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T h e  e ffe c t o f  s a lin ity  (4 .5-27% o) a n d  te m p e ra tu re  (5 a n d  15°C ) o n  th e  a c u te  to x ic ity  o f  c h ro m iu m , 
n ick e l a n d  z in c  to  th e  m ysid  c ru s ta c e a n  P r a u n u s  f le x u o s u s  (M u lle r)  h a s  b e en  in v e s tig a te d , a t tim e  in te r ­
v a ls  u p  to  300 h . In c re a se d  m e ta l c o n c e n tr a tio n  led  to  re d u c ed  m e d ia n  su rv iv a l tim e . In c re a se d  
te m p e ra tu re ,  a n d  sa lin itie s  a b o v e  o r  b e lo w  th e  iso sm o tic  p o in t ,  led  to  re d u c ed  m e d ia n  su rv iv a l tim es a t 
a  g iven  m e ta l c o n c e n tr a tio n  a n d  re d u c ed  m e d ia n  le th a l c o n c e n tr a tio n s  o f  m e ta ls . T h e  e ffe c t o f  sa lin ity  
o n  m e ta l to x ic ity  h a s  b e en  c le a r ly  lin k e d  to  d is ru p tio n  o f  th e  n o rm a l p a t te rn  o f  h y p e r /h y p o -  
o s m o re g u la tio n . T h e  d e a th  o f  a n im a ls  in  c h ro m iu m  o r  z in c  s o lu tio n s  m a y  be re la te d  to  a  p ro g ress iv e  
d e crea se  in  th e  a b ility  o f  th e  a n im a ls  to  o s m o re g u la te , w ith  th e  ra te  o f  o s m o tic  d e c lin e  re la ted  to  th e  m e­
d ia n  su rv iva l tim e , o r  th e  lo ss  o f  o s m o re g u la to ry  a b ility  m a y  be  a  s e c o n d a ry  e f fe c t o f  m e ta l p o iso n in g  
a n d  dy ing . N ick e l w as fo u n d  to  be  less to x ic  th a n  e ith e r c h ro m iu m  o r  z in c  a n d  to  hav e  less e f fe c t on  
o s m o re g u la tio n .
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IN T R O D U C T IO N

The effect o f  tem perature and  salinity on the acute toxicity o f  chrom ium , nickel 
and  zinc to three estuarine invertebrates (C orophium  volutator, M acom a balthica, 
Nereis diversicolor) has been studied by Bryant et al. (1984, 1985) who have shown 
th a t both salinity and  tem perature  have a highly significant effect on m etal toxicity, 
w ith maximal toxicity at low salinity and high tem perature, and m inim al toxicity at
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high salinity and low tem perature. A review o f th e  effect o f  tem perature and salinity 
on the toxicity o f  all heavy metals to m arine and estuarine invertebrates by M cLusky 
et al. (1986) has em phasised the im portance o f  environm ental variables on metal 
toxicity, with m axim al toxicity usually at low salin ity  and high tem peratures. The 
order o f toxicity o f  the metals is generally: H g2+ >  C d2+ >  C u2+ >  C r6+ , Z n 2 + 
>  Ni2+ >  P b 2+ >  A s 2 +  .

Sprague (1984) suggested th a t euryhaline osm oregulating organism s are most 
resistant to  all toxicants when the animals are close to their isosm otic point, and 
Schmidt-Nielsen (1974) suggested th a t the toxic effects o f m ercuric com pounds on 
aquatic organism s are due to their interference w ith the ability o f  the anim als to 
osm oregulate. Jones (1975a, b) studied the effects o f copper, cadm ium , mercury, 
zinc and lead on m ortality  and osm oregulation in several species o f  m arine and 
estuarine isopods, and found a significant effect o f the m etals on osm oregulation 
in certain o f  the species studied, especially the estuarine Jaera albifrons. B jerregaard 
and Visle (1985a, b, 1986) have m ore recently stud ied  the effects o f cadm ium , cop­
per and m ercury on ion and osm oregulation in the  shore crab Carcinus maenas, and 
found significant effects with all three metals on osm olality and ionic levels. In their 
discussions they point to  the lack o f in fo rm ation  on the effect o f  metals on 
osm oregulation o f  different species despite w idespread reports o f the effects of 
salinity on m etal toxicity.

