74 (9.8) 5 M 101.24 (30.19) 5
F 22.17 (9.94) 6 F 71.36 (17.8) 5 F 184.12 (53.21) 9
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w ould  occur. C opper w as accum ula ted  by control 
snails from a concen tra tion  of 9.37 pg g-1 (wet wt) at the 
sta rt of the experim en t to a concen tra tion  of 100.05 pg 
g-1 (wet wt) over the 24-mo test period  (Table 6). For 
copper accum ulation  w ith  silver exposures, the d u ra ­
tion  of exposure w as the m ost dom inan t factor 
(P <  0.005), follow ed by the concen tra tion  of silver 
tested . Sex, apparen tly , did not in fluence copper 
accum ulation . T here w as no d ifference in  copper 
u p tak e  b e tw een  the controls and  10 pg I-1 exposure 
group for e ith er sex after 6 mo¡ how ever, a t 12 an d  24 
mo, copper w as sign ifican tly  h ig h e r in the 10 pg l-IAg 
exposed  group  th an  in  the controls (Fig. 1). A lthough  
the re  w ere  sign ifican t d ifferences in u p ta k e  of copper 
by  m ales  an d  fem ales, no p articu la r p a tte rn  of u p ta k e  
occurred  in  e ith e r sex (Table 6, Fig. 3).

T ab le  7. Crepidula fornicata. Levels (pg g“\  w et wt) of silver 
an d  copper [m ean (±  S. D.)] accu m u la ted  by F, p ro g en y  after 
24-m o exposure  to silver. Total sam ples (T); m ales (M ); 

fem ales (F) ; n u m b er of sam ples (N)

Exposure
concen tra tion

(pg i"1)
Silver N C opper

Control T 0.59 (0.32) 24 T 103.56 (36.17)
M 0.66 (0.43) 9 M 88,44 (32.02)
F 0.55 (0.25) 15 F 113.29 (36.38)

1 T 4.47 (3.49) 12 T 207.50 (46.29)
M 5.60 (5.19) 3 M 180.66 (7.09)
F 4.10 (3.06) 9 F 216.44 (50.73)

5 T 10.00 (1.90) 8 T 209.37 (40.40)
M 9.85 (2.62) 2 M 226.50 (77,07)
F 10.05 (1.92) 6 F 203.66 (30.68)

10 T 10.80 (6.60) 4 T 228.00 (69.66)
M 14.20 1 M 210.00
F 9.67 (7.59) 3 F 234.00 (84.04)

W hole-body an a ly ses  for silver an d  copper w ere 
perform ed on the F, g en e ra tio n  of C repidula  fornicata  
exposed  to silver from h a tch in g  to 24 mo of age. S ig ­
n ifican t concen tra tions (P <  0.05) of silver w ere 
accu m u la ted  by C. fornicata  a t all 3 test concen tra tions 
w ith  m ore silver b e in g  accu m u la ted  at the  5 an d  10 pg 
I '1 exposure  levels th a n  at 1 pg I“1 (Table 7, Fig. 4). 
C opper w as also ac cu m u la ted  from  the  am b ien t se a ­
w ate r by bo th  contro l an d  ex p o sed  snails, b u t w ith  
sign ifican tly  h ig h e r co n cen tra tio n s (P <  0.05) accum u­
la ted  by the silver-exposed  g roups (Fig. 4). No p a r tic u ­
lar p a tte rn  in  u p ta k e  of e ith e r  silver or copper w as 
observed  for e ith e r sex.

H istopathology

T he h is topatho log ic  ex am in a tio n  of p a re n ta l C re­
p idu la  fornicata  exposed  to 1, 5, an d  10 pg I“1 A g for 24 
mo show ed  deposition  an d  re te n tio n  of silver in  the 
connective tissues an d  b asem e n t m em b ran es of the 
various tissues an d  organs. T he g re a te r  accum ulation  
of silver esp ec ia lly  no ted  in the  5 an d  10 pg I-1 Ag 
exposed  in d iv id u als  ten d s to cause  a cond ition  of silver 
po ison ing  ca lled  argyria.

At 1 pg I-1 all sna ils  show ed  the b asem e n t m em brane 
an d  connective  tissu e  of th e  d ig es tiv e  g la n d  and 
stom ach to con tain  num erous b row n an d  b lack  
g ran u le s . A t low m agn ifica tion  th e  d ig es tiv e  g lan d  
ap p e a re d  to be o u tlin ed  by a b lack  b an d  (Figs. 5, 6).

