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INTRODUCTION

Attempts to  de f in e  the concept o f  " s t r e s s "  in ecology have led to 
semant ic con fus ion .  On the one hand, the term has been appl ied to  
p ro p e r t i e s  o f  the envi ronment which impose a fo r c e  on the organism; 
in t h i s  sense the s tress  i s  a s t i m u l us .  On the o the r  hand, the term 
as used by Selye (1950) r e f e r s  to  the response by the organism t o  a 
p o t e n t i a l l y  harmful  envi ronmental  change; when used in t h i s  sense, 
the causa t i ve f a c t o r  i s  c a l le d  a s t r e s s o r .  In rece n t  years,  however, 
some agreement has been reached t o  con f ine  the term s t ress  to 
descr ibe  an envi ronmental  s t imu lus  which, by exceeding a thresho ld  
va lue ,  d i s t u r b s  normal animal f u n c t i o n ;  the r e a c t io n  o f  the organism 
is  then termed the s t ress  response.  When used in t h i s  way and 
appl ied  to  organisms, the re  i s an equivalence w i t h  the term as 
app l ied  to  ecosystems (Lugo, 1978; Ulanowicz,  1978).

The adaptedness o f  organisms represents  a compromise between 
s t r u c t u r a l  and fu n c t io n a l  c o n s t r a i n t s  on the  one hand and p a r t i c u l a r  
envi ronmental  chal lenges on the o t h e r .  Environmental  s ta tes  e x i s t  to 
which organisms respond by expressing phy s i o lo g i c a l  (and o ther )  
a t t r i b u t e s  which may be ' a d a p t i v e ' ,  i n the sense t h a t  they com­
pensate,  at  l e a s t  i n p a r t ,  f o r  p o t e n t i a l  l oss  o f  performance, but 
which may be less than f u l l y  e f f e c t i v e  and so represent  a reduc t ion  
in  f i t n e s s  r e l a t i v e  to  the opt ima l  c o n d i t i o n .  The p r a c t i c a l  aim of  
research i n t o  the e f f e c t s  o f  s t r e s s  i s  to  p rov ide  a q u a n t i t a t i v e  
a p p re c i a t i o n  o f  the envi ronmental  s i t u a t i o n s  to  which organisms 
respond by phys io lo g i ca l  and b iochemical  changes which may be 
adap t i ve ,  bu t  w i t h  an e f f i c i e n c y  t h a t  may be expressed as reduc t ion  
in f i t n e s s .

In research in t o  the s t re ss  responses o f  f i s h  ( P i c k e r i n g ,  1981) a 
d i s t i n c t i o n  i s  made between p r imary  responses (m os t l y  neuro-hormonal 
in cha ra c t e r )  and secondary responses ( the phy s i o lo g i c a l  conse­
quences o f  the pr imary response, mos t l y  changes t o  r e s p i r a t o r y  and 

wrietabol ic processes) .  I t  i s  not  c u r r e n t l y  poss i b le  to  discuss the 
e f f e c t s  o f  s t re ss  in mar ine i n ve r t eb r a t es  in s i m i l a r  terms since 
v i r t u a l l y  no th ing i s  known o f  the hormonal aspects o f  the s tress  
response in such animals.  On the o the r  hand, the p h y s i o l og ic a l
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components o f  the s t ress  response have been s tud ied  in  d e t a i l  in 
some species .  Many such s tud ies  cons ider  th e  s t re ss  response in 
terms o f  a balance between energy (and n u t r i e n t )  gains and losses,  
and an envi ronmental  change i s  considered a s t r ess  when, in respond­
ing ,  the in d iv i d u a l  neverthe less  s u f f e r s  a re duc t ion  in net energy 
ga in .  Th is  view o f  envi ronmental  s t r ess  and i t s  e f f e c t s  i s s i m i l a r  
t o  Odum's (1967) concept o f  s t r ess  ac t ing  on ecosystems t o  d i v e r t  
p o t e n t i a l  energy away f rom doing use fu l  work t o  increased expen­
d i t u r e  on maintenance and r e p a i r .  Some such equivalence in t e r ­
minology and in approach i s  impor tan t  i f  s tud ies  on i n d iv i d u a l  
organisms are to  be set  w i t h i n  the wider co n te x t  o f  the e f f e c t s  of  
s t ress  on popu la t ions ,  communit ies and ecosystems. Energy (and 
n u t r i e n t )  f l u x  can p rov ide  the  common cur rency  in  such s t ud ie s .  In 
t h i s  paper,  s t ress  w i l l  be used t o  r e f e r  t o  the envi ronmental  
s t imu lus  and the response w i l l  be considered l a r g e l y  in terms o f  
ph y s io lo g ic a l  ene rge t i cs .

TOLERANCE AND RESISTANCE

The works o f  F ry  (1947, 1971) ,  P recht  (1958) ,  Prosser (1958) ,  B r e t t  
(1958) and Kinne (1964) p rov ide the t h e o r e t i c a l  framework f o r  
s tud ies  o f  the responses o f  po ik i l o th e rm s to  changes in the 
envi ronment .  A lder d ice  (1972, 1976) suggested a syn thes is  o f  these 
ideas which encompasses the no t i on  o f  zones o f  to l e ra nce  and 
r e s is ta nce  and the concepts o f  c a pac i t y  and res i s t an ce  adap ta t ions.  
Care i s  requ i red in the use o f  the term adap ta t ion ,  however, since 
i t  may r e f e r  e i t h e r  to  the end-product  o f  a phy s i o lo g i c a l  response 
which i s  considered to  be o f  s u r v i v a l  va lue or i t  may designate a 
change in the ca pac i t y  o f  the species t o  respond t o  new 
envi ronmental  s t i m u l i .  In the  former sense, no gene t i c  change is 
im p l i ed ;  the response may s imp ly  r e f l e c t  the phys io lo g ic a l  
p l a s t i c i t y  o f  the phenotype. In the l a t t e r  sense, some degree of  
s e l e c t i o n  i s  in fe r r e d  which causes d i f f e r e n t i a l  m o r t a l i t y  of  
phenotypes. Much o f  the research on responses t o  s t ress  does not 
make t h i s  d i s t i n c t i o n  and the adapt i ve  nature o f  the response, i f  
any, i s  assumed to  r e f l e c t  the inna te  homeostat i c nature o f  phys io ­
l o g ic a l  adjustments to  changes in envi ronment.  In the present  d i s ­
cussion p h y s io lo g i ca l  responses w i l l  be considered as ‘ acc l ima t io ns '  
o r  ' compensat ions'  and the term adap ta t ion reserved f o r  genotypic 
changes.

