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Combined Effects of Salinity, Temperature, and Copper on 
Embryos and Early Larvae of the American Oyster, 
C rassos t rea  virginica

J. R. M acln nes and A . C alabrese
N a tio n a l  M a r in e  F is h e r ie s  S e rv ic e ,  N o r th e a s t  F is h e r ie s  C e n te r ,  M ilfo rd  L a b o r a to r y ,  M ilfo rd , 
C o n n e c tic u t 06460

A b stra ct. The response o f  em b ryos and larvae o f  the Am erican oyster , 
C rassos trea  v irg in ica , to copper at various salinity-tem perature regim es 
w as studied in the laboratory using resp on se surface m ethods and factorial 
analysis. T he experim ental design  w as a 3 x 3 x 4 factorial experim ent 
using tem peratures o f 20, 25, and 30°C, and salin ities o f  17.5, 22 .5 , and 27.5  
%o. It w as carried out at copper con centration s o f 0, 5, 10, and 20 ppb for 
the em bryos and 0, 30, 60, and 90 ppb for the larvae. S tatistical analysis 
indicated that salinity had the greatest effect on the em bryos at 0, 5, and 10 
ppb cop p er, but tem perature had as great an effect as that o f  salin ity at 20 
ppb copper. The capacity  o f  the em bryos to adapt to  the tem perature- 
salinity changes w as im paired w hen  ex p o sed  to 20 ppb cop p er, as indicated  
by the shifting o f  the resp on se cen ter . Tem perature had the greatest effect 
on the larvae when exp osed  to 30, 60, and 90 ppb copper. T he interaction  
betw een  tem perature and salinity w as significant on ly  at the higher lev e ls  o f 
copper. L o w  levels o f  copper m ay produce intolerable stress upon the re
cruitm ent o f  oyster em bryos during periods o f  p ersisten tly  low  salin ities and 
low  or high tem peratures.

In recent years, there have been  num erous reports on the to x ic  effec ts o f  heavy  
m etals on m arine invertebrates, m ost o f  w hich describe the tox ic ity  o f  a single 
m etal pollutant to a single stage o f  a test organism ’s life  h istory under optim al 
environm ental conditions (O kubo and Okubo 1962; W isely and B lick  1967, 
Connor 1972, C alabrese e t  al. 1973, 1977). In nature, h ow ever , m arine or
ganism s are subjected to  fluctuating environm ental con d itions w hich are often  
not optim al and w hich affect the p ollu tan t’s tox icity; for exam p le, tem perature  
(oysters— M acln n es and C alabrese 1978) or salinity (p o lych aetes— Jon es e t  al. 
1976). M oreover, the tox ic ity  o f  a pollutant to  a test organism  can a lso  vary at 
d ifferen t s ta g es  o f  its life  h isto ry  (ec h in o id s— H e slin g a  1976, lo b sters—  
Thurberg pers. com m un .1). T o predict the level at w hich a m arine organism  is

1 T h u r b e r g ,  F .  P . ,  1978. N O A A , N M F S , N E F C ,  M ilfo rd  L a b o r a to r y ,  M ilfo rd  C o n n e c t ic u t  06460.
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affected  by a pollutant, therefore, one m ust test the organism  at d ifferent life 
stages and under various environm ental regim es.

B eca u se  a study o f  th is nature had not b een  perform ed w ith  the com 
m ercially  im portant A m erican o y ster , C ra sso s tre a  v irg in ica ,  w e instituted  
w ork on heavy m etals com bined  with natural variables. B oth  em bryos and 
24-hr larvae o f  the A m erican oyster  w ere ex p o sed  for 48 hr to  copper as the  
chloride under various tem perature-salin ity reg im es. C opper w as ch osen  b e
cau se previous investigations (C alabrese e t  al.  1973, 1977) have show n it to  be 
fairly tox ic to oyster em bryos and larvae and b ecau se relatively  high le v e ls  o f  
cop p er m ay be found in w aters w hich  are nursery areas for oysters. A lthough  
several investigators have studied  the in fluence o f  one environm ental variable 
on copper tox icity  to  m arine invertebrates (salin ity— O lson and Harrel 1973, 
Jones 1975, Jones et al.  1976; tem perature— M acln n es and C alabrese 1978), 
on ly  a few  papers have evaluated  the effect o f  tw o or m ore variables, such  as 
tem perature and sa lin ity , or o f  o ther m eta ls on cop p er to x ic ity  (m arine  
protozoa— Gray 1974; lob sters— M c L e ese  1974). W e report herein on the ef
fec ts  o f  th ese variables on copper tox ic ity  in the oyster .