At 5 pg I“1 all sna ils  rev e a le d  m uch  th e  sam e p ic tu re  
as those a t 1 pg F '¡  how ever, th e  b an d  of b la c k  w as 
m uch  m ore in ten se  in  color an d  w id er in  w id th  and 
also the b asem e n t m em b ran e  an d  connective  tissu e  of 
th e  in te s tin e  w ere  involved . T he connective  tissue of 
the v isceral m ass, k idney , heart, g ills, rep roductive  
tract, an d  b asem e n t m em b ran e  of th e  ep ith e liu m  of the

Fig. 4, Crepidula fornicata. C o n cen tra ­
tions (pg g_I, w et w eigh t) of silver and 
co p p er accu m u la ted  by F, p ro g en y  after 
24-m o exposure  to silver. T otal (T) ; m ales 

(M); fem ales (F)
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Figs. 5. to 8. Crepidula fornicata. Fig. 5. T u b u les  of d ig es tiv e  g lan d  of a control. Arrow s: norm al b a sem en t m em b ran es a round  
d ig es tiv e  tu b u les . Fig. 6. T u b u le s  of d ig es tiv e  g lan d  exposed  to 1 pg I"1 silver. Arrows: silver d ep o sited  a long  b asem en t 
m em b ran es  of ducts and  tu b u les . Fig. 7. T u b u le s  of d ig es tiv e  g lan d  exposed  io 10 pg L 1 Ag. Arrow: b asem en t m em b ran es w ith 
in c reased  am oun ts of silv er deposit. Fig. 8. B lood v esse l exposed  to 10 pg I"1 Ag. Arrow: silver dep o sited  in  connec tive  tissue of

blood  vessel w all. All figu res 25X H & E

body w alls show ed  b row n ish  to b lack  p a rticu la te  in  the 
cytoplasm . Even the  fibrotic tissue a ro u n d  nem atodes 
w as b row n to b lack  in  color.

T he 10 pg I- ' exposed  sna ils  show ed  the sam e p ic ­
tu re  as the  o ther 2 exposu re  groups; how ever, the b lack  
b an d s around the  stom ach, d igestive  g land , b lo o d v e s ­
sels, an d  in te s tin e  w ere  w id er an d  m ore d en se  (Figs. 7, 
8), an d  the am ount of b row n ish  to b lack  p a rticu la te  in 
the connective tissue an d  b asem e n t m em b ran e  w as 
w id er an d  m ore dense . It a p p e a re d  as th o u g h  all the 
connective  tissue an d  b asem e n t m em b ran e  of the body 
w ere  b row nish  to b lack  in color.

DISCUSSION

The purpose of th is study  w as to de term ine  w hat 
effect long-te rm  exposure to silver m igh t have on 
rep roduction  of a p a re n ta l stock of C repidula  fornicata  
an d  any  succeed in g  generations. Larval re leases of 
p a re n ta l C. fornicata  w ere  s ign ifican tly  low er 
(P <  0.01) for the 10 pg 1 1 Ag exposed  sna ils  th an  for 
contro ls (Table 1), w h ereas no sign ifican t d ifferences 
w ere  no ted  in  the F t pop u la tio n  (Table 3). A lthough 
the nu m b er of re leases  in  snails a t 5 and  10 pg I“1 Ag 
a p p e a red  to be low er th a n  controls (Table 3), sta tistica l
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trea tm e n t of the  d a ta  in d ica ted  no d ifferences. In a d d i­
tion, the nu m b er of abortions of eggs in the F! group 
(i.e. the  sh ed d in g  of b rood ing  eggs before hatch ing) at 
bo th  5 and 10 gg I-1 Ag exposure w as h ig h e r than  
e ith e r the controls or 1 gg I“1 group (Table 3).