Fo l low ing  A lder d ice  (1972) ,  c a pac i t y  acc l imat ions  may be 
v i s u a l i s e d  as changes in the s t r u c t u r e  o f  contour  diagrams in which 
a p h y s io lo g i ca l  response i s  p l o t t e d  in  r e l a t i o n  to  one or more 
envi ronmental  v a r i a b le s .  By ana l ys i s  o f  the s t r u c t u r e  o f  such 
diagrams (or  "response sur fa ces " )  the va r ious  ca tegor ies  o f  
acc l im at ion  (complete,  p a r t i a l ,  i nverse  e t c . )  can be eva luated.  
Resistance acc l imat ions  are represented  as movements o f  the response 
surfaces along the axes o f  the envi ronmental  m a t r i x .  F ig .  1 shows 
the combined e f f e c t s  o f  temperature and s a l i n i t y  on a measure o f  
a c t i v i t y  in the hard clam, Mercenar ia mercenar ia , in March and in 
September (van Winkle e t  a l . ,  1976).  Resistance acc l imat ion  i s  
ev iden t  as a s h i f t  i n the response sur face so t h a t  in September, 
maximum a c t i v i t y  occurred at 15°C and 30 ° /o o ,  in con t r a s t  to  20°C 
and 25 ° /oo in March.
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A s i m i l a r  t r ea tment  can be appl ied to  measurements t h a t  represent  
more d i r e c t l y  the components o f  e c o lo g ic a l  f i t n e s s ,  such as growth 
e f f i c i e n c y  and r e p r odu c t i v e  p o t e n t i a l .  Such response sur faces w i l l  
i d e n t i f y  combinat ions o f  envi ronmental  and i n t r i n s i c  f a c t o r s  t h a t  
evoke p h y s i o lo g i c a l  responses in the organism t h a t  represent  
d i f f e r e n t  degrees o f  adaptedness. These combinat ions may f a l l  w i t h i n  
the o rganism's  zone o f  to le ran ce  (F ry ,  1947),  i n t h a t  they can be 
t o l e r a t e d  i n d e f i n i t e l y  by the i n d i v i d u a l ,  but they  never the less 
s t i m u l a t e  a l t e r e d  p h y s io lo g i ca l  (o r  b iochemical )  s t a t e s  which are 
measurably d i f f e r e n t  f rom the s ta tes  t y p i c a l  o f  more opt imal  
env ironmental  c o n d i t i o n s .  I d e n t i f y i n g  the processes t h a t  are 
respons ive  to  these sub-opt imal  envi ronmental  co n d i t i o n s  and t h a t  
are a lso  r e l e v a n t  t o  a t t r i b u t e s  o f  f i t n e s s  a f f o rd s  a powerful  means 
f o r  e v a l u a t in g  the c u r r e n t  adapt i ve s ta t e  o f  the i n d i v i d u a l .  I w i l l  
cons ider  a few examples f rom s tud ies  o f  the growth o f  mar ine b iva lve  
mo l luscs .
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F ig .  1. Response sur face f o r  percentage a c t i v i t y  o f  
Mercenar ia mercenar ia (extens ion  o f  s iphons) a t  d i f f e r e n t  
temperatures and s a l i n i t i e s  ( f rom van Winkle e t  a l . ,  
1976).  S o l i d  l i n e s ,  March; dashed l i n e s ,  August ~  
September.
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F ig .  2. The seasonal cyc le  in the scope f o r  growth (see 
t e x t )  f o r  th ree  b i v a l v e s .  • ,  Chlamys i s l a n d i c a  (Vahl ,  
1980);  a , M y t i lus e d u l i s (Bayne and Widdows, 1978) - 
both as c a l o r i e s  per hour;  ■ ,  Mya a ren ar ia  ( G i 1f i 11 an e t  
al . ,  1977) -  as pg C 10_1 per hour.

GROWTH AND ITS PHYSIOLOGICAL COMPONENTS IN RESPONSE TO 
ENVIRONMENTAL CHANGES

The r a t e  o f  growth o f  i n d i v i d u a l s  may be ex t reme ly  va r ied  over a 
species '  geographical  range ( e . g .  Bachelet (1980) ,  d iscuss ing  Macoma 
b a l t h i c a ) . In a d d i t i o n ,  even w i t h i n  narrow geographical  l i m i t s ,  
i n d i v i d u a l s  may show marked seasonal d i f f e r e n c e s  in growth and may 
express reduced ra t e s  o f  growth under co nd i t i on s  o f  high 
temperatures and/or  reduced r a t i o n s  t h a t  are f r e q u e n t l y  experienced 
in the normal envi ronment (de Wi lde ,  1975; Beukema e t  a l . ,  1977; 
N ichols  and Thomson, 1982; a l l  on M. b a l t h i c a ) . FigT~2~Tl 1us t r a te s  
the seasonal growth pa t te rns  f o r  three o ther  b i v a lv e  species.  In the 
l i g h t  o f  these data,  three p r e d i c t i o n s  seem reasonable.  F i r s t l y ,  
p hy s i o lo g i c a l  and o ther  responses to  minimise these per iods of  
reduced growth are to be expected.  A lso ,  g i ven the usual a l l o m e t r i c  
r e l a t i o n s h i p s  between body s ize and the ra tes  o f  such p h y s io lo g i ca l  
processes as feed ing  and r e s p i r a t i o n ,  we migh t  expect changes to 
occur in the seasonal growth pa t t e rn  as the i n d i v i d u a l s  increase in 
age. F i n a l l y ,  s ince repr oduc t io n  in these species imposes high 
energy demands (e . g .  Bayne et__al_., 1983),  a c lose  r e l a t i o n s h i p  i s  to 
be expected between seasonal cy c l es  o f  growth and the annual re p ro ­
duc t i v e  c yc l e .