M aterials and M ethods

A d u lt  o y s te r s ,  o b ta in e d  c o m m e rc ia l ly  f ro m  L o n g  I s la n d  S o u n d  in  th e  v ic in ity  o f  N e w  H a v e n ,  
C o n n e c t ic u t ,  w e re  in d u c e d  to  s p a w n  in  th e  la b o ra to ry  b y  th e rm a l s t im u la tio n  a n d  th e  a d d it io n  o f  
s p e rm  fro m  o n e  o r m o re  s a c r if ic e d  m a le s ,  a s  p re v io u s ly  d e s c r ib e d  b y  L o o s a n o f f  a n d  D a v is  (1963). 
A f te r  th e  o y s te r s  b e g an  s p a w n in g , th e  eg g s  w e re  fe r t i l iz e d  a n d  t r a n s fe r r e d  to  a  4 - l i te r  c o n ta in e r  
w h e re  eg g  d e n s ity  w a s  d e te rm in e d .  T o  d e te rm in e  th e  e f f e c t  o f  te m p e ra tu re ,  s a l in i ty ,  a n d  c o p p e r  on  
d e v e lo p m e n t  o f  o y s te r  e m b ry o s  a n d  th e i r  e f fe c t o n  2 4 -h r v e lig e r  la rv a e  d u rin g  a  t e s t  p e r io d  o f  48  h r ,  
a p p ro x im a te ly  2 0 ,000  fe r t i l iz e d  e g g s  o r  2 4 -h r  la rv a e  w e re  p u t  in to  e a c h  o f  a  s e r ie s  o f  1 -liter p o ly 
p ro p y le n e  b e a k e rs  w h ic h  c o n ta in e d  f i l te r e d  (1 /x) n a tu ra l  s e a w a te r  p re p a re d  a t  th e  d e s ir e d  t e s t  
c o n d itio n s .  T h e  e x p e r im e n ta l  d e s ig n  w a s  a  3 x  3 x  4  f a c to r ia l  e x p e r im e n t ,  u s in g  te m p e ra tu re s  of:
(a) 2 0 , 25 , a n d  30 ±  1°C; (b ) s a lin it ie s  o f  17 .5 , 2 2 .5 , a n d  2 7 .5  ±  0 .5  % o ; a n d  (c ) c o p p e r  c o n c e n tr a 
t io n s  o f  0 , 5 , 10, a n d  20  p p b  fo r  e m b ry o s ,  a n d  0 , 3 0 , 60 , a n d  90  p p b  fo r  la rv a e . C o n c e n tr a t io n s  re f le c t  
th e  a d d it io n  o f  c o p p e r  a t th e  s ta r t  o f  th e  e x p e r im e n t ,  n o t th e  s a lt  (C u C l2 • 2 H 20 ) ,  a n d  d o  n o t in c lu d e  
b a c k g ro u n d  le v e ls  in  th e  s e a w a te r .  T h e s e  c o n c e n tr a t io n s  w e re  c h o s e n  b e c a u s e  o f  th e ir  k n o w n  
to x ic i t ie s  to  o y s te r  e m b ry o s  a n d  la rv a e  (C a la b re s e  e t  a l. 1977, M a c ln n e s  a n d  C a la b re s e  1978). T e s ts  
w ith  e m b ry o s  w e re  in it ia te d  w ith in  tw o  h r  a f te r  th e  eg g s  w e re  fe r t i l iz e d  a n d  te rm in a te d  48  h r  la te r .  
B io a s s a y  te s t s  w ith  la rv a e  w e re  a ls o  o f  4 8 -h r d u ra t io n .  L a rv a e  fo r  th e s e  te s t s  w e re  o b ta in e d  by  
re a r in g  fe r t i l iz e d  eggs to  th e  s t ra ig h t-h in g e  s ta g e  u n d e r  n o rm a l  c o n d itio n s  (26 ±  1 °/oo a n d  25 ±  1°C). 
T h e y  w e re  th e n  p u t in to  b e a k e r s  fo r  s u b s e q u e n t  m e ta l e x p o s u r e .  E m b ry o s  w e re  u n fe d ,  b u t th e  
la rv a e  w e re  fe d  a  m ix e d  a lg a l d ie t  o f  I s o c h r y s i s  g a lb a n a  a n d  M o n o c h r y s is  lu th e r i .  D u p lic a te  cu l
tu re s  w e re  e s ta b lis h e d  in  e a c h  t e s t  fo r  e a c h  o f  th e  e x p e r im e n ta l  c o n d it io n s  (72 b e a k e r s  p e r  te s t) . 
T h r e e  te s t s  w e re  p e rfo rm e d  w ith  e m b ry o s  a n d  tw o  w ith  2 4 -h r la rv a e .

