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ABSTRACT: Toxic effects of cadmium contamination may be observed at all levels of organismic 
organization. In estuarine areas the sensitivity of euryhaline species to acute Cd toxicity is strongly 
modified by various abiotic factors, whereas long-term threshold values are less dependent on 
environmental parameters. Experiments with larval stages of the mollusc Mytilus edulis reveal that 
Cd effects on life functions such as development and growth are differentially modified by 
temperature and salinity. High Cd concentrations can be accumulated by adult bivaives of coastal 
areas without signs of physiological damage. Mechanisms of heavy-metal detoxication in these 
molluscs seem to be quite different from those known to exist in vertebrates. Among decapod 
crustaceans, stenoecous species tend to exhibit higher rates of Cd uptake than euryoecous ones. 
Rates of Cd uptake and of accumulation depend on external and internal factors. In adult Nereis 
succinea individuals sublethal Cd effects have been recorded on growth and food conversion (in 
terms of energy content). 

INTRODUCTION 

Cadmium,  one of the most toxic heavy  metals,  enters the env i ronment  from natural  

sources and as a result  of man ' s  activity, e. g. from combust ion  of coal and oil, the zinc 

industry, the recycl ing  of scrap metal ,  plastics, c admium paints  and e lec t ropla t ing  works 

(Goldberg,  1976). It was first r ecogn ized  as an env i ronmenta l  pol lutant  after the out- 

b reak  of "i tai  i tai" d isease  in J apan  (Kobayashi, 1971; Douglas-Wilson,  1972). Local Cd 

pollution,  par t icular ly in heavi ly  indus t r ia l ized  areas, cannot  be e l imina ted  at present.  

In the mar ine  environment ,  main ly  coastal  and es tuar ine  areas are affected by Cd 

pollution. To eva lua te  the possible danger  ar is ing from contamina t ion  with  this heavy  

metal ,  it is necessary  to unders tand  the mechan isms  of its suble thal  effects. The 

inf luence  of cadmium has b e e n  observed  on different types of organisms and all levels  of 

b io logica l  organizat ion.  This report  summar izes  recent  studies carr ied out wi th in  my 

work ing  group on acute and chronic toxic effects of cadmium on mar ine  animaIs under  

exper imenta l  condit ions p reva i l ing  in coastal  areas and estuaries.  In addition, observa-  
tions on accumula t ion  and e l imina t ion  of this heavy  meta l  and subIethal  effects on 

metabo l i sm are reported.  Per t inent  l i terature is r e v i e w e d  in context  wi th  these studies. 

GENERAL ASPECTS OF TOXICITY 

The mechan i sm of cadmium toxicity is complex  and not yet  fully understood.  
Indicat ion of the toxic effects of increased  Cd levels  may  be  found at all IeveIs of 

organismic  structure and function. 

�9 Biologische Anstalt Helgoland 0017-9957/80/0033/0026/$ 02.00 



Phys io log ica l  responses  to c a d m i u m  27 

At the  m o 1 e c u 1 a r 1 e v e 1 essent ia l  meta l s  at act ive si tes of enzymes  or mem-  
b rane  pro te ins  are  compet i t ive ly  e x c h a n g e d  by  Cd. Its reac t ion  wi th  b io log ica l ly  act ive 
groups  (e. g. carboxyl ,  phenoxyl ,  su lphhydr i l ,  d i su lph ide  and  phospha t e  groups) seems  
to be  of bas ic  s ign i f icance  for its toxic ac t ion  (Fr iberg  et al., 1976). M a n y  enzymes  are 
k n o w n  to be  i nh ib i t ed  by  Cd (e. g. ATPase,  phospha tase ,  ca rbohydrase ,  pep t idase ,  
a ldolase)  (Val lee  & Ulmer,  1972; Schr6der  & Alsen,  1976). However ,  in specif ic  cases  the  
vast  n u m b e r  of poss ib le  in terac t ions  m a k e s  it difficult  to p inpo in t  the  m a i n  mo lecu la r  
causes  of toxic effects. 

