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Summary and Conclusions  

The u s e  of c o a s t a l  wa te r  a s  c o o l a n t  d u r i n g  t h e  p r o d u e t i o n  of 

e l e c t r i c i t y  h a s  c r e a t e d  a  t h r e a t  t o  t h e  b i o l o g y  of c o a s t a l  w a t e r s .  

By 1980 t h e  e l e c t r i c  power i n d u s t r y  may be  u s i n g  L O O  t r f l l i o n  g a l -  

l o n s  a  day (115 a n n u a l  runof f  of t h e  con t iguous  U ,  S o )  a s  c o o l a n t ,  

and t h i s  u s e  may harm organisms which g e t  p a s s e d  th rough  the 

g e n e r a t i n g  p l a n t s .  

The t e m p e r a t u r e  i n c r e a s e  does  n o t  have t o  b e  l e t h a l  t o  t h e  

e n t r a i n e d  organisms,  f o r  t h e  l a r g e  n u c l e a r  g e n e r a t i n g  p l a n t s  r a i s e  

ehe t empera tu re  o n l y  a b o u t  l B O  F a t  f u l l  g e n e r a t i n g  c a p a c i t y -  But 

 he i n c r e a s e  can be  L e t h a l  t o  v e r y  young f i s h  under  c e r t a i n  t e m p e r a t u r e  

and s a l i n i t y  c o n d i t i o n s ,  Our p r e s e n t  problem is  c h a t  we do n o t  know 

t h e  l e t h a l  t e m p e r a t u r e  l i m i t s  of enough of our  f i s h e s ,  s o  we can 

g i v e  t h e  power i n d u s t r y  a p p r o p r i a t e  t empera tu re  l i m i t a t i o n s ,  

I n  t h i s  s t u d y ,  1 have measured t h e  h e a t  t o l e r a n c e  of j u v e n i l e  s p o t  

(Leiostomus x a n t h u r u s ) ,  a n  e s t u a r i n e  f i s h .  T h i s  t o l e r a n c e  i s  g i v e n  i n  

terms of t h e i r  C r i t i c a l  Thermal Maximum (Cm) which measuxes t he  

t empera tu re  above which a l l  of t h e  organisms will d i e ,  Because  his 

t e s r  i n v o l v e s  a  r a p i d  h e a t i n g  of t h e  f i s h ,  i t  s i m u l a r e s  t h e  e x p e r i e n c e  

of an  organism a s  i t  p a s s e s  through t h e  condensor  of a g e n e r a r i n g  

p l a n t ,  

I n  t h e  l a b o r a t o r y  t e s t s ,  t h e  s p o t  of v a r i o u s  s i z e s  and a g e s  were  

a c c l i m a t e d  t o  combinat ions  of t e m p e r a t u r e s  and s a l i n i t i e s  p r f o r  t o  

t h e  CTM tests .  It was found t h a t  t h e  a c c l i m a t i o n  t empera tu re  was 



t h e  most impor tan t  f a c t o r  t h a t  a f f e c t e d  t h e  C I M  and t h a t  l a r g e r  f i s h  

had a  h i g h e r  CTM t h a n  d i d  s m a l l e r  ones,  

When r h e  p o s t - l a r v a e  ( s m z l l e s t  f i s h ,  j u s t  hacched) n igrate  up t h e  

e s t u a r y  in t h e  w i n t e r ,  t h e y  have a CTM of 85,G0 F when a r a i r m a t e d  a t  

50,0°,  Akrhough c h i s  i s  lower ehan t h e i r  CTM h r e r  In the  y e a r ,  zhey 

would n o t  be k l l l e d  i f  t h e y  were c ran sported th rough  a  power p lan t  

eondensor ,  T h i s  i s  because  t h e  wacer ,  a l rhough warmed 18" F, h a s  a  

Sow ambient  r empera tu re  i n  w i n t e r  and s o  t h e  maximum tempera tu re  

reached  is s t i l l  l e s s  t h a n  t h e  CTM, During t h e  s m e r ,  rhe g u v e n i l e  

f i s h  had a  CTM of 99.5" F when a c c l i m a t e d  a r  $6'"  I f  t h e  c o o l i n g  

wate r  were t a k e n  from t h e  e s t u a r y  o r  r iver  a t  83", a common summer 

t empera tu re  i n  North  C a r o l i n a ,  t h e n  che f i s h  would be k i l l e d  as t h e y  

passed  through t h e  condensers and were warmed t o  100°, Eater In ehe 

f a l l ,  t h e  c o o l e r  warer  now enre rnng  t h e  p l a n t  w ~ l E  aga in  a l l o w  t h e  

s p o t  so s u r v i v e  entrappment .  

These r e s u l t s  imply t h a t  t h e  most rmpor tan t  time t o  worry about  

t h e  m o r t a l i t y  of j u v e n i l e  s p o t  due t o  h e a t  dsach i s  i n  t h e  summer and 

e a r l y  f a P 1 ,  To s t o p  c h i s  m o r t a l i t y  i n  power p l a n t s ,  s h e  maximum 

tempera tu re  encounte red  by t h e s e  f i s h  should n o t  be  above 91" F ( a  

n i n e  d e g r e e  s a f e t y  f a c t o r ) ,  I& shou ld  a l s o  be  nored t h a z  by e a r l y  

August ,  t h e  s p o t  i n  North C a r o l i n a  a r e  2 l / Z  i n c h e s  l o n g ,  Pt may be 

p x s i b i e ,  t h e r e f o r e ,  co keep t h e s e  f i s h  o u t  of t h e  i n t a k e s  w f ~ h  p r o p e r  

s c r e e n i n g .  