The present paper investigates the hypothesis th a t the reported effects o f salinity 
and tem perature on the toxicity o f  chrom ium , nickel and zinc to estuarine and 
brackish-w ater anim als are due in part to effects o f the m etals on the m echanisms 
m aintaining the proper osm otic conditions in the  organism s as the external salinity 
changes. The mysid crustacean Praunus fle xu o su s  (M üller) has been chosen for 
study both because o f  its ecological im portance, an d  also because its osm oregulation 
in the absence o f m etals has already been well studied. Praunus  is a com m on inhabi­
tan t o f  shallow-water m arine and brackish areas, form ing an  essential com ponent 
o f the ecology o f  such areas (Rasmussen, 1973). Its osm oregulation has been 
described by M cLusky and  H eard  (1971), M cLusky (1979) and  M cLusky, Hager- 
man and M itchell (1982) who have shown that it is a hyper/hypo-osm oregulator, 
m aintaining its blood concentration  hyper-osm otic to the m edium  when in low 
salinities, and hypo-osm otic to the m edium w hen in high salinities. T he isosmotic 
point is a t 24-20%o, the exact value depending on the salinity o f long-term  ac­
clim ation.

M A T E R IA L S  A N D  M E T H O D S

P. flexu o su s  were collected from  N ordhavn, H elsingor, D enm ark, and  m aintain­
ed prior to use in running sea w ater aquaria  at 27%o and 5 -1 0 °C. T he acute toxicity 
o f  chrom ium  (hexavalent, as potassium  dichrom ate), nickel (divalent, as nickel 
chloride) and zinc (divalent, as zinc sulphate) was determ ined using static tests,
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following standard  protocol (Bryant et al. 1984, 1985). Stock solutions o f  A nalar 
grade K2C r2C>7, N iC b • 6 H 2O and ZnSC>4 • 7 H 2O were prepared, and nom inal con­
centrations o f  the test so lution obtained by dilution. It should be em phasised that 
the metal concentrations are nom inal, and may not directly reflect the m etal activity 
in sea water. Saline solutions were prepared by dilution o f  natural seaw ater (27%o) 
with tap  w ater, which had a low m ineral content. For each test the salinities o f 4.5, 
9, 13.5, 18, 22.5 and 27%o were used at 5 and 15°C. For chrom ium  and zinc the 
metal concentrations o f 8 , 16 and 32 mg 1“ 1 were used, and for nickel the concentra­
tions o f 16, 32 and 64 mg 1“ 1 were used, plus controls w ithout m etal added. Vessels 
were examined, dead anim als rem oved and test solutions changed daily for 300 h. 
2 0  animals were used for each experim ental treatm ent.

At each tim e interval the cum ulative % m ortality  was calculated following the 
m ethod o f  Lloyd (1979). This value (expressed as probits) was plotted as a function 
o f  time (expressed logarithm ically) directly on to  logarithm ic-probability graph 
paper for each o f  the concentrations o f  m etals, and salinities used. A  straight line 
was fitted by eye to each set o f da ta , giving greater weight to those values between 
25 and 75% response. The tim e for 50% m ortality, the m edian period o f  survival 
(LT 50, in h) was then read from  the graph (Litchfield, 1949). Concentra- 
tion-response curves were plotted  to obtain  the m edian lethal concentration (LC 50, 
in mg I -1 ) in different salinities for the time periods 48, 96 or 192 h.

In order to study the effect o f low salinity acclim ation on metal toxicity, some 
animals were kept for over 3 wk at 9%o, before the determ ination o f metal toxicity 
was undertaken.

To determ ine the effect o f  the m etals on osm oregulation, anim als acclim ated to 
5°C were placed into salinities o f  4.5, 9, 13.5, 18, 22.5, or 27%o, either w ithout any 
metal added, or with 16 mg 1 ~ 1 chrom ium , 64 mg 1 ~ 1 nickel, or 16 mg 1 ~ 1 zinc add ­
ed, and kept for 24 h at 5°C . Blood samples were then collected from  at least 6  

animals at each salinity and m etal concentration and  the osm otic concentration was 
determ ined by the m elting-point m ethod, as described by M cLusky (1979). The 
m elting-point was then converted to salinity (A 0.585°C  =  10%o NaCl). Praunus  has 
been previously shown (M cLusky, 1979) to be able to ad just to  a new salinity within 
6  h o f transfer, so it is considered th a t the 24 h period o f  adjustm ent to  a new salinity 
used in the present study is an  adequate time for the anim als to ad just their blood 
concentration to th a t salinity.