T h e  p H  le v e l in  all te s t  c o n ta in e r s  w a s  m a in ta in e d  a t  7 .7  to  8 .1 , a  ra n g e  d e te rm in e d  o p tim a l fo r  
p e rc e n t  d e v e lo p m e n t o f  o y s te r  e m b ry o s  a n d  la rv a e  (C a la b re s e  a n d  D av is  1966). W h e n e v e r  n e c e s 
s a r y ,  N a O H  o r  HC1 w as  a d d e d  to  th e  m e d iu m  to  b r in g  th e  p H  v a lu e s  w ith in  th e  d e s ir e d  ra n g e . 
D is s o lv e d  o x y g e n  le v e ls  in  t h e  n o n -a e ra te d  b e a k e r s  ra n g e d  f ro m  a p p ro x im a te ly  95%  s a tu ra t io n  a t 
th e  b e g in n in g  o f  e a c h  te s t  to  90 -95%  s a tu r a t io n  a f te r  48  h r.

A t th e  e n d  o f  e a c h  4 8 -h r e x p o s u r e  t e s t  w ith  e i th e r  e m b ry o s  o r  24 -h r la rv a e ,  th e  w a te r  in  e ac h  
b e a k e r  w as  m ix e d  v ig o ro u s ly  a n d  15-m l s a m p le s  c o n ta in in g  a p p ro x im a te ly  300 la rv a e  w e re  re 
m o v e d ,  p re s e r v e d  in  5 %  b u f f e r e d  fo rm a lin ,  a n d  la te r  e x a m in e d  u n d e r  a  c o m p o u n d  m ic ro s c o p e . T o
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d e te rm in e  th e  e f fe c t o f  c o p p e r  o n  e m b ry o n ic  d e v e lo p m e n t  o f  o y s te r s  a t v a ry in g  s a lin ity  a n d  te m 
p e r a tu r e  re g im e s , th e  n u m b e r  o f  e m b ry o s  th a t  d e v e lo p e d  e i th e r  n o rm a lly  o r  a b n o rm a lly  w as  
c o u n te d .  S im ila r ly ,  in  la rv a l t e s t s ,  th o s e  la rv a e  th a t  s u rv iv e d  o r  d ie d  w e re  c o u n te d .  T h e  re s u lts  
w e re  e x p re s s e d  e i th e r  a s  th e  p e rc e n t  a b n o rm a l d e v e lo p m e n t  o f  e m b ry o s  o r  th e  p e rc e n t  d e a th  o f  
la rv a e  in  e a c h  o f  th e  te s t  b e a k e r s .  T h e s e  v a lu e s  w e re  n o t c o r r e c te d  fo r  a b n o rm a l d e v e lo p m e n t  o r  
la rv a l  d e a th  in c o n tro l  c u ltu re s .