ABSTRACT 

BRIDGES,  DAVID WILDER. The Critical Thermal Maximum of Juvenile Spot, 

Leiostomus --- xanthurus, Lacepede. (Under the direction of JOHN E, 

HOBBIE) . 
The Critical Thermal Maximum (CTM) of juvenile spot was determined 

throughout their first growing season from the time they entered the 

oligohaline environment until they left it. Spot were acclimated in 

the laboratory to combinations of temperature and salinity levels 

prior to the CTM tests. When the data were analyzed by multiple 

regression, acclimation temperature, acclimation salinity, weight, 

weight squared, and length were all found to be significantly important 

influences on the CTM of juvenile spot. Temperature was the most 

important influence on CTM with an R2 value of 0 .92 .  Salinity was the 

least important with an R2 of 0.001, and weight, weight squared and 

length were all intermediate influences with IZ2 values of about 0.18. 

Response surfaces were generated from the prediction equation showing 

the acclimation temperature necessary to produce a fixed CTM for 

juvenile spot. These reveal that CTM increases with size (either 

length or weight) and age during the nursery period. The increase in 

CTM was somewhat greater between summer and fall sized spot than 

between spring and summer sized spot. The CTM increased as salinity 

increased. 

The time of day at which the CTM tests were made did not effect 

the CTM. The increase in CTM between temperature/salinity/size 

combinations was consistently near 38% of the difference between two 

levels of acclimation temperature. 



The increase in CTM with size and age may involve a reduction 

in cell surface concentration. The efficiency of cell metabolism 

may 2ncrease at lower surface concentrations, thereby providing an 

increase in tolerance to stress. As heat acclimation is accomplished, 

enzyme systems may be replaced by ones more effective at higher 

temperatures. The replacement of enzyme systems may be a result of 

physico-chemical changes in water at the specific temperature levels 

of 15, 30, and 45 C .  The increase in CTM with salinity may be a 

result of the increased availability of complexing agents or other raw 

materials used in metabolism which permits higher temperature tolerance. 

Although it is impossible to apply laboratory results directly to 

field situations, these data indicate that a 10 C increase in cooling 

water temperature of a power generating stat.ion need not be lethal 

during spring migration of post-larval spot providing that no other 

factor is reducing the heat tolerance at that time of year. However, 

a 10 C increase in cooling water temperature would be lethal to 

100% of entrained juvenile spot from the time the water temperatures 

approached the mid 20's C in the early summer until they cooled below 

the mid 20's C in the fall. 

Based on the results of this study, I would recommend to the power 

industry that they limit their temperature increases to 5 C below the 

CTM of the organisms which might be entrained in the coolant or exposed 

to the plume of heated water after it has been returned to the waterway. 
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INTRODUCTION 

A t h r e a t  t o  t h e  b i o l o g y  of c o a s t a l  w a t e r s  h a s  been c r e a t e d  by 

t h e  demand f o r  e l e c t r i c  power, The demand i s  a r e s u l t  of expanding 

c o a s t a l  p o p u l a r i o n s  w h ~ c h  have caused a  doubl ing  i n  e l e c t r i c a l  power 

p r o d u c t i o n  every  10  y e a r s  s i n c e  1945 (Sorge,  9969) .  I n c r e a s e d  power 

p r o d u c t i o n  may be harmful  t o  a q u a t i c  organisms because  t h e  i n d u s c r y  

u s e s  wa te r  from r i v e r s  and e s t u a r i e s  a s  c o o l a n t  t o  condense t h e  s team 

1 n e s  . which r u n s  t h e  t u r b l  

Temperature i n c r e a s e s  r e s u l t i n g  from t h e  power i n d u s t r y ' s  u s e  of 

w a t e r  a s  c o o l a n t  need n o t  be  l e t h a l  t o  a l l  organisms,  f o r  a  l a r g e  

n u c l e a r  g e n e r a t i n g  p l a n c  u s u a l l y  c a u s e s  a  t empera tu re  i n c r e a s e  of 

o n l y  abou t  10 C o r  l e s s  (Horton and B r i d g e s ,  1969) .  A s  t h e  h e a t  

t o l e r a n c e  of no more t h a n  5% of our  f i s h  s p e c i e s  had been i n v e s t i -  

g a t e d  by 1969 (Mfhursky and Kennedy, 1967) ,  t h e  Pack of t h i s  

i n f o r m a t i o n  concerning t h e  t o l e r a n c e  t o  h e a t  of a q u a t i c  o r g a n i s ~ n s  

n e c e s s i t a t e s  i n v e s t i g a t i o n  i n  t h i s  a r e a  i n  o r d e r  t o  p r e d i c t  t h e  

env i ronmenta l  consequences of t h e  i n c r e a s e d  h e a t e d  wate r  d i s c h a r g e s  

by t h e  power i n d u s t r y .  

I have i n v e s t f g a t e d  i n  t h i s  s t u d y  t h e  h e a t  t o l e r a n c e  of a n  

impor tan t  e s t u a r i n e  f i s h ,  s p o t  (Leiostomus x a n t h u r u s ) ,  by u s i n g  t h e  

C r i t i c a l  Thermal Maximum (CTM) t e c h n i q u e .  Many the rmal  t o l e r a n c e  

s t u d i e s  a r e  performed w i t h  d i s r e g a r d  f o r  t h e  s u b t l e  i n f l u e n c e s  of 

b o t h  p h y s i c a l  and b i o l o g i c a l  phenomena. T h e r e f o r e ,  t h e  r e l a t i v e  

importance of s e v e r a l  f a c t o r s  which c o n t r o l  and i n f l u e n c e  t h e  CTM 

of j u v e n i l e  s p o t  have been examined. By employing t h e  CTM t e s t  of 



h e a t  t o l e r a n c e ,  some of t h e  l i m i t a t i o n s  of o t h e r  t e c h n i q u e s  have been 

avoided and ,  a t  t h e  same t ime ,  an  o rgan i sm 's  e x p e r i e n c e  of exposure  t o  

r a p i d  thermal  i n c r e a s e s  e l t h e r  w i t h i n  t h e  condensor o r  i n  t h e  wacerway 

r e c e i v i n g  t h e  heared d i s c h a r g e  ha-ve been more c l o s e l y  s i m u l a t e d ,  