In order to  follow the relationship between tim e o f exposure, m etal toxicity and 
osm oregulation, animals were adapted  to  a particular salinity for 24 h, then metal 
solution was added and  blood sam ples were collected at a known time o f  exposure 
o f  animals to the salinity and  m etal com bination.

Statistical com parison o f  b lood osm otic concentration between control and 
m etal-exposed animals a t each salinity was made using S tuden t’s /-test. It has been 
shown previously (M cLusky et a l., 1982) that the relationship between blood con­
centration o f  Praunus  and  the salinity o f  the m edium may be accurately described
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by a regression equation . Accordingly, regression equations were calculated for 
both control and metal-exposed anim als, and th e  slopes com pared by S tuden t’s 
/-test.

R E S U L T S

LT 50 values o f P. flexu o su s  decreased for all experim ental conditions with in­
creasing concentrations o f  each o f  the three m etals studied, except for zinc at 15°C, 
18 and 22.5%o (Table I). A t all levels o f the m etals, m edian survival tim e increased 
as the salinity increased from  4.5 to  22.5%o. A t the  higher salinity o f 27%o, some 
evidence o f a decrease in survival tim e can be seen, pointing to 22.5%o as the salinity 
with m axim al survival o f  the anim als in all the m etal concentrations. The effect o f 
salinity on m edian survival times is particularly clear at the lower salinities o f 9 and 
4.5%o, with survival time generally m ore than  50% lower than those noted at 22.5%o 
(Figs. 1, 2, 3). For all salinities and m etal concentrations, survival decreased as the 
tem perature increased from  5 to  15°C, except fo r chrom ium  at 8  mg I “ 1.

C om parison o f the three m etals shows th a t, for m ost com binations of 
tem perature and salinity, chrom ium  may be considered the m ost toxic, closely 
followed by zinc, with nickel clearly least toxic, requiring double the m etal concen­
tration  to achieve m edian survival times com parable to those for chrom ium  or zinc 
(Table I).
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F ig . 1. T h e  e ffe c t o f  te m p e ra tu re  (5 , 15°C ) a n d  sa lin ity  (4 .5-27% o) o n  th e  m e d ia n  s u n iv a l  tim e  (L T 50, 
h) o f  P . f le x u o s u s  a t a  c h ro m iu m  c o n c e n tr a tio n  o f  16 m g 1" ’ . T h e  d a ta  fro m  T a b le  I h av e  b een  p lo tte d  
o u t fo r  th e  tw o  te m p e ra tu re s  u s e d  e x p e r im e n ta l ly , a n d  a rb i t r a r i ly  jo in e d  in  o rd e r  to  e m p h a s ise  th e  d if­

fe rences  in  L T 50 o b se rv ed  a t  th e se  te m p e ra tu re s .
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F ig . 2. T h e  e f fe c t o f  te m p e ra tu re  (5 , 15°C ) a n d  sa lin ity  (4.5-27% o) o n  th e  m e d ia n  su rv iv a l tim e  (L T 50, 
h) o f  P. f le x u o s u s  a t  a  n icke l c o n c e n tr a tio n  o f  32  m g  1“  T h e  d a ta  fro m  T a b le  1 h av e  b een  p lo tte d  o u t 
fo r  th e  tw o  te m p e ra tu re s  used  e x p e r im e n ta lly , a n d  a rb i t r a r i ly  jo in e d  in  o rd e r  to  em p h asise  th e  d iffe ren ce s  
in  L T 5o o b se rv ed  a t  th e se  te m p e ra tu re s  (F ig . 1).
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F ig . 3. T h e  e f fe c t o f  te m p e ra tu re  (5 , 15 C ) a n d  sa lin ity  (4.5-27°bo) o n  th e  m e d ia n  su rv iv a l tim e  (L T 50, 
h) o f  P . f l e x u o s u s  a t a  z in c  c o n c e n tr a tio n  o f  16 m g  1" *. T h e  d a ta  f ro m  T a b le  I hav e  b e en  p lo tte d  o u t 
fo r  th e  tw o  te m p e ra tu re s  u sed  e x p e r im e n ta lly , a n d  a rb itr a r i ly  jo in e d  in  o rd e r  to  em p h a sise  th e  d iffe ren c es  
in  L T 5o o b s e rv ed  a t th e se  te m p e ra tu re s  (F ig . 1).
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The L C 5 0  values of all the m etals studied, under m ost conditions o f salinity and 
tem perature, reveal increased toxicity as exposure tim e increases from  48 to  192 h 
(Table II). Com parison o f  L C 5 0  values for each metal a t any one exposure time 
shows that these values increase as salinity increases from  4.5 to 22.5%o, and show 
som e decrease from  22.5 to  27%o. T he increase in tem perature from  5 to  15°C caus­
ed a m arked reduction in L C 5 0  concentration at all salinities and for all metals, in­
dicating greater toxicity o f  the m etal solutions at the higher tem perature.