F a c to r ia l  a n a ly s is  w a s  u se d  to  d e te rm in e  th e  s ig n if ic a n c e  o f  te m p e ra tu re  a n d  s a lin ity  a t e ac h  o f  
th e  th r e e  c o p p e r  c o n c e n tr a t io n s  an d  c o n tro ls  in  a f fe c tin g  th e  d e v e lo p m e n t  o f  th e  o y s te r  e m b ry o s  
a n d  m o r ta li ty  o f  la rv a e . R e s p o n s e  su rfa c e  c o n to u r s  w e re  c a lc u la te d  fro m  a  s e c o n d  o r d e r  p o ly n o 
m ia l e q u a t io n  o f  th e  fo rm :

Y  =  b„ +  b ,T  +  b., S  +  b ,T *  +  b.,S2 +  b 5T x S ,

w h e re  Y  =  a rc s in  V %  a b n o rm a l o r  d e a d ; b„ =  a  c o n s ta n t ;  T  a n d  T 2 =  l in e a r  a n d  q u a d r a t ic  e f fe c ts  o f  
te m p e r a tu r e ,  re s p e c t iv e ly ;  S  a n d  S 2 =  lin e a r  a n d  q u a d ra t ic  e f fe c ts  o f  s a lin ity ,  r e s p e c t iv e ly ;  T x S  =  
in te ra c t io n  b e tw e e n  te m p e r a tu r e  an d  s a lin ity .  T h e  b -v a lu e s  o r  re g re s s io n  c o e f f ic ie n ts  w e re  c a lc u 
la te d  u s in g  a  s te p w is e  re g re s s io n  c o m p u te r  p ro g ra m  (B M D 0 2 R ) (D ix o n  1971). A c o m p u te r  p ro g ra m  
f i t te d  th e  b -v a lu e s  to  a  fu ll q u a d ra t ic  e q u a t io n  in  te m p e ra tu re  a n d  s a lin ity  in  o rd e r  to  p r in t  a  c o n to u r  
d ia g ra m  o f  th e  r e s p o n s e  s u r f a c e ,  a t 20%  in te rv a ls .

Results

T ables 1 and 2 g ive the results o f  48-hr exp osu res o f  o yster  em bryos and 24-hr 
larvae to various leve ls  o f  copper at d ifferent tem perature-salin ity regim es. 
Figures la-d  and 2a-b sh ow  resp onse surfaces extrapolated  from  m ultiple re
gression  eq u ation s (Table 3) o f  tem perature-salin ity effec ts on em bryos and 
larvae at various copper concentrations. W ithout the addition o f  cop p er, em 
bryonic d evelop m en t w as m arkedly affected  by low  salinity at the low est and 
highest tem peratures tested , w hereas survival o f  the 24-hr larvae w as influ
en ced  neither by tem perature nor salinity. C opper w as m ost tox ic  to em bryos  
at the lo w est tem perature and salinity tested , 20°C and 17.5 °/oo, resp ective ly , 
and w as least tox ic  at the two higher sa lin ities at 25°C. For larvae, the toxicity  
o f  cop p er at 60 and 90 ppb w as greater at 25° and 30°C than at 20JC , at all 
salin ities tested .

T he optim a! com bination  o f  salinity and tem perature for norm al d evelop 
m ent o f  o yster  em b ryos, therefore, w as 25°C and 26 % o, as show n by the center  
o f  the resp o n se  surface (Figure la). T h is environm ental regim e w as a lso  the 
point o f  greatest resistance to copper tox ic ity  for em bryos exp osed  to  5 and 10 
ppb cop p er, as sh ow n  by the unchanged centers o f  resp onse surface (Figures 
lb , le ) . For th ose em b ryos exp osed  to  20 ppb cop p er, h ow ever , the center of 
the resp on se surface (Figure Id) lies beyond  the experim ental area and it would  
not be w ise  to  estim ate the tem perature-salin ity regim e providing the maximal 
resistan ce to  copper at con centrations o f  20 ppb and above.