Bryan an d  H um m erstone (1977) an d  Bryan et al. 
(1977) su g g ested  tha t gastropod  m olluscs accum ulate  
m ore m etals from the ir food th an  from w ater. A lthough  
th is  study  w as not d es ig n ed  to d iffe ren tia te  m etal 
u p ta k e  in gastropods by these  two m ethods, it does 
a p p e a r  likely  th a t su b stan tia l am ounts of m etals can be 
accu m u la ted  from the w ate r (Tables 5, 6). T here  w ere 
s ign ifican t in c reases  of bo th  silver an d  copper in 
w hole-body  tissues of p a re n ta l C repidula  fornicata  
exposed  for 24 mo to silver an d  for Fj ind iv iduals 
exposed  for 24 mo. W hether these  m etals w ere 
accum ula ted  in  p a rt by C. fornicata  from ingestion  of 
p a rticu la te  m a tte r w ith  adso rbed  m etal from the  se a ­
w ate r test system  itself is not know n. T he seaw ater 
en te rin g  the silver-exposure tanks w as first filte red  
th ro u g h  bo th  25- and  10-grn nylon filte r bags and  then  
a b ed  of sand. F luorom etric m easu rem en ts  of the fil­
te red  w ate r in d ica ted  a 50 % red u c tio n  in  fluorescence 
from am b ien t levels. This filtra tion  rem oved  the la rg e r 
phy top lank te rs, an d  a llow ed  sm all q u an titie s  of nan- 
n o p lan k to n  to pass th rough. This lim ited  food supply, 
p lus the  cu ltu red  a lg a e  tha t w ere  perio d ica lly  ad d ed  to 
the  te st tanks, m a in ta in ed  our te s t sna ils  for 24 mo. No 
a ttem p t w as m ade  to asce rta in  w hich  organs in C. fo r­
nicata  accum ula ted  the  h ig h e s t concen tra tion  of m e t­
als; analysis of ind iv id u al tissues w ould  help  to d e te r ­
m ine  the m an n er in  w hich  these  m etals are accum u­
la ted . In a s im ilar experim en t, u sing  the sam e expo ­
sure system  b u t w ith  no su p p lem en ta l feed ing , G reig 
(1979) exposed  the filte r-feed ing  b ivalve m olluscs A rc ­
tica islandica  (ocean quahog), Sp isu la  so lid issim a  (surf 
clam), and  Crassostrea virginica  (A m erican oyster) 
s im u ltaneously  to silver, cadm ium , an d  copper at co n ­
cen tra tion  of 10 gg P 1 of each  m etal for a m axim um  of 
43 d. In th is short tim e span, oysters took up  as m uch as 
15.4 (±  7.2) gg g_1 Ag (wet wt), surf clam s a tta in ed  a 
concen tra tion  of 6.0 (± 2 .7 )  gg g -1, an d  quahogs 3.5 
(±  1.9) gg g-1. T h u rberg  e t al. (1975) rep o rted  th a t surf 
clam s exposed  to silver for 96 h accum ula ted  s ign ifi­
can t am ounts of silver in  the  g ills as com pared  to the 
w hole body m inus the gills. In a sim ilar study, T h u r­
b erg  et al. (1974) exposed  the  A m erican  oyster and  
h a rd sh e ll clam  M ercenaria  m ercenaria  to 0.5 an d  
1.0 m g I“1 Ag for 96 h an d  found th a t sign ifican tly  m ore 
silver accu m u la ted  in  g ili tissues th a n  in  the  w hole 
body.

Silver w as accu m u la ted  rap id ly  by p are n ta l C re­
p id u la  fornicata  d u ring  the first 6 m o of exposure to 1, 
5, and  10 gg I“1 Ag, b u t w ith  no ad d itio n a l accu m u la ­
tion  after 12 mo. A fter 24 mo th e re  w as a sign ifican t