At  the  s u b c e 11 u 1 a r 1 e v e 1, Moore  & S tebb ing  (1976) found in mar ine  hydro id  
po lyps  that  Cd m a y  w e a k e n  the lysosome m e m b r a n e s  and  causes  lysosemal  enzymes  to 
be  r e l e a s e d  to the  cell. The causes  for ce l lu la r  dysfunct ions  unde r  the  inf luence  of Cd 
have  to be  sought  in the  a b o v e - m e n t i o n e d  molecu la r  and  subce l lu la r  effects. For 
example ,  d e c r e a s e d  absorp t ion  of calcium, i ron (Larsson et al., 1976) and  amino  acids  
(Siebers  & Ehlers,  1979) and  the  reduc t ion  of act ive r eabsorp t ion  by  k i d n e y  tubul i  cells  
may  be  due  to the  inh ib i t ion  of cer ta in  act ive t ranspor t  mechan isms .  M e m b r a n e  per-  
meab i l i t i e s  also s eem to be  affected.  

In ve r t eb ra tes  (fish and  mammals )  the  k i d n e y  a ppe a r s  to be  the  cri t ical  o rgan  (for 
l i t e ra ture  consult:  F r ibe rg  et  al., 1976; Schr6der  & Alsen,  1976; U m w e l t b u n d e s a m t ,  
1977). W h e n  a cer ta in  Cd  leve l  (about  200 #g g-1 fresh we igh t  in the  r ena l  cortex) is 
reached ,  dysfunct ion  of tubul i  resul ts  in  excre t ion  of h igh  quant i t i es  of proteins ,  amino  
acids,  g lucose,  ca lc ium and  po tass ium in the  urine.  This has  g rea t  in f luence  on the 
compos i t ion  of the  blood.  Loss of Ca l eads  to bone  decalc i f ica t ion,  ske le ta l  deformat ion,  
bone  shor ten ing  and  br i t t l eness  in " i ta i  i ta i"  d isease .  In addi t ion,  l ack  of Ca and  K has  
neu romuscu l a r  effects. Other  organs  - the  lungs  in ter res t r ia l  and  gi l ls  in aqua t ic  
an imals ,  the  l iver  and  hormone  systems (e. g. the  ad rena l  cortex sys tem and  the insu l in  
p roduc ing  B-cells in  the  pancreas)  - m a y  also be  af fec ted by  Cd con tamina t ion  (cf. Scholz 
et  al., 1978). 

At  the  o r g a n i s m i c  l e v e l  in ver tebra tes ,  " i ta i  i ta i"  d i sease  wi th  k i d n e y  
damage ,  Ca loss and  the above -men t ioned ,  pa in fu l  ske le ta l  deformat ions  have  b e e n  
desc r ibed  by  Fr ibe rg  et  al. (1976). In ve r t eb ra tes  and  inver tebra tes ,  effects of Cd  on 
growth  (Stebbing,  1976~ Paffenh6fer,  1978; yon W e s t e r n h a g e n  et  al., 1978; S t ebb ing  & 
Hiby,  1979), embryo  and  larval  d e v e l o p m e n t  (Ca labrese  et  al., 1973; Mi rkes  et al., 1978; 
Reish & C a r r ,  1978; A lde rd i ce  et al., 1979; KI6ckner,  1979; Lehnbe rg  & Theede ,  1979), 
and  the a l t e ra t ion  of var ious  phys io log ica l  functions (e. g. osmoregula t ion ,  excret ion,  
respira t ion)  (MacInnes  & Thurberg ,  1973; Thurbe rg  et al., 1973; Dawson  et  al., 1977; 
Thurbe rg  et al., 1977) and  behav iou r  (Martin et al., 1975; Eldon & Kristoffersson, 1978) 
have  b e e n  observed.  