J u v e n i l e  f i s h e s  may be more s e v e r e l y  a f f e c t e d  by h e a t e d  e f f l u e n t s  

t h a n  mature  f i shes .  T h i s  i n c r e a s e  i n  s u s c e p t i b i l i t y  of j u v e n i l e  f l s h e s  

niay be  q u i t e  impor tan t  En e s t u a r i n e  sys tems because  young f i s h  a r e  

prominent t h e r e .  A l a b a s t e r  (1966) found t h a t  a d u l t  rough f i s h e s  were 

a b l e  t o  avo id  t h e  h e a t e d  water  of a  g e n e r a t i n g  p l a n t ,  w h i l e  young of 

t h e  same s p e c i e s  were k i l l e d  by i t .  I n  a d d i t i o n  t o  be ing  more success -  

f u l  a t  e scap ing  h e a t ,  an  o l d e r  f i s h  i s  more t o l e r a n t  of h e a t  a s  B r e t t  

(1956) demonstraced wich salmon, Oncorhynchus. Some marine  i n v e r t e -  

b r a t e s  a l s o  have been shown t o  a t t a i n  more h e a t  t o l e r a n c e  w i t h  a g e  , 

a s  exempl i f i ed  by t h e  l o b s t e r ,  -- Homerus amer icanus ,  which becomes l e s s  

s e n s i t i v e  t o  environmental  f a c t o r s ,  i n c l u d i n g  h e a t ,  a s  i t  p r o g r e s s e s  

from one developmental  s t a g e  t o  t h e  n e x t  (McLeese, 1956) .  I n  c o n t r a s t ,  

mar ine  c r a b s  v a r y  i n  t h e i r  t o l e r a n c e  t o  env i ronmenta l  f a c t o r s ,  such 

a s  h e a t ,  a s  t h e y  deve lop  from one s t a g e  t o  t h e  n e x t  (Costlow, Bookhout, 

and Monroe, 1960) .  

The s i z e  of l ike -aged  organisms a l s o  may have some i n f l u e n c e  on 

t h e i r  h e a t  t o l e r a n c e .  Although F r y ,  Har t  and Walker (1946) were unab le  

t o  f i n d  any i n f l u e n c e  of s i z e  on t h e  h e a t  d e a t h  of speck led  t r o u t ,  

S a l v e l i n u s  f o n t i n a l u s ,  P r o s s e r  (1965) s t a t e s  t h a t  s i z e  i s  one of t h e  

b i o l o g i c a l  i n f l u e n c e s  on the rmal  t o l e r a n c e .  

The p h y s i c a l  f a c t o r s  which comprise  a n  o rgan i sm 's  environment 

a l s o  i n f l u e n c e  i t s  t o l e r a n c e  t o  l e t h a l  e lements .  Among t h e s e  impor tan t  



p h y s i c a l  f a c t o r s ,  P r o s s e r  (1965) i n c l u d e s  t e m p e r a t u r e ,  s a l i n i t y ,  

pho taper iod  and oxygen. 

The I n t e r a c t i o n s  of t h e  b i o l o g i c a l  f a c t o r s  of s i z e  and age  w i t h  

t h e  p h y s i c a l  f a c t o r s  of t empera tu re  and s a l i n i t y ,  p r l n c i p a l l y  e s t a b -  

l i s h  an  o rgan i sm 's  a b i l i t y  t o  s u r v i v e .  S t u d i e s  of env i ronmenta l  

t o l e r a n c e ,  t h e r e f o r e ,  should  i n c l u d e  t h e  i n f l u e n c e  of b o t h  b i o l o g i c a l  

and p h y s i c a l  f a c t o r s .  These i n t e r a c t i n g  f a c t o r s  were a l l  c o n s i d e r e d  

i n  t h i s  s t u d y  of t h e  h e a t  t o l e r a n c e  of j u v e n i l e  s p o t ,  Leiostomus 

x a n t h u r u s ,  and t h e  r e l a t i v e  i n f l u e n c e  of each  f a c t o r  on t h e  C r i t i c a l  

Thermal Maximum (CTM). 

Heat t o l e r a n c e  of a n  organism t h a t  i s  exposed t o  a  g e n e r a t i n g  

p l a n t ' s  e f f l u e n t  can b e s t  be  d e s c r i b e d  by us ing  t h e  CTM developed 

by Hutchison (1961) r a t h e r  t h a n  t h e  pharmaceu t ica l  (LD 50) t e c h n i q u e s  

u s u a l l y  employed (Finney,  1952) .  The CTM procedure  s i m u l a t e s  t h e  

i n c r e a s e  i n  t empera tu re  t o  which an  organism would be  exposed w i t h i n  

t h e  condensor of a  power p l a n t  and upon e n t e r i n g  o r  being o v e r t a k e n  

by a  plume of h e a t e d  wate r  a s  i t  was r e t u r n e d  t o  t h e  waterway. I n  

a d d i t i o n ,  t h e  CTM procedure  must be  r a p i d  enough t o  p r e v e n t  

t empera tu re  a c c l i m a t i o n  b u t  n o t  s o  r a p i d  t h a t  t h e  e x p e r i m e n t a l  

organism goes  i n t o  h e a t  shock.  I n  c o n t r a s t ,  t h e  LD 50 methods r e q u i r e  

t h a t  t e s t  organisms e i t h e r  s u f f e r  a  h e a t  shock from be ing  p u t  immediately 

i n t o  h e a t e d  a q u a r i a  from t h e i r  a c c l i m a t i o n  a q u a r i a ,  o r  a c c l i m a t e  t o  

some e x t e n t  t o  t h e  t empera tu re  a s  t h e  aquarium w a t e r  i s  h e a t e d  s lowly .  