Responses to  environmental s t ress 335

The th ree  s tud ies  i l l u s t r a t e d  in F ig .  2 have one o the r  fe a t u re  in 
common v i z . t h a t  growth was measured, not  d i r e c t l y  as a change in 
we igh t ,  but  i n d i r e c t l y  as the  energy (or  carbon) gains and losses in 
components o f  the energy budget -  hence the term the "scope f o r  
g rowth" .  This procedure has the m e r i t  o f  analys ing the growth 
process in terms o f  i n d iv i d u a l  p h y s io lo g ic a l  mechanisms and so 
e l u c i d a t i n g  the p h y s i o lo g i c a l  compensat ions which comprise the 
response to  the envi ronmental  change.

PHYSIOLOGICAL RESPONSES TO ENVIRONMENTAL STRESS

This d iscuss ion  w i l l  be l i m i t e d  to  the th ree  expec ta t ions  suggested 
v i z . the types o f  p h y s i o lo g i c a l  compensat ions observed,  the e f f e c t s  
o f  body s ize and the r e l a t i o n s h i p s  between the scope f o r  growth and 
r e p r oduc t i v e  processes.

P hy s io lo g ic a l  compensat ions. The components o f  the energy budget o f  
an organism ( food consumpt ion,  d i g e s t i o n ,  e x c r e t io n ,  r e s p i r a t i o n ,  
growth and the p roduc t ion  o f  gametes) are f u n c t i o n a l l y  coupled so 
t h a t  changes in  any one process have consequences f o r  some or a l l  o f  
the o t he rs .  A d i s t i n c t i o n  between metabol ism as compr is ing the "sum 
o f  the rea c t io ns  which y i e l d  the energy the organism u t i l i z e s "  and 
a c t i v i t y  ( i n c l u d i n g  growth) as "what the organism does w i t h  the 
energy der i ved  f rom metabol ism" (F ry ,  1971) i s  a use fu l  one in t h i s  
c o n te x t .  Changes in the components o f  the energy budget in response 
to  changes in the envi ronment o f t en  have apparent  homeostat ic 
p r o p e r t i e s ,  e f f e c t i n g  a co n t r o l  over the amount o f  energy made 
a v a i la b l e  f o r  growth and r e p r o d u c t io n .

Many examples o f  the co n t r o l  p ro p e r t i es  o f  phys i o l og ic a l  
f l e x i b i l i t y  i n the energy budget e x i s t  (Calow, 1977).  Hubbel l  (1971) 
and Calow (1976) cons ider  such p ro p e r t i es  f rom a cybern e t i c  (or  
"systems")  pe rsp ec t i v e .  Newel l  and Branch (1980) provide some 
examples f rom the marine in v e r t e b r a t e s  o f  apparent  homeostasis in 
response to  temperature (see also Bayne and Newel l ,  1983).  I w i l l  
i l l u s t r a t e  the p o i n t  w i th  th r ee  re l a t e d  examples from work on 
b i v a lv e s .

F ig .  3 shows a r e l a t i o n s h i p  between the c learance (=feeding) 
ra t e  and the r e s p i r a t i o n  (=oxygen consumption) ra t e  in M y t i lus 
c a l i fo r n i a n u s  ( f rom Bayne et_ a K ,  1975);  the r e l a t i o n s h i p  i s  
exp one n t i a l ,  so t h a t  inc reas ing  increments in c learance and the 
processes o f  feed ing  t h a t  t h i s  represents ( t he  a c t i v i t y )  re q u i re  a 
d i s p r o p o r t i o n a t e  inc rease in r e s p i r a t i o n  (an index o f  me tabo l i sm) . 
Th$ i n t e r c e p t  o f  the curve w i t h  the o r d i na te  est imates the metabol ic  
r a t e  associated w i t h  zero feed ing  a c t i v i t y  in a s a t i a te d  animal and 
may be compared.wi th the measured metabo l i c  r a t e  o f  an i n a c t i v e ,  
s ta rved  i n d iv i d u a l  ( i n d i c a t e d  by a t r i a n g l e  in the f i g u r e )  and wi th 
the mean ' r o u t i n e '  r e s p i r a t i o n  ra t e  t y p i c a l  o f  an i n d i v i d u a l  showing 
spontaneous a c t i v i t y .  The h istogram t o  the r i g h t  o f  F ig .  3 shows 
fea t u re s  o f  the energy budget t y p i c a l  o f  one exper iment .  The 
absorbed r a t i o n  A ( i . e .  the ingested r a t i o n  co r rected f o r  absorpt ion 
e f f i c i e n c y )  was ^ 2 2 . 0  J . h-1 and mean r e s p i r a t o r y  energy losses 
( R o u t i n e )  were 11 - 2 J *h~ » le a v i n g  a su rp lus  av a i la b l e  f o r  growth 
o f  10.8 J . h - 1 ( i n  t h i s  d i scuss ion  o the r  energy losses e .g .  ex­
c r e t i o n ,  are ignored ;  t h i s  a f f e c t s  the q u a n t i t a t i v e  argument,  but
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F ig .  3. A r e l a t i o n s h i p  between the r a t e  o f  oxygen 
consumption (ml O2 h“ l )  and c learance r a t e  (1 h~ l )  fo r  
M y t i l u s  c a l i f o r n i a n u s  ( f rom Bayne e t  a l . ,  1975).  1: Net 
energy ga in .  2: Costs associated w i th  fe ed in g .  3: Costs o f  
d i g e s t i o n .  4: Basal metabo l i c  co s ts .  See t e x t  f o r  
d i scu ss i on .

not  the main conc lus ions reached) .
These r e s u l t s  suggest a means f o r  e f f e c t i v e ,  a l b e i t  sh o r t - te rm ,  

energy saving f o r  b iv a lv e s  dur i ng  feed ing .  By t r a n s i e n t  cessat ion of  
feeding when the d i g e s t i v e  t r a c t  i s  f u l l  and d i g e s t i on  i s  in 
progress,  a reduc t ion  in metabo l i c  expend i tu re  i s  p o ss ib le .  In the 
longer term,  however, the r e l a t i o n s h i p  in F ig .  3 acts r a t h e r  to 
cons t r a in  phy s i o lo g i c a l  f l e x i b i l i t y ,  s ince the i n d iv i d u a l  must 
"accept "  an e x p o n e n t i a l l y  inc reas ing  metabo l i c  cost  i n o rder  to  fu e l  
l i n e a r  increases in feed ing  r a t e .  Other fea tu re s  o f  c on t r o l  must be 
invoked by the i n d i v i d u a l  t o  re g u la te  net energy gain in the longer 
term, f o r  example in response t o  changes in the food supply.