EFFECTS OF ENVIRONMENTAL FACTORS ON TOXICITY 

Where  eco log ica l ly  va l id  conclus ions  are  sought,  only  sens i t ive  spec ies  are  su i tab le  
as t e s t o r g a n i s m s for the  ind ica t ion  of toxic substances .  These  are, for example ,  
l a rvae  of oysters  and  c rus taceans  or fish embryos ,  which  are  cons ide rab ly  more  sens i t ive  
to h e a v y  meta l s  than  are  the  reproduc t ive  adu l t  s tages.  Mar ine  hydro id  po lyps  also 
r e spond  sens i t ive ly  to h e a v y  meta l s  (Karbe, 1972; S tebbing ,  1976; Fischer,  1978): e. g. 
Laomedea loveni  r e sponds  even  to c a d m i u m  concent ra t ions  in the  low #g 1-1 range  
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(Scholz et al., 1978; T h e e d e  et al., 1979b). However ,  e xpe r ime n t a l  de t e rmina t ion  of 
to le rance  l imits  must  t ake  abiot ic  env i ronmen ta l  factors into account,  be c a use  they  m a y  
be  of impor tance  for in-s i tu  survival ,  e spec ia l ly  in  es tuar ies  and  coasta l  a reas  (Eisler, 
1971; Olson & Harrel ,  1973; von W e s t e r n h a g e n  et  al., 1974; Jones,  1975; Rosenberg  & 
Costlow, 1976; Sull ivan,  1977; Voyer  et al., 1977; Weis  & Weis,  1978; Lehnbe rg  & 
Theede ,  1979; T h e e d e  et  al., 1979b). 

We have  s tud ied  the effects of t empe ra tu r e  and  sa l in i ty  on the acute  toxici ty of 
c admium in mar ine  Hydrozoa.  It was c lear ly  shown that  the  suscept ib i l i ty  to c a dmium of 
the  hydro id  po lyp  L a o m e d e a  l o v e n i  d e p e n d s  s igni f icant ly  on t empe ra tu r e  and sa l in i ty  
(Fig. 1). The po lyps  are  most to lerant  to Cd  at low t empera tu re s  and  h igh  sal ini t ies .  At  
h ighe r  t empera tu re s  and  lower  sa l in i t ies  they  are  more  sensi t ive.  After  7 days  of 
exposure  at 17.5 ~ and  10 %0 S, i r revers ib le  re t rac t ion  of 50% of the  hydran ths  t akes  
p l ace  at  a concent ra t ion  of --3 fig Cd 1-L This concent ra t ion  is only  about  5 -6  t imes  
h igher  than  the h ighes t  Cd concent ra t ion  r eco rded  in the  heav i ly  con tamina ted  inner  
Kiel  F jord  (western Baltic Sea). It is 10-100 t imes  h ighe r  than  the e s t ima ted  ave rage  Cd 
concent ra t ion  in the  Baltic Sea  (Theede et  al., 1979b). 

These  resul ts  ind ica te  that  mar ine  o rgan isms  l iv ing near  the i r  d i s t r ibu t iona l  l imits  
unde r  es tuar ine  or the b rack i sh -wa te r  condi t ions  of the  Baltic Sea  t end  to suffer from 
cons ide rab ly  lower  po l lu t ion  levels  than  those l iv ing unde r  op t imal  env i ronmen ta l  
condit ions.  Consequent ly ,  cri t ical  l imits  for acute  toxici ty  e s t ab l i shed  under  normal  
mar ine  condi t ions  may  not au tomat i ca l ly  be  a pp l i c a b l e  to condi t ions  p reva i l i ng  in 
es tuar ies  or in the Balt ic Sea  (Theede  et al., 1979b). This m a y  also exp la in  the  more  
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Fig. 1. Laomedea loverlJ. Temperature and salinity effects on the acute toxicity of cadmium. 50 % 
irreversible retraction of polyps after 7 days of exposure to different factor combinations are 