The d e f i n i t i o n  of CTM a s  p r e s e n t e d  by Hutchison (1961, p .  92) 

shou ld  be fol lowed when performing t h e  CTM t e s t ,  b u t  some misunder- 

s t a n d i n g  of i t  seems t o  e x i s t  among f i s h e r y  i n v e s t i g a t o r s .  



Hutchison s t a t e s  t h a t  t h e  CTM o c c u r s  when t h e r e  i s  a  "complete l o s s  of 

any a b i l i t y  of t h e  an imal  t o  escape  from tempera tu re  c o n d i t i o n s  t h a t ,  

if c o n t i n u e d ,  w i l l  promptly l e a d  t o  dea th . "Some f i s h e r y  i n v e s t i g a t o r s  

have s t a t e d  t h a t  t h e  CTM o c c u r s  when t h e  organism l o s e s  e q u i l i b r i u m .  

However, Hutch i son ' s  d e f i n i t i o n  p r e c l u d e s  t h i s  i d e a  f o r  when one performs 

CTM t e s t s ,  he  s e e s  t h a t  e q u i l i b r i u m  i s ,  i n  f a c t ,  l o s t  and r e g a i n e d  

s e v e r a l  t imes  by t h e  test organism,  So, t h e  p o i n t  a t  which t h e  CTM 

o c c u r s ,  based upon e q u i l i b r i u m ,  becomes q u i t e  s u b j e c t i v e .  1 have even 

found t h a t  a  f i s h  s t i l l  can s w i m  when i t  h a s  comple te ly  l o s t  i t s  

a b i l i t y  t o  remain u p r i g h t .  Although one may a r g u e  t h a t  a  f i s h  when 

swimming on i t s  s i d e  i s  n o t  a b l e  t o  d i r e c t  i t s  swimming, t h i s  remains  

t o  b e  e s t a b l i s h e d  e x p e r i m e n t a l l y .  

The b e h a v i o r a l  r e s p o n s e s  shown by f i s h  d u r i n g  a  CTM t e s t  a r e  

q u i t e  s i m i l a r  t o  t h o s e  of sa lamanders  (Hutchison,  1961) .  Both t y p e s  

of organisms j n c r e a s e  t h e i r  a c t i v i t y  i n  t h e  f l a s k  a s  t h e  t empera tu re  

b e g i n s  t o  r i s e .  Next,  f i s h  may o r  may n o t  l e a p  o u t  of t h e  wa te r  

s e v e r a l  t imes  (jumping r e s p o n s e )  and sa lamanders  g e n e r a l l y  l e a p  and 

a t t e m p t  t o  c rawl  up t h e  s i d e s  of t h e  f l a s k .  Fol lowing t h e  jumping 

r e s p o n s e  i s  a  l o s s  of e q u i l i b r i u m .  Whereas, t h e  a b i l i t y  t o  m a i n t a f n  

t h e i r  normal v e r t i c a l  o r i e n t a t i o n  ( r i g h t i n g  r e s p o n s e )  i s  l o s t  g r a d u a l l y  

by sa lamanders ,  i t  i s  l o s t  and r e g a i n e d  s e v e r a l  t imes  by f i s h .  A f t e r  

e q u i l i b r i u m  l o s s  i s  r e a c h e d ,  sa lamanders  remain m o t i o n l e s s  f o r  a  

p e r i o d ,  b u t  f i s h e s  r e t a i n  t h e  a b i l i t y  t o  s w i m  w h i l e  remaining on t h e i r  

s i d e s .  F i s h  t h e n  become m o t i o n l e s s  and l i e  a t  t h e  s u r f a c e  o r  bottom 

of t h e  f l a s k  b e a t i n g  t h e i r  o p e r c u l a  r h y t h m i c a l l y  f o r  a  s h o r t  p e r i o d .  

T h i s  q u i e s c e n t  p e r i o d  i s  te rmina ted  i n  sa lamanders  by a  g e n e r a l  



muscular  spasm and i n  f i s h  by a spasmodic o p e r c u l a r  f l u t t e r ,  The 

t empera tu re  a t  which t h e  spasms occur  i n  b o t h  t y p e s  of organisms i s  

t h e  CTM. It  i s  fol lowed immediately by a h e a t  coma and t h e n  d e a t h  

w i t h i n  a few seconds .  