The acclim ation o f anim als to  low salinities fo r over 3 wk showed no substantial 
subsequent difference in the toxicity o f  the m etals to the animals.

The osm otic concentration o f  the blood was determ ined after 24 h exposure of 
the animals to a num ber o f  d ifferent salinities, either with 16 mg 1“ 1 chrom ium  add­
ed, or w ithout chrom ium  added. The results (Fig. 4) show that the osm otic concen­
tra tion  of the blood o f control anim als may be described accurately by a  regression

T A B L E  I

L T 50 va lues (h ) , o f  P ra u n u s  f l e x u o s u s  a t 5 a n d  1 5 °C , 4 .5  to  27 %o, a n d  c o n c e n tra tio n s  o f  c h ro m iu m , 
n ick e l an d  z in c , c a lcu la te d  fro m  th e  c u m u la tiv e  r o m o rta li ty  (see tex t).

m g  r ' °C 4.5%o 9%o 13.5%o 18°bo 22.5%o 27%o

C o n tro l  -  N o . 
m e ta l added  
C h ro m iu m 5, 15 > 3 0 0 > 3 0 0 > 3 0 0 > 3 0 0 > 3 0 0 > 3 0 0

8 5 36 1 0 0 1 2 0 150 180 180
1 6 5 2 0 64 105 150 150 130
32 5 5 1 2 31 72 62 48

1 6 “ 5 2 0 74 105 125 145 125

8 15 40 1 0 0 165 180 190 125
16 15 24 40 54 80 80 64

N ic k e l
16 5 1 0 0 160 190 2 1 0 210 2 2 0

32 5 90 130 130 150 150 150
64 5 52 82 1 0 0 1 0 0 135 1 1 0

16 15 52 76 1 0 0 115 1 2 0 140
32 15 56 72 80 90 96 96

Z in c
8 5 1 0 0 150 150 150 150 150

1 6 5 70 82 1 0 0 1 0 0 140 1 1 0

32 5 52 60 60 92 1 1 0 92

16“ 5 50 68 - O O - 64

8 15 52 80 150 80 80 52
16 15 24 50 50 80 80 32

“P r io r  to  th e  d e te rm in a tio n  o f  m e d ia n  su rv iv a l tim e , th e se  a n im a ls  w ere  k e p t fo r  o v e r  3 w k a t 9°bo.
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line, w ith the  blood being hyper-osm otic to the m edium  in salinities below 2 0 %o, and 
hypo-osm otic above 20%o. Those anim als m aintained with added chrom ium  had a 
sim ilar general pattern o f  osm oregulation, but w ith the regression line interm ediate 
between the  control animals and the isosm otic line. Statistical com parisons revealed 
a significant difference (P  ^  .01) between control and experim ental anim als’ blood 
in salinities o f 4.5, 9, and 27%o, bu t no significant difference in salinities o f 18%o. 
Thus the experim ental animals were less hyper-osm otic in low salinities, and less 
hypo-osm otic in high salinities, with the isosm otic point rem aining at approxim ately 
20%o. Analysis o f the slopes o f the regression indicates a statistically significant dif­
ference between control and Cr-exposed anim als (t -  3.36, P  = ^  0.01).