In a recent  se r ies  o f  experiments w i th  th re e  b iv a lv e  species from 
two envi ronments,  one cha ra c t e r i sed  by high concen t ra t i ons  o f  seston 
which was low in energy con ten t  and the o ther  by low concen t ra t ions  
o f  seston high in energy con t en t ,  Bayne, Klumpp and Clarke 
(unpubl ished data)  r e l a t e d  the p h y s io lo g ic a l  va r i a b le s  clearance 
r a t e ,  the r a t e  at  which food was passed through the d i g e s t i v e  gland,  
the e f f i c i e n c y  w i th  which t h i s  food was absorbed and the r a t e  of  
oxygen consumpt ion, to  the a v a i la b l e  r a t i o n .  Not unexpectedly,  
h igher  ra tes  o f  c learance (and hence o f  i n g e s t i on ,  since no 
pseudofaeces were produced) led t o  more rap id  passage o f  food 
through the gut  and t o  reduced absorp t ion  e f f i c i e n c y  (Table 1; s i t e  
B ) . I n d i v i d u a l s  feed ing  on the low q u a l i t y  d i e t  showed reduced ra tes
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F ig .  4. Absorbed r a t i o n  (A) ,  ca lc u la t ed  from data on 
residence t ime o f  food in the d i g e s t i v e  gland and on 
absorpt ion e f f i c i e n c y  (see t e x t ) ,  r e l a t e d  to  the 
concen tra t ion o f  p a r t i c u l a t e  o rganic  mat te r  (POM) in 
suspension. Also p l o t t e d  are two values f o r  r e s p i r a t o r y  
heat loss (R) ,  ca l c u la t e d  as an exponen t ia l  fu n c t io n  o f  
c learance r a t e ;  Rl i s  R x  1.20.  The scope f o r  growth i s 
(A-R) or (A -R l ) .

o f  c lea rance ,  slower ra t es  o f  g u t  passage and h igher  absorpt ion 
e f f i c i e n c i e s  ( s i t e  A) .  When ca l c u la t e d  on a d a i l y  bas is ,  however, 
the absorbed r a t i o n  was s i m i l a r  at  the two s i t e s ,  suggest ing an 
e f f e c t i v e  compensation f o r  d i f f e r e n c e s  in food supply.

The p h y s io lo g ic a l  f l e x i b i l i t y  suggested in Table 1 i s  based on 
balances between rates  o f  c lea rance ,  the passage t ime o f  food in the 
d i g e s t i v e  t r a c t ,  and absorpt ion  e f f i c i e n c y ,  a l l  responding to 
changes in r a t i o n .  In F ig .  4 these r e l a t i o n s h i p s  have been 
e x t r apo la te d  over a wider  range o f  av a i la b l e  r a t i o n  (as mg POM. 
l i t r e - 1 )  to  est imate absorbed r a t i o n  (A; J . d _l ) ;  a curve o f  
r e s p i r a t o r y  heat loss (R) i s  a lso  p l o t t e d ,  based on an exponent ial  
r e l a t i o n s h i p  between c learance r a t e  and the r a t e  o f  oxygen 
consumption (see F ig .  3 ) .  Th is  e x t r a p o la t io n  i s  a s i m p l i f i c a t i o n ,  
not l e a s t  because the volume ca p a c i t y  o f  the d i g e s t i v e  gland may 
i t s e l f  be a l te red  in response t o  long- term changes in r a t i o n .  
Never the less ,  the t rea tment  serves t o  i l l u s t r a t e  the range o f  r a t i o n  
over which the scope f o r  g rowth,  ca lc u l a te d  s imply  as A-R, may be 
p o s i t i v e .  Should the r e s p i r a t i o n  r a t e  be increased to  R‘ by the 
ac t i on  o f  some envi ronmental  f a c t o r  (e . g .  temperature)  or by
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F ig .  5. a. Curves repr esen t ing  the absorbed r a t i o n  (A) ,  
r e s p i r a t o r y  losses (R) and the scope f o r  growth (A-R) fo r  
M y t i l u s  e d u l i s  at  d i f f e r e n t  temperatures , b. As f o r  a but  
w i th  A reduced (A^) and R increased (R l )  as discussed in 
the t e x t .  Temperature opt ima are ind ica ted  by arrows.

endogenous f a c t o r s  which might  increase the energy demands o f  the 
animal (e . g .  the onset  o f  gametogenesis) , the range o f  r a t i o n  over 
which the  scope f o r  growth can be maintained p o s i t i v e  w i l l  be 
reduced. These r e s u l t s  in d ic a t e  the f l e x i b i l i t y  i n feeding response 
th a t  a l lows  these animals c on t r o l  over net  energy balance in 
response to  changes in  food supply;  they  also demonstrate the l i k e l y  
impacts o f  c e r t a i n  s t r es s  fa c t o r s  which operate on the components o f  
the energy budget t o  reduce o v e r a l l  p h y s i o lo g ic a l  f l e x i b i l i t y .

The na tu ra l  envi ronment f o r  b i va lve s  includes changes in 
temperature as we l l  as changes in food supply.  My f i n a l  example in 
t h i s  se c t i on  concerns responses to  temperature by M y t i l u s  e d u l i s .  
I n d i v i d u a l s  o f  t h i s  species have been shown to  accl imate wTth 
cons iderab le  e f f i c i e n c y  t o  temperatures between 10° and 20°C 
(Widdows and Bayne, 1971; Bayne e t  a l . ,  1973). F ig .  5a i l l u s t r a t e s  
the accl imated ra t e s  o f  energy gain~TA) and loss (R) in mussels fed 
a cons tan t  r a t i o n  at  d i f f e r e n t  temperatures,  and the r e s u l t i n g  scope 
f o r  growth ca l c u la t e d  s imp ly  as A-R. Over a wide range o f  tempera­
t u r e ,  f rom ^  7 t o  220C, the scope f o r  growth i s  maintained at  high 
va lues ,  becoming negat i ve  a t  n,25°C, which approaches the i n c i p i e n t  
l e t h a l  l i m i t  f o r  the species.