METHODS 

The CTM of s p o t  was measured throughout  t h e i r  i n i t i a l  growing 

season  cn groups  of j u v e n i l e s  a c c l i m a t e d  t o  a  v a r i e t y  of t empera tu re  

and s a l i n i t y  combinat ions  i n  c he l a b o r a t o r y .  A l l  of t h e  e x p e r i m e n t a l  

an imals  were c o l l e c t e d  from South Creek,  a  t r i b u t a r y  t o  t h e  Pamlico 

River, i n  an  a r t empr  eo sample from a  uniform p o p u l a t i o n  of organisms 

and t h u s  reduce any v a r i a t i o n  i n  r e s u l t s  due t o  g e n e t i c  v a r i a n c e  

between p o p u l a t i o n s  of f i s h .  Temperature a c c l i m a t i o n  was c a r r i e d  o u t  

i n  50 l i t e r  a q u a r i a  a t  t h e  r a t e  of 1 C i n c r e a s e  p e r  day and 112 C 

d e c r e a s e  pe r  day (Fry -- e t  a l . ,  1946) .  The organisms were a l lowed t o  

a c c l i m a t e  t o  s a l i n i t y  f o r  t h e  l e n g t h  of t ime  i t  took  them t o  become 

a c c l i m a t e d  t o  t e m p e r a t u r e ,  S u r p r i s i n g l y  enough, t h e r e  a r e  few 

a c c o u n t s  of t h e  r a t e  of a c c l i m a t i o n  of f i s h e s  t o  e i t h e r  t empera tu re  

o r  s a l i n i t y  i n  t h e  l i t e r a t u r e ,  y e t  t h e  s a l i n i t y  a c c l i m a t i o n  a p p e a r s  

t o  be  r a p i d .  I n  some f i s h e s ,  f o r  example, Angelovic ,  White and Davis 

(1969) ,  Hicknan (1969) ,  and P o t s  and Evans (1967) have shown t h a t  

sodium t r a n s p o r t  a c r o s s  t h e  g i l l s  of some f i s h e s  is  s o  r a p i d  t h a t  

plasma o s m o l a r i t y  r e a c h e s  e q u i l i b r i u m  u s u a l l y  i n  l e s s  t h a n  24 h o u r s .  

The c a r e  and hand l ing  of a l l  e x p e r i m e n t a l  organisms was s t a n d a r d -  

i z e d ,  w i t h  p a r t i c u l a r  c a r e  being g i v e n  t o  d e n s i t y ,  food and photo- 

p e r i o d .  Spot which weighed 1 g o r  more were h e l d  i n  accl . imat ion 

s q u a r i a  a t  a  d e n s i t y  of 1 g of f i s h  p e r  l i t e r  of w a t e r ,  w h i l e  t h o s e  

weighing l e s s  t h a n  1 g were h e l d  a t  a  d e n s i t y  of 50 f i s h  p e r  50 

g a l l o n  aquarium. P ~ s t - l a r v a e  were f e d  b r i n e  shrimp n a u p l i i  and 

powdered commercial t r o u t  food ,  whereas ,  t h e  l a r g e r  j u v e n i l e s  were f e d  

a  m e a l - g e l a t i n  d i e t  developed by P e t e r s o n ,  Robinson and Willoughby (1967) .  



I h e l d  t h e  l i g h t i n g  c o n s t a n t  a t  100 f o o t  c a n d l e s  over  t h e  a c c l i m a t i o n  

a q u a r i a  s i n c e  b o t h  P r o s s e r  (1965) and B r e t t  (1944) have s t a t e d  t h a t  

pho toper iod  could  cause  t h e  thermal  t o l e r a n c e  of f i s h  t o  v a r y ,  

To c o n t r o l  t h e  q u a l i t y  of t h e  aquarium w a t e r ,  t h e  wa te r  was 

c o n t i n u a l l y  passed th rough  a  c h a r c o a l ,  g r a v e l  and ca lc ium c a r b o n a t e  

s h e l l  f i l t e r  bed. I n  a d d i t i o n ,  t h e  wa te r  i n  each aquarium was f i l t e r e d  

through a 120 gph c a p a c i t y  d ia tomac ious  e a r t h  f i l t e r  f o r  a t  l e a s t  1 0  

minu tes  d a i l y  o r  u n t i l  t h e  wa te r  was c l e a r .  

The a c t u a l  performance of t h e  CTM t e s t  a l s o  r e q u i r e d  s tandard-  

i z a t i o n  s o  a s  t o  e l i m i n a t e  any p o s s i b l e  a d d i t i o n a l  v a r i a t i o n  i n  t h e  

r e s u l t s .  I n  o r d e r  t o  e l i m i n a t e  any v a r i a t i o n  which might  be  due t o  

poor p h y s i o l o g i c a l  c o n d i t i o n  of t h e  e x p e r i m e n t a l  organism, o n l y  t h e  

h e a l t h y  appear ing  i n d i v i d u a l s ,  t h o s e  devoid of hemorrhagic a r e a s  on 

t h e  body o r  f i n s ,  were s u b j e c t e d  t o  t h e  CTM t e s t .  The CTM t e s t  began 

when one o r  two f i s h  were t r a n s f e r r e d  from t h e  a c c l i m a t i o n  aquarium 

t o  a  2000 m l  c a p a c i t y  d i s t i l l a t i o n  f l a s k  c o n t a i n i n g  1300 m l  of w a t e r  

from t h e  a c c l i m a t i o n  aquarium. Next,  t h e  f l a s k  was p l a c e d  i n  a  

h e a t i n g  m a n t l e  and h e a t e d  a t  t h e  r a t e  of 1 C p e r  minu te  (measured 

w i t h  a  mercury- in-glass  thermometer r e a d  t o  0 . 1  C) u n t i l  t h e  CTM 

occur red .  During t h e  whole exper iment ,  a i r  was bubbled th rough  a n  

a i r  s t o n e  a t  a  r a t e  t h a t  main ta ined  oxygen l e v e l s  above 85% s a t u r a t i o n ,  

y e t  s t i l l  a l lowed t h e  f i s h  t o  be  observed ,  

To a n a l y z e  t h e  d a t a ,  a  m u l t i p l e  r e g r e s s i o n  a n a l y s i s  (Snedecor and 

Cochran, 1967) was c a r r i e d  o u t  on t h e  IBM model 360 computer.  T h i s  

t e c h n i q u e  p e r m i t t e d  me t o  deve lop  t h e  b e s t  p r e d i c t i o n  e q u a t i o n  from 