Sim ilar results were seen for 64 mg 1 ~ 1 nickel added (Fig. 5), and  for 16 mg 1" 1 

zinc added (Fig. 6 ). In each case the regression line for the blood concentration of 
anim als exposed to m etal solutions fo r 24 h was interm ediate between control 
anim als and  the isosmotic line, with some significant differences in blood concentra­
tion (P  ^  .01) between certain control and exposed anim als. The slope o f the zinc- 
exposed anim al was found to be significantly d ifferen t from  the control (I = 2.23, 
P  -  ^  0 .05), but the slope o f the nickel regression was not found to be significantly

T A B L E  II

P r a u n u s  f l e x u o s u s  L C 50 va lues o f  c h ro m iu m , n ic k e l a n d  z in c  (all a s  m g  1 ')  a t 5 a n d  15°C , a n d  4 .5  to  
27°bo, fo r  e x p o su re  tim es  o f  48 , 96  a n d  192 h . E x tra p o la te d  v a lu e s  a re  m a rk e d * .

;c E x p o su re  
tim e  (h)

4.5°bo 9°’oo 13.5%o 18%o 2 2 .5 n'oo 27Too

C h r o m iu m
5 48 7 * 13 22 36* 36* 30

96 4* 8* 14 22 22 18
192 3* 5* 8 12 12 10

15 48 6* 14 17* 22* 22* 2 0 ’
96 2 .5* 8 11 13 13 10

192 - 5* 7 * 7 * 8 5*

N ic k e l
5 48 6 6 ’ 160* 250* 320* 600* 320*

96 24 46 62 70* 100* 7 0 ’
192 8 '- 12* 16 20 20 20

15 96 16 16 16 25 32 32

Z in c
5 48 33* 45* 46* 0 0 » - 100*

96 8 14 16 23 48* 23
192 2 * 4* 6 * 4 * 4 * 4*

15 48 8 16 16 16 16 8
96 5* 6 * 10 16 16 3*
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F ig . 4 . T h e  o s m o tic  c o n c e n tra tio n  o f  th e  b lo o d  o f  P . f l e x u o s u s  in  re la t io n  to  sa lin ity , o f  c o n tro l  a n im a ls  
( □ ) ,  a n d  o f  a n im a ls  ex posed  fo r  24 h  to  16 m g  1" 1 c h ro m iu m  ( ■ ) .  S ta tis tic a lly  s ig n ific an t d iffe ren ces  
( S tu d e n t ’s /- te s t)  b e tw een  c o n tro l a n d  e x p o se d  a n im a ls  a re  s h o w n  by a  s ta r .  V ertic a l lines in d ic a te  s ta n ­
d a rd  d e v ia tio n . S tu d e n t’s /- te s t c o m p a r in g  th e  s lo p es  o f  th e  reg re ssio n  in d ic a te s  a  s ig n ific an t d iffe ren c e  
b e tw een  c o n tro l  a n d  exposed  a n im a ls  (/ =  3 .3 6 , P  =  ^  0 .0 1 ).
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F ig . 5. T h e  o sm o tic  c o n c e n tra tio n  o f  th e  b lo o d  o f  P . f l e x u o s u s  in re la tio n  to  sa lin ity , o f  c o n tro l  a n im a ls  
( □ ) ,  a n d  o f  a n im a ls  e x p o se d  fo r  24  h  to  64  m g  1“ ' n ick e l ( ■ ) .  S ta tis tic a lly  s ig n if ic a n t d iffe re n c e s  (S tu ­
d e n t ’s /- te s t)  b e tw een  c o n tro l  a n d  e x p o sed  a n im a ls  a re  sh o w n  by a  s ta r .  V ertic a l lines in d ic a te  s ta n d a rd  
d e v ia tio n . S tu d e n t’s /- te s t c o m p a r in g  th e  s lo p es  o f  th e  re g re ss io n  in d ic a te s  n o  s ig n if ic a n t d iffe re n c e  b e t­
w een  c o n tro l a n d  e x p o sed  a n im a ls  (/ =  1.505).
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F ig . 6 . T h e  o s m o tic  c o n c e n tr a tio n  o f  th e  b lo o d  o f  P . f l e x u o s u s  in  re la tio n  to  sa lin ity , o f  c o n tro l  a n im a ls  
( □ ) ,  a n d  o f  a n im a ls  e x p o se d  fo r  2 4  h to  16 m g I “ 1 z in c  ( ■ ) .  S ta tis tic a lly  s ig n if ic a n t d iffe re n c e s  (S tu ­
d e n t ’s M es t)  b e tw e e n  c o n tro l  a n d  e x p o se d  a n im a ls  a re  sh o w n  b y  a  s ta r .  V ertic a l lines in d ic a te  s ta n d a rd  
d e v ia tio n . S tu d e n t ’s M es t c o m p a r in g  th e  s lo p es  o f  th e  re g re s s io n  in d ic a te s  a  s ig n if ic a n t d iffe ren c e  b e t­
w een  c o n tro l  a n d  e x p o sed  a n im a ls , {t =  2 .2 3 , P  =  sg 0 .0 5 ).