340 18th European Marine B io logy  Symposium

In F ig .  5b two hyp o th e t i ca l  s i t u a t i o n s  o f  envi ronmental  s t ress 
are considered.  In the f i r s t ,  a 15% reduc t ion  in the absorbed 
r a t i o n ,  A, i s  appl ied at  a l l  temperatures ( ;  t h i s  migh t  r e s u l t  
from a change in av a i la b l e  r a t i o n  or f rom a f a c t o r  which suppresses 
feeding a c t i v i t y  o r  reduces absorpt ion e f f i c i e n c y ) .  Th is  r e s u l t s ,  of  
course,  in a reduc t ion  in the scope f o r  growth (A l -R)  and also 
reduces the  temperature at  which the scope f o r  growth becomes 
nega t i ve ,  but  does not a f f e c t  the  temperature optimum at  which 
maximum energy i s made a v a i la b l e  f o r  growth ( v i z . 17°C). In the 
second hy p o th e t i c a l  s i t u a t i o n ,  an increase in r e s p i r a t o r y  heat loss 
i s  also in t roduced;  however, whereas the o r i g i n a l  r e s p i r a t i o n  ra t e  
(R) showed p a r t i a l  temperature acc l imat ion  (Q ]_ q  between 10° and 20°C 
o f  M . . 3) the new ra t e  (R l )  i s  taken as the sum o f  R and an increment 
which i s  f u l l y  temperature-dependent (Qio=2) .  Such a change in 
r e s p i r a t i o n  r a t e  may f o l l o w ,  f o r  example, f rom the s t i m u l a t i o n  o f  an 
a c t i v i t y  o r  f rom the impos i t i on  o f  a chemical  s t r e s s ,  where the 
normal mechanisms o f  temperature acc l imat ion  are not  invoked. In 
these c i rcumstances the scope f o r  growth ( a I - R I )  i s  f u r t h e r  reduced, 
as i s the temperature o f  zero scope, and in  a d d i t i o n  the optimum f o r  
growth i s  s h i f t e d  to  a lower temperature ( f rom 17° t o  12° ) .

I t  i s  impor tan t  to  bear in mind th a t  both the hypo the t i ca l  
changes considered in F ig .  5b, a l though repr esen t ing  
' d e t e r i o r a t i o n s ' , at  l eas t  i n an energe t i c  sense (and ther e fo re  
being co n s i s te n t  w i t h  the concept o f  a s t ress  imposing an "energy 
d r a i n " ) ,  i nv o lv e  responses co n s i s te n t  w i th  the normal phys io lo g i ca l  
processes o f  compensat ion f o r  normal envi ronmental  changes. There i s  
no suggest ion here o f  a ma ladapt ive p h y s io lo g i ca l  response. 
Neverthe less,  the i m p l i c a t i o n s  f o r  the i n d i v i d u a l s '  f i t n e s s  are 
cons iderab le  -  a d e c l in e  in the energy a v a i la b l e  f o r  growth and 
re p r o d uc t io n ,  an increased v u l n e r a b i l i t y  to  temperature changes at  
the extremes o f  the normal eco l og i ca l  range and, more s u b t l y  but 
nonetheless damaging t o  an in te g ra t e d  metabo l i c  s t r a t e g y ,  a s h i f t  in 
the thermal  optimum.

S iz e - re la t e d  p h y s i o lo g i c a l  changes. The ra tes o f  feed ing and o f  
r e s p i r a t i o n  can u s u a l l y  be re l a t e d  to  body s ize ( t he  d ry  weight  of  
s o f t  t i s s u e s ,  W) by the a l l o m e t r i c  equat ion:

y  = _a.Ŵ_

where _a and b̂ are f i t t e d  parameters.  In the m a j o r i t y  o f  s tud ies  w i th  
b i va lve s  the exponent b takes h ig her  values f o r  r e s p i r a t i o n  ra t e  
than f o r  feed ing  (reviewed by Bayne and Newel l ,  1983).  Sebens (1982) 
explored some o f  the i m p l i c a t i o n s  o f  t h i s  d i f f e r e n c e  f o r  aspects o f  
growth and r e p r o d u c t i o n . In F ig .  6 some data are p l o t t e d  f o r  M y t i 1 us 
e d u l i s . At  low r a t i o n  l ev e ls  (bot tom panel) the exponents f o r  
abso rp t ion ,  A and A l ,  and f o r  r e s p i r a t i o n ,  R and R l ,  were 0.38 and 
0.55 ,  r e s p e c t i v e l y .  At 10°C the l eve ls  o f  absorp t ion  and r e s p i r a t i o n  
( i . e .  the values f o r  a in the a l l o m e t r i c  equat ions)  were such tha t  
the scope f o r  growth TA-R) was p o s i t i v e  over a l l  measured s izes ,  
f rom 0.1 to  2.0 grams d ry  f l e s h  we igh t .  With a r i s e  in temperature 
to  2 2 . 5°C, however, A dec l ined  ( t o  A1) and R increased (R1) ,  though 
the weigh t  exponents b d id no t  change; a t  t h i s  temperature (A1-R ' )  
was p o s i t i v e  only  f o r  i n d i v i d u a l s  less than ^0 . 6  g dw. When c a l c u ­
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la ted  as net  energy f l u x  ( i . e .  (A -R ) .W- l )  values dec l ined  over the 
e n t i r e  weight  range,  at both tem pera tu res . In these ci rcumstances,  
then ,  smal l  i n d i v i d u a l s  were at  an energ e t i c  advantage in responding 
to  the h igh temperature.

At a h igher  r a t i o n  ( F i g .  6,  top panel )  the exponent va lue f o r  
absorp t ion  was unchanged but  the b_ value f o r  r e s p i r a t i o n  was reduced 
to  M3.4 (Widdows, 1978). The scope f o r  growth a t  both temperatures 
now increased w i t h  increase in body s ize a l though ,  as be fo re ,  i f  
ca l c u la t e d  per u n i t  body weight  the net  energy gain dec l ined  in the 
la r g e r  i n d i v i d u a l s .  These f i n d i n g s  are r e l e v a n t  to  the observed 
seasonal cyc l e  o f  growth. As r a t i o n  co n d i t i o n s  dec l in e  in the w in te r  
months (e . g .  Chlamys i s l a n d i c a ; Vahl ,  1980) o r  a t  h igh summer

High r a t i o n

CO
CO
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°  0-5 

a) 3
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F ig .  6. Regression l i n e s  represen t ing  the absorbed r a t io n  
(A) and r e s p i r a t o r y  losses (R) f o r  M y t i l u s  e d u l i s  o f  
d i f f e r e n t  s ize  (W; grams),  at  two r a t i o n  l ev e ls  and a t  two 
temperatures.  S o l id  l i n e s ,  10°C; dashed l i n e s ,  22.5°C.
Both axes are l o g a r i t h m i c .  The s t i p p l e d  area represents 
the scope f o r  growth a t  22.5°C.
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temperatures (e . g .  Macoma b a l t h i c a ;  see a lso  Chlamys v a r i a ,  Shaffee 
and Lucas, 1982) l a rg e r  i n d i v i d u a l s  may be more s eve re ly  a f fec ted  
and per iods o f  negat ive growth may be o f  l onger  d u ra t io n  than fo r  
sma l le r  i n d i v i d u a l s .