1 3  p o s s i b l e  f a c t o r s  and combinat ions  of f a c t o r s  which might i n f l u e n c e  CTM. 
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From t h i s  e q u a t i o n  I c o n s t r u c t e d  g r a p h s ,  u s i n g  a  p l o t t i n g  a t t achment  

on t h e  360 computer,  of t h e  a c c l i m a t i o n  t e m p e r a t u r e s  n e c e s s a r y  t o  

a c h i e v e  a  predetermined CTM f o r  j u v e n i l e  s p o t  of a  p a r t i c u l a r  s i z e  a t  

a  p a r t i c u l a r  s a l i n i t y  l e v e l .  T h i s  a n a l y s i s  p r o v i d e s  much more inform- 

a t i o n  t h a n  t h e  one used by Hutchison (1961) i n  which h e  s imply compared 

mean CTM v a l u e s  by a  g r a p h i c a l  method (Hubbs and Hubbs, 1953;. The 

a n a l y s i s  which I used a l s o  gave comparat ive  measures  of t h e  f a c t o r s  

which s i g n i f i c a n t l y  a f f e c t  t h e  CTM of j u v e n i l e  s p o t  which was n o t  

p o s s i b l e  w i t h  H u t c h i s o n ' s  a n a l y s i s .  



RESULTS 

Of t h e  1 3  f a c t o r s  t e s t e d ,  o n l y  l e n g t h  ( L ) ,  weight  (W), and weight  

2 
s q u a r e s  (W ) ,  t empera tu re  of a c c l i m a t i o n  (T) ,  and s a l i n i t y  (S) cor-  

r e l a t e d  s i g n i f i c a n t l y  a t  t h e  95% l e v e l  of s i g n i f i c a n c e  (us ing  a n  F - t e s t )  

w i t h  t h e  CTM of t h e  s p o t .  F a c t o r s  n o t  s i g n i f i c a n t  were t empera tu re  

s q u a r e d ,  weight  cubed, t empera tu re  x  weight  i n t e r a c t i o n ,  l e n g t h  squared ,  

s a l i n i t y  squared ,  t empera tu re  x  s a l i n i t y  i n t e r a c t i o n ,  weight x s a l i n i t y  

i n t e r a c t i o n ,  and l e n g t h  x  s a l i n i t y  i n t e r a c t i o n .  Those which were 

s i g n i f i c a n t  were used t o  produce t h e  p r e d i c t i o n  e q u a t i o n ,  CTM = 

0.02747(S) .  The mean CTM observed ,  t h e  mean CTM p r e d i c t e d  by t h e  

e q u a t i o n ,  and t h e i r  d i f f e r e n c e  ( t h e  r e s i d u a l )  a r e  shown i n  t h e  

appendix.  The s m a l l  d i f f e r e n c e  between t h e  sum of t h e  squared 

r e s i d u a l s  and t h e  e r r o r  sum of s q u a r e s  (-0.0002) i n d i c a t e s  t h a t  most 

of t h e  v a r i a t i o n  about  ea.ch mean CTM is  e x p l a i n e d  by t h e  r e g r e s s i o n  

model. 

A s p e c i a l  exper iment  w i t h  groups  of s p o t  a c c l i m a t e d  t o  30 C and 

8 p p t  r e v e a l e d  t h a t  t h e  t ime  of day of t h e  testing had no effect 

(Table  1 ) .  Only t h e  R~ v a l u e  a t  0400 was h i g h  enough t o  s u g g e s t  any 

L 
c o r r e l a t i o n ,  b u t  a  r e p l i c a t e  exper iment  gave a  much reduced R . The 

p r e d i c t i o n  e q u a t i o n  i s  CTM = 35.9189 + 0.0411(L) + 0.0511(W). Even 

when t h e  days of a c c l i m a t i o n  and t i m e  of day were added t o  t h e  r e g r e s -  

s i o n  of CTM on l e n g t h  and weigh t ,  t h e r e  

CTM and t ime  of day (Table  2 ) .  

Near ly  a l l  of t h e  v a r i a t i o n  due t o  

f i v e  s i g n i f i c a n t  f a c t o r s  of t h e  model. 

was no c o r r e l a t i o n  between 

regr-ess ion i s  exp la ined  by t h e  

2 The c o r r e l a t i o n  index  (R ) 



Table  1. C o r r e l a t i o n  index and e r r o r  t e r m s  f o r  d i u r n a l  measurements of the GTM of j u v e n i l e  s p o t  
i n  J u l y ,  1968, exper iments  a t  0400, 2000 and 2400 h o u r s  were  r e p e a t e d  because  of t h e  
observed v a r i a t i o n  between t h e  f i r s t  set of exper iments ;  CTM = 35.9189 + 0.0411(L) + 
0.511(W) 

- - 

Time 

Mean s q u a r e  

Regress ion  -1882 .5533 1.656 .5591 -1033 .0343 . I237  .4341 ,2712 

E r r o r  -0373 .2822 1.238 .6395 -3025 .2311 -4041 -3679 .2677 



T a b l e  2. C o r r e l a t i o n  i n d i c e s  from t h e  r e g r e s s i o n  of d i u r n a l  measurements 
of t h e  CTM of j u v e n i l e  s p o t  w i t h  f o u r  combinat ions  of l e n g t h ,  
w e i g h t ,  t ime  of day t h e  t e s t  was made, and days  of a c e l f m a t i o n  