indicated (after Theede et al., 1979b, modified) 
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p ronounced  d iminu t ion  of mar ine  and/or  l imnic  organisms due to toxic substances  in  
brackish waters, where  the organisms are a l ready l iv ing  in  condit ions close to their  

tolerance limits. 
It is in teres t ing to note that the strongly modifying effects of tempera ture  and  

sal ini ty on the acute toxicity of cadmium may be reduced in  long- term exper iments  over 
a per iod of several  weeks  as shown by studies on Clava muIticornis (Fischer, 1978; 
Scholz et al., 1978) (Pig. 2). Chronic toxicity is then  more or less i n d e p e n d e n t  of the 
abiotic factors ment ioned.  The tolerance level  in  long- term exper iments  is reduced  to 
values  that are reached in  short-term exper iments  only unde r  unfavourable  abiotic 
conditions.  

Further exper iments  on interact ions be twe e n  abiotic factors and  Cd were carried out 
with early life stages of Myti lus  edulis (Lehnberg & Theede,  1979). The trochophora 
stage proved to be sensi t ive to Cd concentrat ions of about  50 #g 1 -i. It is in teres t ing to 
note that the op t imum sal ini ty  for deve lopment  from the trochophora to the vel iger  stage 
is shifted to higher  sal ini t ies w h e n  the Cd concentrat ion of the m e d i u m  is increased.  A 
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Fig. 2. Clava multicornis. Changes of the modifying effects of temperature and salinity during 
transition from acute to chronic toxicity of cadmium. The graph indicates the upper limits of Cd 
concentrations at which feeding responses occurred (after Fischer, 1978; and Scholz et al., 1978) 
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change  of Cd concent ra t ion  from 0 to 50/~g 1-1 p roduces  a shift of the  op t imum from 25 to 
33%0 S (12 ~ The  m a g n i t u d e  of this  effect shows that  even  smal l  Cd concentra t ions  
could  shift the  sa l in i ty  d e m a n d  for op t imal  d e v e l o p m e n t  to such an  extent  that  it is 
outs ide  the  r ange  access ib le  to Baltic i nd iv idua l s  (Lehnberg  & Theede ,  1979). Compa-  
rab le  re la t ionsh ips  have  b e e n  r epor t ed  for deve lop ing  her r ing  eggs  by  von Wes te rnha-  
gen  et al. (1974). 

In this context  an  in te rac t ion  b e t w e e n  Cd and  Ca of the  sea  wa te r  is sugges ted .  
Deve lop ing  musse l  ve l igers  s eem to have  an  e l eva t ed  Ca d e m a n d  b e c a u s e  of ear Iy  shel l  
construction.  A shift of op t imal  sa l in i ty  to h ighe r  sal t  concentra t ions  represen ts  an  
inc reased  Ca supply,  compensa t ing  the "compet i tor"  cadmium.  Deter iora t ions  of ve i ige r  
shel l  s t ructure unde r  the inf luence  of Cd ind ica te  such in terac t ions  of Cd and  Ca. With  
t rans i t ion  to the  la te r  ve l ige r  s tage  the  to le rance  to low sa l in i ty  becomes  h ighe r  and  the 
obse rved  cadmium/sa l i n i t y  in terac t ion  is reversed.  Inc reas ing  Cd concent ra t ion  shifts 
the op t ima for g rowth  (and to a less  ex tent  for survival) to lower  sal ini t ies .  

These  resul ts  show that  (1) the  t empe ra tu r e  and  sa l in i ty  r ange  r equ i r ed  for larval  
d e v e l o p m e n t  is a l t e red  by  Cd, and  (2) sub le tha l  Cd concentra t ions  may  inf luence  the 
sensi t ive  in te r re la t ionsh ips  b e t w e e n  the reac t ions  of l a rvae  and  the na tu ra l  env i ronmen-  
tal  condi t ions.  