differen t from  the control (t = 1.505).
C onsideration  o f  the results shown in Figs. 4, 5 and  6  led to  the hypothesis that 

osm oregulation in P. flexu o su s  was d isrupted by the presence o f  chrom ium , nickel 
or zinc, and  th a t there may be a relationship between the breakdow n o f osm oregula­
tion and the m easured m edian survival tim e. Experim ents were therefore under­
taken  to s tudy  the effect o f  adding metal so lu tion  to water containing anim als which 
were already osm otically adapted to that particu lar salinity. B lood samples were 
then  collected at regular intervals after the addition  o f the m etal so lu tion , until the 
know n L T 50 tim e.

T he results fo r chrom ium  (Fig. 7) show that a t 9%o the addition  o f  16 mg 1 - 1  

chrom ium  caused a progressive decrease in blood concentration tow ards the 
isosm otic po in t at the m edian survival tim e o f  64 h at 5°C, or 40 h at 15°C. The 
addition  o f 32 mg I -  1 chrom ium  at 5°C sim ilarly caused a progressive decrease in 
b lood concentration tow ards the isosm otic point at the m edian survival tim e o f 12 

h. The addition  o f  64 mg 1 “ 1 nickel at 4.5 and  9%o did cause some decrease in blood 
concentration , bu t it was no t a linear decrease tow ards the isosm otic point (Fig. 8). 
T he addition  o f  16 mg 1 " 1 or 32 mg 1 “ 1 zinc at 9%o did cause a progressive decrease 
in b lood concentration  tow ards the isosmotic po in t at the respective m edian survival 
tim es o f 82 and 60 h (Fig. 9).
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in to  w a te r  c o n ta in in g  16 m g 1“  1 c h ro m iu m  a t  5 ° C  ( □ ) ,  w a te r  c o n ta in in g  16 m g  1“ 1 c h ro m iu m  a t  15°C  
(  a  ) o r  w a te r  c o n ta in in g  32  m g  1 ~ 1 c h ro m iu m  a t  5 ° C  (O ). A ll a n im a ls , in c lu d in g  c o n tro ls  (® ) ,  m a in ta in ­
ed  a t  9foo. V e rtic a l lin es  in d ic a te  s ta n d a rd  d e v ia tio n . T h e  s ta r s  in d ic a te  th e  iso sm o tic  p o in t  a t  th e  k n o w n

L T S0.

2 0  r  B lood /oo

15

10

k
4 5  7o

★
9 %

H ours

24 48 72 9 6

F ig . 8 . T h e  o s m o tic  c o n c e n tra tio n  o f  th e  b lo o d  o f  P . f l e x u o s u s  in  re la tio n  to  tim e , fo llo w in g  tra n s fe re n ce  
in to  w a te r  c o n ta in in g  64  m g 1" 1 n ick e l. E x p e rim en ts  c o n d u c te d  a t 4.5%o (M ) a n d  9%o (O ) a t 5 °C . C o n tro l  
a n im a ls  s h o w n  by  filled  sy m b o ls , exposed  a n im a ls  s h o w n  b y  o p en  sy m b o ls . V ertic a l lines in d ic a te  s ta n ­
d a rd  d e v ia tio n . T h e  s ta r s  in d ic a te  th e  iso sm o tic  p o in t  a t  th e  k n o w n  LTso-