B v a r i a t e s  R~ Mean s q u a r e  e r r o r  
- 

Length,  weight  0.02768 

Time, l e n g t h ,  weight  0.03141 

Days, l e n g t h ,  weight  0.07908 

Time, days ,  l e n g t h ,  weight  0.07990 

f o r  t h e  model i n c l u d i n g  a l l  of t h e  f a c t o r s  i s  0.9776 w i t h  a  s t a n d a r d  

d e v i a t i o n  of 0.445 and a  mean s q u a r e  e r r o r  of 0.1979. It i s  q u i t e  

e v i d e n t  t h a t  a c c l i m a t i o n  t empera tu re  i s  t h e  most impor tan t  f a c t o r  

i n f l u e n c i n g  CTM s i n c e  i t s  R2 i s  0.9201. It i s  a l s o  e a s i l y  s e e n  t h a t  

s a l i n i t y  i s  n o t  a  v e r y  i n f l u e n t i a l  f a c t o r  f ~ r  t h e  CTM of j u v e n i l e  s p o t  

2  
s i n c e  i t s  R i s  o n l y  0.001. Whereas t empera tu re  and s a l i n i t y  have 

t h e  most and l e a s t  i n f l u e n c e ,  r e s p e c t i v e l y ,  on t h e  CTM of j u v e n f l e  

s p o t ,  weight  (R2 = 0.1788) ,  weight  squared (R2 = O.l55O), and l e n g t h  

( R ~  = 0.1556) a r e  all i n t e r m e d i a t e  and abou t  t h e  s a m e  l e v e l  i n  t h e i r  

i n f l u e n c e  on t h e  CTM. 

The CTM of j u v e n i l e  s p o t  i n c r e a s e s  w i t h  age  and weight  over  t h e  

i n i t i a l  growing s e a s o n .  Acc l imat ion  t empera tu res  r e q u i r e d  t o  produce 

a  p a r t i c u l a r  CTM f a r  s p o t  a t  s i z e s  r e p r e s e n t i n g  t h e  s p r i n g  f i s h  a s  they  

immigrate  i n t o  t h e  upper e s t u a r y  a s  p o s t - l a r v a e ,  t h e  summer f i s h  and 

t h e  f a l l  f i s h  p r i o r  t o  e m i g r a t i o n  from t h e  upper e s t u a r y  a r e  shown 

i n  F i g u r e s  1-3. Spr ing  s i z e d  p o s t - l a r v a l  s p o t  averaged 19.05 mm S . L . ,  
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summer s i z e d  s p o t  averaged 40-33  mm and f a l l  s i z e d  s p o t  averaged 60,37 

mm. I n  comparing t h e  CTM of s p r i n g  and summer s i z e d  s p o t ,  i t  i s  

e v i d e n t  t h a t  t h e  i n c r e a s e  i n  CTM w i t h  age  h a s  n o t  occur red  i n  t h e  

s m a l l e s t  summer s i z e d  s p o t  (0.70 g )  f o r  they  r e q u i r e  a  h i g h e r  acclrm- 

a t i o n  t empera tu re  t o  a c h i e v e  a  s e t  CTM than  t h e  p o s t - l a r v a e  do a t  

a l l  t h r e e  s i z e s  (0 .07,  0.10,  and 0.133 g ) .  But t h a t  i s  t h e  on ly  group 

which does  n o t  f o l l o w  t h e  g e n e r a l  t r e n d  of i n c r e a s e d  CTM wirh  age .  

When comparing t h e  e f f e c t  of weight  on ehe CTM of s p o t  a t  t h e  t h r e e  

age  p e r i o d s  one can s e e  i n  F i g u r e  1 t h a t  h e a v i e r  f i s h  need a  lower 

a c c l i m a t i o n  t empera tu re  t o  a c h i e v e  a  g iven  CTM t h a n  do l i g h t e r  f i s h ,  

and t h i s  e f f e c t  i s  even more marked f o r  t h e  summer f i s h  two t o  f o u r  

months l a t e r  ( F i g u r e  2 ) .  By t h e  t i m e  t h e  f i s h  a r e  ready t o  l e a v e  t h e  

e s t u a r y  i n  t h e  f a l l ,  a s l i g h t l y  h i g h e r  maximum CTM h a s  been a t t a i n e d  

( F i g u r e  3 ) .  Also one can s e e  t h a t  t h e  CTM changes more between t h e  

medium and l i g h t e s t  f i s h  rhan between t h e  medium and h e a v i e s t .  

S a l i n i t y  i n c r e a s e s  t h e  CTM of a l l  a g e s  of j u v e n i l e  s p o t .  T h i s  

i s  i n d i c a t e d  i n  F i g u r e s  1-3 s i n c e  t h e  r e q u i r e d  a c c l i m a t i o n  t empera tu re  

d e c r e a s e s  a t  a l l  t h r e e  s i z e s  a t  a l l  t h r e e  a g e s ;  however, s a l i n i t y  

becomes l e s s  s i g n i f i c a n t  a t  h i g h e r  a c c l i m a t i o n  t empera tu res .  Although 

t h e  CTM g e n e r a l l y  i n c r e a s e s  w i t h  s a l i n i t y ,  t h e r e  i s  some v a r i a t f o n  and 

t h e  i n c r e a s e  i s  n o t  always a  s i g n i f i c a n t  one (Table  3 ) .  