ASPECTS OF ACCUMULATION AND ELIMINATION 

In contrast  to the  a b o v e - m e n t i o n e d  cn ida r ians  and  la rva l  s tages,  adu l t  mol luscs  
(Brooks & Rumsby,  1967; Eis ler  et al., 1972; Nick less  et  al., 1972; Peden  et al., 1973; 
Phil l ips,  1976a) and  adul t  c rus taceans  (Wright, 1977a, b, c) are  abIe  to accumula te  h igh  
amounts  of heavy  meta l s  wi thout  obvious  nega t ive  effects. 

We c o m p a r e d  musse ls  from different  local i t ies  of the  G e r m a n  coasts (Theede  et  al., 
1979a). In many  p laces  of the  wes te rn  Baltic Sea  the  levels  of Cd in Mytilus edulis are  
h ighe r  than  in comparab l e  ind iv idua l s  from local i t ies  of the  North Sea coast. The Cd 
concentra t ions  are  e spec ia l ly  h igh  in musse ls  from Kiel  harbour ,  whe re  there  is severe  
wa te r  con tamina t ion  due  to local  indust r ies  and  ha rbour  faci l i t ies  as we l l  as the town's  
r a inwa te r  d ra inage  system. Thus Cd contents  of musse l s  from the inner  par t  of the  Kiel  
Fjord  range  up to 30 mg kg  -1 (per dry we igh t  of soft parts). In the  outer  par t  of the  Kiel  
Bay Cd va lues  in musseIs  gene ra l ly  r ange  b e t w e e n  1 and  4 mg kg  -1. 

The  h igh  capac i ty  of musse ls  for accumula t ing  heavy  meta l s  is one reason  for 
cons ider ing  these  an imals  as su i tab le  o r g a n i s m s f o r m o n i t o r i n g h e a v y - m e t a l  
po l lu t ion  (Phillips, 1976a; b). Schulz-Baldes  (1973) and Scholz (1980) found a par t ia l  
l inea r  re la t ion  b e t w e e n  h e a v y - m e t a l  content  of sea  wa te r  and  that  of mussels .  However ,  
these  an imals  absorb  heavy  meta l s  not  only  from the  wa te r  and  thei r  organic  food but  
also from inorgan ic  pa r t i cu la te  matter .  Bottom dwel le r s  may  t ake  in more  Cd, e. g. by  
f i l t rat ion of s u s p e n d e d  organic  and inorgan ic  mat te r  con ta in ing  Cd. Therefore  musse ls  
from the sea  floor often t end  to have  a h ighe r  Cd content  than  spec imens  l iv ing  further  
above  the bot tom (e. g. on piles).  There  are  also correla t ions  of Cd content  in musse ls  
wi th  size of the  ind iv idua l s  and  season  (Theede et al., 1979a). It must  also be  cons ide red  
that  up t ake  rates  may  s t rongly  d e p e n d  on abiot ic  factors l ike  t empe ra tu r e  and osmotic  
va lue  of the  sea  wa te r  (Phillips, 1976; George  et al., 1978). In addi t ion,  e l imina t ion  rates  
in mar ine  inver tebra tes  may  be  re la t ive ly  h igh  unde r  cer ta in  condit ions.  
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Vertebrates,  which  are able  to store fairly large quant i t ies  of heavy metals  in  l iver 
and  k idney  by b i n d i n g  them to special  metal loproteins,  so-called metal lothioneins ,  have 
long biological  half t imes for Cd in  the magn i tude  of months  or years (Table 1). However,  
in  invertebrates,  e. g. Carcinus maenas  and Myt i lus  eduHs, biological  half t imes be-  
tween  11/2 weeks  and  about  two months were observed w h e n  the animals  had accumu- 
lated h igh  amounts  of cadmium from the water  unde r  exper imenta l  conditions.  How- 
ever, according to Peden  et al. (1973) there was almost  no e l imina t ion  of this meta l  
wi th in  3 to 7 weeks, w h e n  Carcinus maenas ,  Patella vulgata and Nuce l la  lapi l lus  
individuals ,  which had accumula ted  cadmium unde r  contamina ted  field condit ions (Cd 
content  of sea water  0.01 mg 1-1) were transferred to an uncon tamina t ed  estuary (0.0002 
mg Cd 1-1). The ranges  of the half t imes found indicate  that the metal  may be b o u n d  
wi th in  different compartments  (Coombs & George, 1979; Janssen  & Scholz, 1979; Scholz, 
1980), from which it will  be re leased at different rates. In addition, the difference in  half 
t imes of ver tebrates  and  inver tebrates  raises the ques t ion  whether  there are fundamen ta l  
differences in the mechan i sm of heavy-meta l  detoxication in  both systematic groups. 
This point  is dealt  with in detail  by Scholz (1979, 1980). 