D IS C U S S IO N

M etal concentrations, salinity and tem peratu re  have all been shown to affect the 
m edian survival times o f P. flexuosus. M axim um  survival occurred at 22.5%o, with 
reduced survival a t the higher test salinity o f  27%o, and at the lower test salinities 
dow n to 4.5%o. Increasing the tem perature from  5 to 15°C caused a substantial
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F ig . 9. T h e  o s m o tic  c o n c e n tr a tio n  o f  th e  b lo o d  o f  P . f l e x u o s u s  in  re la tio n  to  tim e , fo llo w in g  tra n s fe re n ce  
in to  w a te r  c o n ta in in g  16 m g  I-1 z in c  ( a  ) o r  w a te r  c o n ta in in g  32 m g  P  1 z in c  ( □ )  a t  5 J C . A ll a n im a ls  
m a in ta in e d  a t 9%o. C o n tro l  a n im a ls  s h o w n  by filled  s y m b o ls , e x p o sed  a n im a ls  sh o w n  by o p e n  sym bo ls. 
V ertica l lines in d ic a te  s ta n d a rd  d e v ia tio n . T h e  s ta rs  in d ic a te  th e  iso sm o tic  p o in t  a t th e  k n o w n  L T 50.

decrease in L T 50 in all salinities and metal concentrations. The derived LC 50 values 
show  a sim ilar effect o f  m etal concentration, salinity and tem perature. A lm ost all 
experim ents showed a progressive increase in toxicity values (as L C 50) with tim e, in­
dicating that any lethal threshold concentration is lower than the concentrations us­
ed in these experim ents. Prolonged exposure to  concentrations below those o f  the 
96 h LC50 values will be lethal (Bryant et al. 1984, 1985). The effect o f reduced 
salinity, increased tem perature, and increased metal concentration  each con­
tributing  to reduced survival times and increased toxicity conform s with the results 
previously obtained for a wide range o f  m etals, and a wide range o f  invertebrate 
species as reviewed by M cLusky et al. (1986). In  the present study chrom ium  and 
zinc have been show n to have sim ilar toxic concentrations, with nickel m arkedly less 
toxic, conform ing to the general pattern  of: m ercury (m ost toxic) >  cadm ium  >  
copper >  zinc, chrom ium  >  nickel >  lead and arsenic (least toxic), as proposed 
by M cLusky et al. (1986).

The studies on osm oregulation o f Praunus  have confirm ed earlier studies 
(M cLusky, 1979) that it is a hyper/hypo-osm otic regulator with the isosm otic point 
at 22 ± 2%o. A ddition o f  chrom ium  or zinc has been show n to disrupt osm oregula­
tion  with a significant decrease in hyper-osm oregulation in low salinities, and a 
significant decrease in hypo-osm oregulation in high salinities (i.e. a ro ta tion  o f the 
osm otic regression line, about the isosmotic point, tow ards the isosmotic line). The 
isosm otic point rem ained near to  22%o in the presence o f m etals. O bservation o f the 
tim e course o f  the effect o f  the m etals on osm oregulation showed th a t for chrom ium  
and  zinc, under a  variety o f conditions, the blood osm otic concentration declined 
progressively. Such a progressive decline was not shown for nickel nor was the
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osm otic concentration  o f the blood significantly d ifferen t from  the contro l (except 
below 10%o).

The experim ent o f  acclim ating anim als to low  salinities for over three weeks 
showed no subsequent difference in the effect o f  m etals upon  the anim als. McLusky 
et al. (1982) showed that such periods o f acclim ation to  low salinity lead to enhanced 
hyperosm otic regulation, bu t it appears from  the  present study th a t such enhanced 
hyper-osm otic regulation does not significantly a lte r m etal tolerance.

C om parison  o f the osm otic regulation results w ith  those for L T 50 and  LC 50, sug­
gests th a t the  effect o f salinity on survival tim es may be related to the observed 
disruption  o f  osm oregulation. M aximum survival occurred at 22.5%o, which is at the 
isosm otic po in t, and survival time was reduced a t  salinities both above and below 
this po in t, corresponding to the progressive increase o f  hyper- or hypo- 
osm oregulation away from  the isosmotic point. T h e  tim e-course studies show that 
death  may be related to  a progressive decrease in  the ability to osm oregulate, and 
th a t the rate  o f  osm otic decline is related to  the survival tim e. The loss of 
osm oregulatory ability may also be a secondary effect o f metal poisoning and dying.