This ana lys is  somewhat exaggerates the e n e rg e t i c  advantages 
a v a i l a b l e  to  sma l ler  i n d i v i d u a l s  (and ignores any eco l og i ca l  
disadvantages o f  smal l  s i z e ;  Paine,  1976).  Small  mussels,  f o r  
example, have a h igher  maintenance energy requi rement  (as % body 
weight  per day) than la rg e r  mussels and the y  lose weight  more 
r a p i d l y  dur ing  s t a r v a t i o n  than do l a rg e r  i n d i v i d u a l s .  A lso ,  small  
i n d i v i d u a l s  s to re  less energy as a reserve agains t  pe r iods o f  food 
shortage than do la rg er  animals and consequent l y ca ta b o l i s e  more 
p ro t e in  in s u r v iv in g  s t a r v a t i o n .  Neverthe less ,  the i n d ic a t io n s  are 
t h a t  less extreme envi ronmental  s t resses can be expected to  have a 
g re a t e r  impact on the l a rg e r  i n d i v i d u a l s ;  s ince  these la rg er  
i n d i v i d u a l s  are the major c o n t r i b u t o r s  to  the repr odu c t i v e  po te n t ia l  
o f  the popu lat ion (see be low),  such s t resses  can have an exaggerated 
e f f e c t  on aspects o f  popu la t ion  growth and s u r v i v a l .

E f f e c t s  on re p r o d u c t io n . The graphs in F ig .  6 do not inc lude the 
f u l l  energy losses to  the i n d i v i d u a l ,  f o r  gamete product ion  can be 
considered a p o t e n t i a l  net  expor t  o f  energy t h a t  i s  not  then 
a v a i la b l e  f o r  somat ic growth and body maintenance. The energy 
a l lo ca te d  to  gametes by b iv a lv e s  (Pr)  i ncreases w i th  increase in 
body s ize according to  an exponent b=1.0 ( a t  l e a s t  to  a f i r s t  
approx imat ion ;  Bayne ê t _al_., 1983).  As the i n d iv i d u a l  grows, a 
g rea te r  p rop or t ion  o f  the a v a i la b l e  energy i s  used f o r  gamete 
p roduc t ion  i . e .  the r e p r oduc t i v e  e f f o r t  i ncreases (F i g .  7 ) .  Two 
quest ions a r i s e :  to  what ex ten t  does t h i s  inc reas ing  investment in 
reproduc t ion  occur at  the expense o f  energy t h a t  would otherwise be 
used f o r  r e p a i r  and body maintenance? and t o  what degree are these 
rep ro duc t i ve  processes v u ln e ra b le  to  envi ronmental  change?

The ex ten t  t o  which the energy demands o f  rep roduc t ion compete 
w i th  those o f  maintenance may be represented in an index proposed by 
Calow (1979):

C=l -  [ ( A - P r ) / R * ]  ,

where A i s  the absorbed r a t i o n  and R* i s  the energy demand of  
maintenance a c t i v i t i e s .  Negat ive values f o r  £  in d ic a t e  th a t  
re p ro duc t io n ,  P r ,  does not  occur at  the expense o f  maintenance; C=0 
when reproduc t ion and maintenance toge ther  demand a l l  the a va i la b le  
absorbed energy. This index has been ca lc u la te d  f o r  M y t i 1 us by Bayne 
e t  _al_. (1983) ;  i t  takes nega t i ve values over most o f  the s ize range 
but  increases t o  reach zero as the i n d iv i d u a l  approaches i t s  maximum 
body weigh t .  The r e s u l t s  suggest t h a t  energy a l l o c a t i o n s  between 
maintenance, growth and repr oduc t io n  are such as to  r e s u l t  i n a high 
r a t e  o f  somat ic growth in smal l  i n d i v i d u a l s  and an inc reasing ra t e  
o f  gametogenesis,  w i th  consequent reduc t ion  in somatic growth,  as 
the  i n d i v i d u a l  grows in s i z e ;  e v e n t u a l l y ,  the sum o f  the energy made 
a v a i la b l e  to  reproduc t ion  and the maintenance energy requi rement 
equals the absorbed r a t i o n ,  a t  the animals '  maximum body s ize.  
Environmental  f a c t o r s  t h a t  decrease the t o t a l  net energy gain might  
be expected t o  r e s u l t  i n suppression o f  gamete p roduc t ion ,
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F ig .  7. The scope f o r  growth (A-R) f o r  M y t i l u s  ed u l i s  
p l o t t e d  against  body s ize (W; grams), toge ther  w i th  gamete 
p ro duc t ion  ( P r ) .  The rep ro duc t i ve  e f f o r t  or r . e .
[Pr/ ( A-R)] i s  a l so p l o t t e d  as a dashed l i n e  and the 

maximum a t t a in a b l e  body s ize i s i d e n t i f i e d  by an arrow.

p a r t i c u l a r l y  in l a rg e r  i n d i v i d u a l s  in which t i s s u e  maintenance (and 
t h e r e f o r e  s u r v i v a l )  might  be at  r i s k .