Table 1, Biological half times (tl/2) for Cd in various animal species 

Organism tt/2 Authors 

mouse 100 days Friberg et al. (1976) 
rat 200 days Priberg et al. {1976) 
man 10-30 years Friberg et al. (1976) 
plaice 140 days Pentreath (1977) 

seaskater 20 days Schulz-Baldes & Cheng (1979) 
blue crab 12-64*days Wright (1977); *Ehlers (unpubl.) 
mussel 14-29 days Scholz (1980) 

SOME METABOLIC RESPONSES 

I should like to add a few remarks on some recent ly observed inf luences  of suble thal  
Cd con tamina t ion  on metabol ic  processes of adult  invertebrates.  In decapod crustaceans 
it has b e e n  observed that Cd uptake  rate decreases in the order: Eupagurus  bernhardus 
> Carcinus maenas  > Hriocheir sinensis.  In this sequence  the last species is the most 
euryha l ine  and  euryoecous one. When  these an imals  are fed with Myt i lus  food and  kept  
for 4 weeks  in  sea water  with different Cd concentrat ions,  there is an  increase  in  water  
content  in  the con tamina ted  animals:  At about  100 #g Cd 1-1 the water  content  of 
Bupagurus  increased by near ly  10 %; at about  500 #g Cd 1-1 the effect in  Hriocheir 
s inens is  is an increase of about  2.5 % (unpubl i shed  results of Theede  & Baukloh). 

In Metr id ium seni le  the prote in  content  decreases more not iceably  w h e n  the 
animals  are fed or starved in  Cd-con ta in ing  water. The effect is more p ronounced  in  the 
smaller  individuals ,  which take up Cd more rapidly. In animals  ob ta ined  from their  
na tura l  habi ta t  an  inverse  re la t ion b e t w e e n  Cd content  and protein  content  appears  to 
exist (Theede & Baukloh, unpubl ished) .  
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Fig. 3. Nereis  succinea. Influence of Cd content in the food (Mytilus food + 100 #g Cd g-l) on 
production (relation of consumed to produced energy) in relation to initial body weight (12 ~ 17%o 

S) (after Neuhoff, unpublished) 

In N e r e i s  s u c c i n e a  from the wes te rn  Baltic Sea addi t ion of Cd to the food (30-100 pzj 

Cd g-1 dry we igh t  of food) resul ted  in a r educed  growth rate and a h igher  gross energy  

demand  for product ion (higher re la t ion of consumed to produced  energy) (Fig. 3). These  

relat ions seem to depend  on the size of the indiv iduals  and season. From a decrease  of 

adenyla te  ene rgy  charge  after Cd contaminat ion  it could be conc luded  that  energy  

metabo l i sm was impaired.  However ,  b iochemica l  composi t ion of the worms was more or 

less unaffec ted  (Neuhoff, in preparation).  For explana t ion  I refer to results of Calabrese  

et al. (1977) who  repor ted  inhibi t ion and induct ion  of certain enzymes  and a part ial  loss 

of control of the act ivi t ies of enzymes  invo lved  in the mobi l iza t ion  of energy.  More 

de ta i led  informat ion of this k ind about  effects of cadmium and other  heavy  metals  may  

lead  to further insights  into the observed  metabol ic  disorders. 
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