A N O V A  r e su lts  o f  tem p era tu re  and sa lin ity  e f fe c ts  on o y s te r  em - 
b ryogen esis (Table 4) indicate that the linear effec ts o f  salinity w ere more 
pronounced  than the quadratic effects at all copper con centrations tested , 
w hereas the reverse w as true for tem perature. In other w ords, at all copper  
con cen tration s tested , abnorm al developm en t o f  em bryos increased  linearly as 
salinity d ecreased  and curvilinearly as tem perature either increased  or de
creased  from  the 25°C optim um . T o a lesser  ex ten t, decreasing tem perature had
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F ig . 1. C r a s s o s tr e a  v irg in ica . R e s p o n s e  s u r fa c e s  fo r  p e rc e n t  (10  to  90) a b n o rm a l d e v e lo p m e n t  o f  
o y s te r  e m b ry o s  e x p o s e d  to  d if f e r e n t c o m b in a tio n s  o f  te m p e r a tu r e  a n d  s a lin ity :  (a) w ith o u t  a d d itio n  
o f  C u , (b ) w ith  a d d it io n  o f  5 p p b  C u , (c ) 10 p p b  C u , (d )  20  p p b  C u . I n n e r  tic k  m a rk s  re p re s e n t 
e x p e r im e n ta l  c o n d itio n s  u s e d  in  th is  s tu d y

a linear effect on  em bryonic developm en t at higher copper le v e ls  (10 and 20 
ppb). Salin ity had the greatest effect on control em bryos and th ose ex p o sed  to 
the tw o low est copper con centration s. T he effect o f  tem perature w as as im por
tant as that o f  salinity at the highest level o f  copper tested . T he interaction  
betw een  tem perature and salinity w as not significant in the controls and 5 ppb 
cop p er-exp osed  em b ryos, but w as significant at 10 ppb (TL x SL) and at 20 ppb 
(Tq x S L), as is ev id en ced  by the sk ew ed  contours in Figures le  and Id.

In contrast to the em b ryos, larvae in controls and all copper-treated  cul
tures w ere not significantly in fluenced  by salinity (Table 5). T he effect o f  tem 
perature on  larval survival w as not significant in the con tro ls, but becam e  
highly sign ificant (P <  0.01) and w as linear at 60 ppb and both linear and 
curvilinear at the 90 ppb cop p er-exposu re le v e l. This m eans that as tem perature 
in creased , larval m ortality increased  linearly or at a con stant rate at 60 ppb 
copper, as indicated by the sign ificance o f T L in T able 5, but the mortality
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F ig .  2 . C r a s s o s tr e a  v irg in ica .  R e s p o n s e  su rfa c e s  fo r  p e r c e n t  (IO to  90) m o r ta li ty  o f  o y s te r  la rv a e  
e x p o s e d  to  d if f e r e n t c o m b in a tio n s  o f  te m p e ra tu re  a n d  sa lin ity :  (a ) w ith  a d d itio n  o f  60  p p b  C u , an d
(b) 90 p p b  C u . In n e r  t ic k  m a rk s  r e p re s e n t  e x p e r im e n ta l  c o n d i t io n s  u s e d  in th is  s tu d y

T a b le  3 . E q u a t io n s  o f  r e s p o n s e - s u r f a c e  c o n to u rs  o f  c o m b in e d  e f fe c ts  o f  te m p e ra tu re  a n d  sa lin ity  
on  e m b ry o n ic  d e v e lo p m e n t a n d  la rv a l m o r ta li ty  o f  th e  A m e r ic a n  o y s te r .  C r a s s o s tr e a  v irg in ica . 
a t v a r io u s  c o p p e r  c o n c e n t r a t io n s .  Y =  p e rc e n t  a b n o rm a lity  o r  m o r ta li ty  tra n s fo rm e d  to  ra d ia n s ;  
T  =  te m p e ra tu re  in °C ; S  =  s a lin ity  in  %><>: r  =  c o rre la t io n  c o e f f ic ie n t