B jerregaard and Visle (1985a, b, 1986) have stud ied  the effect o f m ercury, cad­
m ium  and copper on ion- and osm o-regulation in  the shore crab C. maenas. For 
b o th  m ercury and copper they showed that haem olym ph osm olarity was reduced in 
hyper-osm oregulating anim als when exposed to th e  m etals, and th a t the  m arked ef­
fect o f  the m etals on ionic and osmotic regulation may be responsible fo r the higher 
toxicity o f  the m etals tow ards euryhaline invertebrates at low salinities. T he results 
for cadm ium  were less clear, but they were ab le  to  conclude that crabs not in 
osm otic equilibrium  may be m ore sensitive to cadm ium  both  with respect to m ortali­
ty and effects on osm oregulation than crabs in osm otic equilibrium .

Jones (1975a) studied the effect o f cadm ium , z inc and m ercury on osm oregulation 
in several species o f m arine and estuarine isopods. J. albifrons  was the only species 
however, which, like P. flexuosus, could to lera te  a full range o f  salinities, and its 
osm oregulatory abilities were found to be substantially  disrupted by all three metals, 
with 20 mg I -1 zinc significantly lowering the b lood  osm otic pressure in 10% sea 
w ater. Jones (1975b) suggested that the increased toxicity o f copper at low salinities 
may be linked w ith osm oregulatory im pairm ent, and  th a t 1 mg 1“ 1 caused a signifi­
cant lowering o f  haem olym ph osm otic pressure, especially in low salinities.

Schm idt-Nielsen (1974) showed that m ercuric com pounds inhibit osm oregulatory 
m echanism s in a variety o f  anim als, and th a t th is  disruption may explain some of 
the know n toxic effects o f  mercury. Sprague (1984) in a general review o f factors 
th a t m odify toxicity, suggests that euryhaline fish may be m ore effective in dealing 
with pollu tan ts at the isosm otic point, since at th e  isosmotic point there would be a 
decreased inw ard flow o f  water, which w ould presum ably be accom panied by a 
reduced in take o f toxic ions. He concluded th a t euryhaline organism s a tta in  m ax­
im um  tolerance in isosm otic water.

Bouquegneau and Gilles (1979) suggest th a t th e  m ain physiological mechanism
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for the effect o f  salinity on m etal tolerance in invertebrates is the disruption  o f 
osm oregulation, with the m etals com peting with calcium and  magnesium as cations 
at uptake sites. Phillips (1980) and  George and C oom bs (1977) suggest th a t an in­
teraction with calcium  ions, such as com petition between calcium and  cadm ium  at 
uptake sites, explains m uch o f the salinity dependence observed in studies o f the tox­
ic effects o f  cadm ium . H ubschm an (1967) suggested th a t the toxic effect o f  copper 
on the crayfish Oronectes rusticus, was due to dam age to  the osm oregulating organ, 
the antennal gland, and  further suggested th a t nephrotoxic properties are generally 
associated with heavy m etals in the aquatic environm ent.

A part from  the study by Jones (1975a) of the effect o f  zinc on osm oregulation, 
we have been unable to  locate any previous papers on the effect o f chrom ium , nickel 
or zinc on osm oregulation in crustacea, so we can only speculate th a t any o f  these 
three metals could have a sim ilar m ode o f toxicity to  th a t reported for cadm ium  or 
copper, nam ely a com petitive in teraction  with calcium  at up take sites, coupled with 
possible dam age to  the antennal gland. It is possible however that each m etal may 
have a d ifferen t toxicity m echanism , and we have no evidence to suggest th a t the 
sam e m echanism  applies to all three m etals; in particular, nickel disrupts 
osm oregulation less than  chrom ium  or zinc.

The present study has therefore shown th a t increased concentrations o f 
chrom ium , nickel, o r zinc, and  increased tem perature lead to reduced survival of 
P. flexuosus. W hen these increases are com bined with salinity changes, either as a 
reduction below the isosm otic po in t or as an increase above the same po in t, this 
leads to further reduction  in survival. We have further shown th a t the effect of 
salinity on m etal tolerance m ay be linked to d isruption  o f  the norm al pa ttern  o f 
hyper/hypo-osm oregulation  in this anim al, in a m anner which has no t been 
previously show n fo r these m etals, bu t which has been dem onstrated or suggested 
for other m etals. W e are unable to show at this stage w hether death o f  anim als in 
chrom ium  and zinc solutions is directly related to a progressive decrease in the abili­
ty o f the anim als to osm oregulate, o r w hether the  loss o f osm oregulatory ability is 
a secondary effect o f m etal poisoning and dying. Clearly this is a  field w orthy o f 
further investigation.
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