There i s  evidence f o r  the suppression o f  gamete p roduc t ion  under 
envi ronmental  s t r e s s .  Experiments repor ted  by Bayne e t  _al_. (1978) 
demonstrated t h a t ,  w i th  reduced scope f o r  growth,  fe c u n d i t y  (numbers 
o f  eggs re l eased)  decl ined in d i r e c t  p ro por t i on  but  the s ize  
(we igh t )  o f  the eggs re leased ,  and the repr oduc t i ve  e f f o r t  
rep res en te d ,  remained a t  h igh values to  ca. 70% re duc t ion  in scope, 
below which both dec l ined  sha rp l y .  A reduc t ion  in egg s ize would 
have a marked, d e l e te r i o u s  e f f e c t  on the s u rv i v a l  and growth o f  the 
la rva e  (Kraen te r  _et aj_., 1982) and th e r e fo re  on o v e r a l l  f i t n e s s .  
These r e s u l t s  resemble recen t  evidence from f i e l d  s tud ies  t h a t  
suggest ,  f o r  some b i va lves  (see also Su ther land ,  1972, on l imp e t s )  a 
maintenance o r  an increase in repr odu c t i v e  e f f o r t  w i th  increased 
exposure to  a i r  ( e . g .  Choromyt i l us  m e r i d i o n a l i s , G r i f f i t h s ,  1981; 
Geukensia demissa, Jordan and V a l i e l a ,  1982) a l though ,  at  the upper 
l i m i t s  o f  t h e i r  d i s t r i b u t i o n  on the shore re p r o d uc t i v e  e f f o r t  may be 
reduced ( M y t i l u s  e d u l i s , Rodhouse, pers.comm.).
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F ig .  8.  Hy po the t i ca l  curves o f  the scope f o r  growth (A-R)
and gamete produc t ion  (Pr )  f o r  M y t i l u s  e d u l i s  o f  d i f f e r e n t
s izes (W; grams). A scale o f  age in years i s  also 
in d ic a t e d .  Wmax; maximum a t t a in a b l e  body s i z e .  See t e x t  
and Table 2 f o r  d i scu ss i on .

F ig .  8 r e - p l o t s  the curves o f  (A-R) and Pr aga ins t  body weight ,  
f rom Fig.  7. In a d d i t i o n ,  curves represen t ing  a 30% and a 60%
red uc t io n  in each o f  these v a r i a b le s  are shown. For any one
c o n d i t i o n ,  the  i n t e r c e p t  between (A-R) and Pr represen ts  a s i ze 
beyond which f u r t h e r  gamete p roduc t ion  would demand more energy than 
i s  c o n c u r r e n t l y  av a i la b l e  f rom the  net  energy balance (Wmax i n Fig.  
8 ) .  I t  i s  assumed t h a t  growth ceases at  a weight  (on the  abscissa) 
e q u i v a l e n t  t o  t h i s  i n t e r c e p t .  In response to a reduc t ion  in the net  
energy gain (e . g .  (A-R) x 0 .7)  gamete product ion may de c l ine  in 
p r o p o r t i o n ,  hold ing  rep ro du c t i v e  e f f o r t  cons tan t ,  or Pr may remain 
at  i t s  fo rmer va lue ,  re pr esen t i ng  an increase in repr oduc t i ve  
e f f o r t .

I f  the  fo rmer o f  these two ' o p t i o n s '  i s  adopted, egg p roduct ion 
w i l l  be p o ss ib le  up to  the maximum body s ize suggested in F ig .  8 
( wmaxh i f  the second op t ion  i s  tak en ,  however, egg p roduc t ion  w i l l  
cease at  a s i ze  equ iv a l en t  to  th e  new i n te rc e p t  between Pr and the
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TABLE 2. L i f e - t i m e  egg p roduc t ion  by M y t i l u s  e d u l i s  
re l a t e d  t o  d i f f e r e n t  l e v e ls  o f  energy gain (A-R) and to 
va r i ous  ' o p t i o n s '  f o r  gamete p roduc t ion  (Pr)  and 
r e p r oduc t i v e  e f f o r t .  See t e x t  and Figure 12.

Var i ab le  Opt ion L i f e - t i m e  egg p roduc t ion  x 10^

(A-R) Pr 14.6

(A-R) x 0.7 Pr 8.8
Pr X 0.7 8.0

(A-R) x 0.4 Pr 4.2
Pr X 0.7 4.5
Pr X 0.4 5.9

reduced (A-R) .  In Table 2 these var ious  opt ions have been considered 
in terms o f  a l i f e - t i m e  p roduc t ion  o f  eggs, assuming growth accord­
ing to  the age-scale in se t  in F ig .  8 and a w e ig h t - r e l a te d  fe c u n d i t y  
g iven by the equat ion :

Eggs per annum (10^)  = 60 .w l . 0

Given a 30% r e d uc t io n  in  net  energy balance ( i . e .  op t io n  i i  i n F ig.  
8 ) ,  l i f e - t i m e  p ro duc t ion  i s  maximized i f  rep ro duc t i ve  e f f o r t  i s 
increased w h i l s t  accept ing  a reduc t ion  in  maximum body s i z e .  This 
response has fe a t u re s  s i m i l a r  to  the re p o r ts  f o r  b i v a l ve s  l i v i n g  at 
d i f f e r e n t  he igh ts  on the shore.  I f  the re duc t ion  in  energy balance 
i s  more severe ( i . e .  (A-R) x 0 .4 )  the  opt imal  response f o r  egg 
p roduc t ion  may be t o  keep the repr oduc t i v e  e f f o r t  at  the o r i g i n a l  
l e v e l .  However, under an envi ronmental  s t r ess  as severe as t h i s ,  net 
energy gain i s  l i k e l y  t o  approach the demands o f  maintenance and 
r e q u i r e  a re duc t ion  in  Pr in o rder to  keep the cost  index,  C_, below 
zero.

Natural  popu la t ion s  o f  mussels show signs o f  considerab le  
va r iance  in re p r o d uc t i v e  p o t e n t i a l  ( Bayne e t  _al_., 1983).  Presumably 
the ' p l a s t i c i t y '  t h a t  t h i s  represents  i s  p o t e n t i a l l y  adapt i ve ,  
enab l ing the i n d i v i d u a l  to  su rv i ve  per iods o f  s t ress  (e . g .  by 
n u t r i e n t  l i m i t a t i o n )  w h i l s t  a l so being able to  maximize repr oduc t i ve  
ou tpu t  when co n d i t i o n s  are more fav ou ra b le .  As w i th  aspects o f  
p h y s io lo g ic a l  compensat ion discussed e a r l i e r ,  however, responses 
occur which can be considered compensatory in d i r e c t i o n ,  but  which 
are on a curve o f  reduc ing e f f i c i e n c y .  A d e ta i l ed  ana ly s is  o f  energy 
a l l o c a t i o n s  between growth and repr oduc t ion  al lows some under­
standing o f  the range o f  responses av a i la b l e  t o  these animals in 
r e s i s t i n g  envi ronmental  s t resses .