red u c tio n  (P <  0.05) in  silver concen tra tions in  all 3 test 
groups (Table 5, Fig. 1). It is possib ly  g erm an e  to con­
sider th is s itua tion  in  ligh t of the h ig h  copper co n cen ­
tra tion  in  body tissues at 12 mo, sign ifican tly  h ig h e r 
th an  in  the  control ind iv id u als  (Table 6, Fig. 1). If th e re  
w ere a p re fe ren tia l u p ta k e  for copper, in  com petition  
w ith  silver, th en  w hen  the m e ta l-lo ad in g  capac ity  of 
th e  body tissues ap p ro ach ed  sa tu ra tion , the  copper 
ra th e r th a n  ad d itio n a l silver w ould  b e  accum ulated . 
This is m ost c lea rly  seen  in  fem ale  C. fornicata: a t 6 
mo, w h en  copper concen tra tions h ad  not ye t a tta in ed  
h ig h e r va lues th a n  in  controls, s ilver accu m u la ted  in  
the  body  tissues p roportionally  w ith  in c reasin g  con­
cen tra tions of silver exposure; b u t at 12 mo, w hen  
copper concen tra tions had  sign ifican tly  inc reased , the 
sam e low  tissue concen tra tion  of silver w as seen  at all 
levels of silver exposure . At 24 mo, silver levels w ere  
d ep ressed  in  bo th  m ales an d  fem ales. A lthough  the 
reasons for th e  red u c tio n  in  silver concen tra tions are  
not u n d ersto o d  at th is tim e, it is possib le  th a t h ig h  
tissue loads of copper d ep ressed  silver u p ta k e  and  
re ten tio n  or served  to seq u este r an d  excrete  h ig h e r 
levels of silver.

In a sim ilar study  (unpubl.), th e  au thors no ted  th a t 
b lu e  m ussels M ytilu s  edulis, exposed  to silver in  the 
labora to ry  for 21 mo, exh ib ited  a s im ilar p re fe ren tia l 
u p ta k e  for copper in the p resen ce  of silver. S im ilarly, 
silver concen tra tions in  m ussels in c re ase d  afte r 12 and  
18 mo of exposure  to silver w ith  a su b se q u en t re d u c ­
tion  at 21 mo. P opham  an d  D 'A uria  (1982), in  a study 
co rre la ting  the effects of seaw ate r concen tra tions on 
trace-m eta l concen tra tions in tissues of M . edulis, su g ­
ges ted  th a t copper concen tra tions in  m ussels w ere  
p artia lly  a function  of the  concen tra tion  of zinc an d /o r 
le ad  in  the seaw ater, i.e. the u p ta k e  of zinc an d /o r  lead  
by the  m ussels m ay have fac ilita ted  the  u p ta k e  of 
copper. This, then , m ay also be tru e  w ith  silver. S ten- 
n e r an d  N ick less (1974), P h illips (1976), an d  Lobel et 
al. (1982) have also su g g ested  th a t m eta l in te rac tions 
m ay occur in  M . edulis, th e reb y  fac ilita tin g  or in h ib i­
tin g  m eta l u p tak e . It is necessary , therefore, to consider 
the in te rac tio n s of po llu tan ts  in  th e  en v iro n m en t w hen  
a ttem p tin g  to d e te rm in e  th e ir  effects on m arine  o rg an ­
isms.

After 24 mo of exposure, s ilver concen tra tions w ere  
not as h ig h  in  the  F, g en e ra tio n  (Table 7) as in  the 
p a re n ta l stock, b u t th is  m ay have b ee n  du e  bo th  to age 
an d /o r size of sn a ils  sam pled . C opper levels, on the 
o ther hand , w ere  s ign ifican tly  h ig h e r (P <  0.05) in 
s ilver-exposed  sna ils  th a n  in controls. A gain , a p re fe ­
ren tia l u p ta k e  for copper in  th e  p re se n ce  of silver w as 
obvious.

H istopatho log ic  study of the  exposed  in d iv id u als  
show ed  th a t deposition  an d  accum ula tion  of silver by 
C repidula  fornicata  in c reased  as th e  te s t concen tra tion
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in c reased . The cond ition  of accum ulation  of silver in 
th e  tissues of h um ans ca lled  argy ria  has b ee n  no ted  in 
num erous cases an d  alw ays u n d e r chronic exposure  to 
silver com pounds in  occupationally  hazard o u s jobs 
an d  afte r th e ra p eu tic  use of m ed icináis con ta in ing  
silver (Shafer et al., 1963).

A lthough  the  accu m u la tio n  w as very ex tensive  in  
the 5 an d  10 pg T 1 exposed  snails, no lesions w ere  
no ted . R osenm an e t al. (1979) s tu d ied  h um ans exposed  
to various form s of silver com pounds an d  concluded  
th a t s ilver is of a b e n ig n  n a tu re . Som e investiga to rs 
claim  th a t s ilver is not toxic b ecau se  it b inds to p ro te in  
an d  su lf-hydry l g roups w h ich  ren d e r it enzym atically  
inactive  (Petering , 1976).
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