O y s te r  e m b ry o s  

C o n tro ls
Y =  8 .20528  -  0 .3 4 1 0 3 T  -  0 .3 1 9 8 2 S  +

0 .0 0 6 2 5 T - +  0 .0 0 5 6 8 S 2 +  0 .0 0 144T x  S

r  =  0 .948  

5 p p b  Cu

Y =  13.17962 -  0 .5 8 5 17T -  0 .4 6 9 5 6 S  +
0 .0 1 0 I7 T -  +  0 .0 0 7 6 7 S - +  0 .0 0 3 3 0 T  x  S

r  =  0 .948  

IO p p b  C u

Y =  18.62057 -  0 .8 0 7 13T -  0 .6 3 6 0 4 S  +
0 .0128  IT - +  0 .0 0 8 9 7 S - +  0 .0 0 6 3 5 T  x  S

r  =  0 .9 9 0  

20 p p b  C u

Y =  12.96981 -  0 .7 8 2 2 IT  -  0 .13260S  +
0 .0 1 5 4 8 T - +  0 .0 0 2 5 4 S 2 -  0 .0 0 100T x  S

r  =  0 .909

O y s te r  l a n  ae  

C o n tro ls
Y =  - 1 .1 7 5 9 4  +  0 .0 5 2 0 2 T  +  0 .06594S  -

0 .0 0 1 13T-’ -  0 .0 0 1 6 0 S 2 +  0 .0 0 0 2 5 T  x  S

r  =  0 .983 

30 p p b  C u

Y =  -0 .9 2 0 1 1  +  0 . 13298T -  0 .5 3 7 3 S  -
0 .0 0 2 7 1T2 +  0 .0 0 135S-

r  =  0 .759  

60 p p b  Cu

Y  =  - 3 .5 2 4 2 0  +  0 .3 8 6 3 4 T  -  0 .1 3 3 3 5 S  -
0 .0 0 4 1 7 T 2 +  0 .0 0 5 4 5 S 2 -  0.Ü 0494T x  S

r  =  0.941 

90 p p b  Cu

Y =  - 9 .8 6 4 0 0  +  0 .78607T  -  0 -
0 .0 1 2 6 9 T 2 +  0 .0 0 1 3 IS 2 -  0 .0 0 2 6 8 T  x  S

r  =  0 .975
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T a b l e  4. A n a ly s is  o f  v a r ia n c e  o f  te m p e ra tu re  a n d  s a lin ity  e f fe c ts  on  d e v e lo p m e n t o f  e m b ry o s  o f  
th e  A m e ric a n  o y s te r ,  C r a s s o s tr e a  v irg in ic a ,  a t  d iffe ren t c o n c e n tr a t io n s  u s in g  d a ta  in  T a b le  I. 
P e rc e n t a b n o rm a lity  h a s  b e e n  tra n s fo rm e d  to  a n g u la r  u n its ;  L  =  lin e a r ;  Q =  q u a d ra tic

S o u r c e  o f  v a r ia tio n F  ra tio

C o p p e r  c o n c e n tr a t io n  (p p b )

0 5 10 20
S a lin ity

S L 10 .4 7  a 17 .0 7 a 54.43 a 1 8 .65a

S q 4 .1 2 " 5 .8 2 " 7 .2 1 a 1.08
T e m p e ra tu re
t l 0.23 0.13 5 .9 9 " 7 .6 3 a
T « 4 .5 7 " 9 .1 0 a 1 3 .58a 16 .64a
T e m p e ra tu re  x  S a lin ity
T ,. S,. 0 .42 2.42 6 .95  a 0.61
t l s y 0.31 0 .78 0 .07 0.65
T «  S L 1.15 3.27 1.75 5 .0 9 "
T u  S (J 0.73 0.60 0 .10 0.02
M e a n  s q u a re  e r r o r 91.51 143.15 155.31 152.42