CONCLUDING REMARKS

The examples t h a t  have been discussed i l l u s t r a t e  c e r t a in  general  
fe a tu re s  o f  the p h y s i o lo g i c a l  e f f e c t s  o f  s t r e s s .  In response t o  a 
s t imulus  t h a t  exceeds a c e r t a i n  th r esh o ld ,  acc l imat ion  i s  incomplete
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and al though some compensat ion r e s u l t s  ( i . e .  the  balance of  
phys i o l og ic a l  procesess i s  p a r t i a l l y  re s t o re d )  net  energy gain i s  
reduced and there i s  a de c l ine  in  c e r t a in  a t t r i b u t e s  o f  f i t n e s s  
(e . g .  growth e f f i c i e n c y ,  r e p r odu c t i v e  p o t e n t i a l ) .  I m p o r t a n t l y ,  the 
ph y s i o lo g ic a l  f l e x i b i l i t y  o f  the i n d iv i d u a l  i s  impaired under 
s t r ess ,  i l l u s t r a t e d  in these examples as reduced thermal  to le ra nce ,  
a narrower range o f  r a t i o n  leve l  f o r  growth,  reduced maximum body 
s ize  and r e s t r i c t i o n s  on age - r e la ted  fe c u n d i t y .  A fea tu re  o f  these 
st ress  responses not  i l l u s t r a t e d  in the same d e t a i l ,  but  i m p l i c i t  in 
the d i sc uss i on ,  concerns the inc reas ing  ' d e p th '  o f  response 
i n t e n s i t y ,  f rom behav ioural  responses (compr is ing ,  in b iv a lv e s ,  
she l l  c l osure  and escape responses by burrowing e t c . )  through 
aspects o f  p h y s i o lo g i c a l  compensation and acc l im a t i on  to 
m o d i f i c a t i o n s  t o  r e p r odu c t i v e  processes,  and e v e n t u a l l y  to  
d i f f e r e n t i a l  m o r t a l i t y .  These responses are u n l i k e l y  to  be l i n e a r  
w i th  inc reas ing  i n t e n s i t y  o f  s t r e s s ,  but  the  ex is tence  o f  d i f f e r e n t  
degrees o f  response prov ides an e f f e c t i v e  means f o r  assessing the 
performance and s ta te  o f  adaptedness o f  an organism to  a change in 
envi ronment.

In making t h i s  assessment, however, i t  i s  importan t  t o  consider  
not  j u s t  the env i ronmental  f a c t o r  i t s e l f ,  but  the s e l e c t i o n  fo rce 
t h a t  i t  might  represen t  (Bock, 1980).  The r e l a t i o n s h i p  between 
gene t i c  and phy s i o lo g i c a l  v a r i a b i l i t y  amongst popu lat ions  o f  the 
same species i s  c r i t i c a l  i n t h i s  e v a l u a t io n ,  but  re le van t  
i n v e s t i g a t i o n s  are few. In rece n t  years s tud ies  w i th  M y t i l u s  edu l i s  
by Koehn and h i s  co l leagues (see Koehn et_ a l . ,  1980) have l i n ked  
a l l e l e  f requency d i f f e r e n c e s  a t  one locus TTAP 1 or aminopept idase) 
w i th  s a l i n i t y  changes in the envi ronment and w i th  phys io lo g i ca l  
processes o f  volume r e g u l a t i o n .  Other s tud ies  by Gartner-Kepkay et  
a l . (1980, 1983) demonstrate gene t i c  d i f f e r e n t i a t i o n  between 
popu lat ions  o f  mussels in s p i t e  o f  an apparent  ease o f  gene f low,  
through l a r v a l  re c r u i t m e n t ,  over the area s tud ie d .  I f  se l e c t i o n  i s 
occur r ing  in these s i t u a t i o n s ,  the envi ronmental  fa c t o r s  involved 
seem ra t h e r  sub t le  when placed in the con tex t  o f  the eury top ic  
nature o f  the o v e r a l l  phenotype o f  the species.  There i s a chal lenge 
here f o r  the e c o l o g i s t  to  re c o n c i le  the p h y s i o l og ic a l  p l a s t i c i t y  o f  
the i n d i v i d u a l  w i th  the  s e l e c t i v e  forces  in the envi ronment.

This requi rement  f o r  c a re fu l  eva l ua t io n  o f  the s e l e c t i v e  forces 
represented by p a r t i c u l a r  envi ronmental  s t resses i s even more urgent 
when a t t e n t i o n  i s  d i r e c te d  to  comparisons between species.  The same 
i n t e n s i t y  o f  an envi ronmental  change may be " p r e d i c t a b l e "  ( i n  the 
sense o f  Grassle and Grassle,  1977) f o r  one organism, and so invoke 
a phy s i o lo g i c a l  response,  but  be " u np re d i c t ab le "  f o r  a d i f f e r e n t  
organism, lead ing  t o  loca l  e x t i n c t i o n .  E u ry to p ic ,  t o l e r a n t  species 
are the c o r r e c t  o b je c t s  o f  p h y s i o lo g i c a l  and biochemical  a t t e n t i o n  
i f  we wish to  assess how i n d i v i d u a l  organisms are responding to  
envi ronmental  change, in c lu d i n g  p o l l u t i o n ,  s ince t h i s  to le ran ce  is 
o f ten based on phy s i o lo g i c a l  f l e x i b i l i t y ,  which can be measured. 
However, i f  the o b j e c t i v e  i s  to  de te c t  community responses to  s t ress  
such organisms are p o s s i b ly  i n appr op r i a te  and a t t e n t i o n  should 
r a t h e r  be focussed on organisms responding to o the r  se l e c t i o n  forces 
(e . g .  Gray, 1982).  I t  would be a mistake to  confuse these two,  and 
p o ss i b ly  o f  l i m i t e d  value to  engage in d e ta i l ed  phys i o lo g ic a l  
stud ies o f  species (o r  o f  "spec ies complexes") which are more l i k e l y
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to  respond to  the p a r t i c u l a r  s t ress  by gene t i c  than by phys io lo g i ca l  
change.
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