S ta tis t ic a l  s ig n ific a n ce : aP  <  0 .0 1 ; "P  <  0 .05

T a b le  5. A n a ly s is  o f  v a r ia n c e  o f  te m p e ra tu re  a n d  s a lin ity  e f fe c ts  o n  su rv iv a l o f  la rv a e  o f  th e
A m e ric a n  o y s te r ,  C r a s s o s tr e a  v irg in ica ,  a t d if f e r e n t c o p p e r  c o n c e n tr a t io n s  u s in g  d a ta  in T a b le  2.
P e rc e n t  m o rta li ty  h a s  b e e n  tra n s fo rm e d  to  a n g u la r  u n its ;  L =  lin e a r ;  Q  =  q u a d ra tic

S o u r c e  o f  v a r ia tio n F  r a t io

C u  c o n c e n t r a t io n  (p p b )

0 30 60 90

S a lin ity
sL < 0 .0 1 3.87 2.18 0.83

Su 1.55 1.69 3.48 0.26
T e m p e ra tu re
t l 0.01 0.80 5 6 .6 8 a 1 1 3 .1 0 a

Tu 0 .7 7 5 .2 6 " 1.26 17 .6 5 a
T e m p e ra tu re  x  S a lin ity
t l S L 0.01 0 .6 0 6 .42" 2 .08

T ,  S u 0.01 6 .5 1 " 5 .6 4 " 0 .02

T «  S L 0 .0 6 0.01 0 .2 0 0.85

T u  S Q 0.10 0.56 3.04 6 .2 3 a
M e a n  s q u a r e  e r ro r 25.61 16.97 167.48 166.67

S ta tis t ic a l  s ig n if ic a n ce : aP  < 0 . 0 1 ;  hP  <  0 .05

increased  curvilinearly or at an increasing rate at 90 ppb, as show n by the 
sign ificance o f  both T L and T y . T he interaction betw een  tem perature and salin
ity am ong the cop p er-exp osed  larvae is com p lex . Figures 2a and 2b, h ow ever, 
ob viou sly  sh ow  that there is an interaction betw een  tem peratures higher than 
26°C and salin ities low er than 20 °/oo.
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T a b le  6. C o m p a r is o n  b y  a n a ly s is  o f  c o v a r ia n c e  o f  p o ly n o m ia l e q u a t io n s  o f  e f fe c ts  o f  d iffe ren t 
c o p p e r  c o n c e n tr a t io n s  o n  e m b ry o n ic  d e v e lo p m e n t a n d  la rv a l m o r ta li ty  o f  th e  A m e ric a n  o y s te r ,  
C ra s so s tr e a  v irg in ica . H y p o th e s is :  N o  s ig n ific an t d if f e r e n c e s  b e tw e e n  c o n tro l  a n d  tre a tm e n t  
p o ly n o m ia ls

S o u r c e  o f  v a r ia tio n F  ra tio S ig n if ic a n c e

O y s te r  e m b ry o s
C o n tro l v s 5 p p b  C u 1.00 N .S .
C o n tro l  v s  10 p p b  Cu 15.96 P <  0.01
C o n tro l v s  20 p p b  Cu 35.68 P <  0.01

O y s te r  la rv a e
C o n tro l v s  30 p p b  C u 1.82 N .S .
C o n tro l v s  60 p p b  C u 8 .87 P  <  0.01
C o n tro l v s  90  p p b  C u 46 .67 P  <  0.01

D isc u ss io n

T olerance o f  oysters to  various environm ental factors w as show n to differ 
greatly betw een  the tw o early stages o f o yster  d evelopm ent used  in th is study. 
V eliger larvae w ere consid erab ly  more to lerant to tem perature and salinity  
changes than w ere the d evelop in g  em bryos. L o w  salin ity , coupled with lo w , as 
well as high tem peratures, ad versely  affected  the em b ryos, but did not influ
en ce larval survival within the con d itions u sed  in this study. W hen copper was 
added, em bryos w ere sign ificantly  affected  b y  a concentration  as low  as 10 ppb, 
but the 24-hr larvae w ere not significantly influenced  by levels as high as 30 
ppb, as indicated by a com parison  o f polynom ial equations by analysis o f  
covariance (T able 6). Increased  tolerance o f  marine organism s with age to 
various environm ental factors, as shown by this study, is w ell docum ented  by 
others (D avis and C alabrese 1964, V ernberg and Vernberg 1972, Gray 1976, 
H eslinga 1976). This is not a lw ays the case; h ow ever, a study o f  the effect o f  
copper on eggs and larvae o f  p laice and herring (B laxter 1977) sh ow ed  that 
older plaice larvae w ere m ore sen sitive to cop p er than w ere the new ly hatched  
larvae. Sublethal effec ts o f  copper on feed in g  in plaice w ere evident at about 
1000 ppb in young larvae and as low  as 90 ppb in older larvae.

In em bryo te s ts , low  salinity w as show n to act synergistically  with copper, 
increasing abnorm ality. Sim ilar results have been reported by other in ves
tigators. Jones e t  al.  (1976) found that syn ergistic  stress caused  by copper and 
low  salinities affected  survival o f  the p o lych aete  w orm , N e re is  d iv ers ico lo r . 
Thurberg et al. (1973) found that the greatest copper-induced disruption of 
osm oregulation in tw o estuarine crabs, C arc inus  m a e n a s  and C ancer  ir ro ra tu s , 
occurred at low er sa lin ities.

In resp on se surface term s, capacity adaptation is m easured by changes in 
the absolute m agnitude o f  the minimal resp on se o f  the resp onse surface center 
(A lderdice 1972). W hen em bryos w ere exp osed  to 0, 5, and 10 ppb copper 
(F igures la -c ), the resp on se surface center did not change very m uch (25°C and 
26 °/oo salin ity), but w hen  the em bryos w ere exp osed  to 20 ppb copper, the 
center w as shifted to another area o f  the surface (Figure Id). This finding
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in d icates that copper levels at 20 ppb or greater alter the salinity and tem pera
ture tolerance o f  the em bryos.

In tests w ith larvae, low  salin ity acted  synergistically  with copper only at 
high tem perature (30°C) (Figures 2a, 2b). H igher tem peratures generally m ean  
greater solubility  o f  m etal sa lts, as w ell as an increased  w ater and so lu te m o v e
m ent across the cell m em brane (Cairns e t  al. 1975); thu s, there is the p ossib ility  
o f  higher copper tox icity  at higher tem peratures. With em b ryos, h ow ever , 
higher copper tox icity  occurred at 20°C rather than 30°C. The m ost likely  
reason  for this seem ing contradiction  is that 20°C is c loser  to the tem perature  
to leran ce lim it o f  the em b ryos than is 30°C , b ased  on a m ore in ten siv e  
tem perature-salin ity tolerance study o f  this sp ec ies  by D avis and C alabrese 
(1964).

C opper con centrations in near-shore w aters o f  eastern  L ong Island Sound  
range from 0.6 to 8.7 ppb (D ehlinger et al. 1974), w hereas copper le v e ls  are 
often  m uch higher in heavily  industrialized areas. A  level o f  65 ppb has been  
reported for the estuarine w aters o f  Raritan B a y , N ew  Jersey (W aldhauer e t  al. 
1978). The salinity range for bottom  w aters o f  eastern L on g Island Sound  is 
b etw een  22 and 30 °/oo, w ith the lo w est va lu es occurring during late spring and  
early sum m er, the spawning season  for o ysters. T he annual tem perature range 
is b etw een  1°C and 23°C (D ehlinger e t  al.  1974). Periods o f  p ersisten tly  low  
salin ities and low' or high tem peratures, both o f  w hich enhance cop p er’s to x ic 
ity to  oyster em b ryos, could  im p ose intolerable stress upon this life stage w hen  
com bined  with high levels o f  cop p er, as in industrial estuaries. Larval survival 
would probably be less affected  by sim ilar le v e ls  u nless w ater tem perature is 
abnorm ally high.

A c k n o w le d g m e n t .  W e  th a n k  R ita  S . R ic c io  fo r  h e r  te c h n ic a l  r e v ie w  a n d  ty p in g  o f  th is  m a n u s c r ip t .
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