The v a r i a t i o n  i n  p a t t e r n  i s  n o t  g r e a t ,  however, s i n c e  o n l y  one 

exper iment  r e v e a l e d  a  CTM v a l u e  from a  group of s p o t  a c c l i m a t e d  t o  5 

p p t  which was s i g n i f i c a n t l y  h i g h e r  t h a n  t h a t  from a  group a c c l i m a t e d  t o  

15 p p t .  Fur the rmore ,  on ly  one exper iment  r e v e a l e d  a  CTM v a l u e  from a  

group a c c l i m a t e d  t o  15 p p t  which was s i g n i f i c a n t l y  h i g h e r  t h a n  t h a t  



Table 3. Least significant difference at the 95% level of confidence 
(*) between 5, 15 and 15, 25 ppt salinity for juvenfle 
spot acclimated to several temperaturelsalinity comblnatlons 
in the laboratory throughout their initial growfng season 

- 
LSD LSD Ranked Ranked 

Date Sal. Temperature N x CTM - 
5:15 15:25 salinlty x CTM 



from a  group a c c l i m a t e d  t o  25 p p t .  So t h e  i n d i c a t i o n  t h a t  i n c r e a s e d  

s a l i n i t y  r e s u l t s  i n  i n c r e a s e d  C T M ' s  seems v a l i d ,  f o r  t h e r e  a r e  o n l y  

minor v a r i a t i o n s  i n  t h e  t r e n d .  Although t h e  a n a l y s i s  of t h e s e  d a t a  

do n o t  show t h a t  t empera tu re  and s a l i n i t y  i n t e r a c t  s i g n i f i c a n t l y ,  

some i n t e r a c t i o n  i s  e v i d e n t  i n  F i g u r e s  1-3, and t h e  i n t e r a c t i o n  may 

have been s t a t i s t i c a l l y  d e t e c t a b l e  had exper iments  been performed 

u s i n g  more extreme a c c l i m a t i o n  s a l i n i t y  l e v e l s ,  

The p r e d i c t e d  CTM i n c r e a s e s  more s h a r p l y  between summer (40 mrn) 

and f a l l  (60 nun) f i s h  t h a n  between p o s t - l a r v a e  (20 mm) and summer 

f i s h  ( F i g u r e  4 ) .  A t  40 and 60 mm t h e  d i f f e r e n c e  i n  CTM is  g r e a t e s t  

between 5  and 15 p p t .  The p r e d i c t e d  CTM of t h e  l a r g e s t ,  and t h e r e f o r e  

o l d e s t ,  s p o t  i s  c o n s i s t e n t l y  h i g h e r  a t  a l l  s a l i n i t i e s  and t empera tu res  

t h a n  t h a t  of t h e  two s m a l l e r ,  and t h e r e f o r e  younger ,  s p o t ;  however, 

a s  shown i n  F i g u r e  5 ,  t h e  a f f e c t  of s a l i n i t y  on CTM may d e c r e a s e  

somewhat a t  h i g h e r  s a l i n i t i e s .  

The f i v e  f a c t o r s  found t o  s i g n i f i c a n t l y  a f f e c t  t h e  CTM of j u v e n i l e  

s p o t  can a c t  t o  i n c r e a s e  t h e  CTM t o  t h e  maximum which i s  g e n e t i c a l l y  

p o s s i b l e ,  and t h i s  change i s  expressed  a s  a  p e r c e n t  from t h e  r a t i o  of  

t h e  i n c r e a s e  i n  CTM t o  t h e  i n c r e a s e  i n  a c c l i m a t i o n  t empera tu re .  FOP 

example, i f  t h e  CTM i n c r e a s e d  5 C between groups  a c c l i m a t e d  t o  1 0  and 

20 C ,  t h e  r a t i o  would b e  5:10 and t h e  change would be  50%. When I 

computed t h e  p e r c e n t  change f o r  j u v e n i l e  s p o t ,  I found i t  t o  b e  q u i t e  

c o n s t a n t  a t  n e a r  38% w i t h  some minor v a r i a t i o n s  among t h e  younger f i s h  

(Table  4 ) .  There  i s  some v a r i a t i o n  i n  CTM changes between s a l h i t y  

l e v e l s  f o r  t h e  p o s t - l a r v a e  and t h e  summer s i z e d  f i s h ,  bu t  t h e  v a r i a t i o n  

became minor f o r  t h e  f a l l  s i z e d  f i s h .  





CTM 



Table  4 .  P e r c e n t  l n c r e a s e  i n  CTM o f  j u v e n i l e  s p o t  d u e  t o  d l f f e r m g  
l a b o r a t o r y  c o n d i t i o n s  t h r o u g h o u t  ~ h e l r  l n i r l a l  growrng 
s e a s o n  ( g r o u p s  a r e  p a r t i t i o n e d  by s a l l n l t y  a c c l ~ m a t l o n  ( S ) ,  
t e m p e r a t u r e  ( T ) ,  werght o v e r  a l l  t h r e e  salinities (W], and 
l e n g t h  ove r  a i l  t h r e e  s a l i n i t i e s  (L); I%1O = p e r c e n t  
l n c r e a s e  f rom 1 0  C l n c r e a s e  i n  acclimation t e m p e r a t u r e ;  

p e r c e n t  l n c r e a s s  f rom a  20 C i n c r e i i s e  r n  acclimation 
t e m p e r a t u r e ;  10-20,  20-30, and 10-30 = t h e  t e m p e r a c u r e  
r a n g e s  ov2r  whlch  :he p e r c e n t  i n c r e a s e s  were  computed;  
p e r c e n r  i n c r e a s e  = CTM i n c r e a s e :  d i f f e r e n c e  ~n  a c c l i m a t i o n  
t e m p e r a t u r e  X 100)  



Table  4 .  P e r c e n r  I n c r e a s e  I n  CTM of j u v e n i l e  s p o t  due t o  d l f f e r l n g  
l a b o r a ~ o r y  c o n d i t i o n s  rhroughout  c h e l r  l n l c i a l .  growrng 
s e a s o n  (groups  a r e  p a r t i t i o n e d  by s a l l n l t y  a c c l l m a t r o n  (S), 
t e m p e r a t u r e  (T), werght over  a l l  t h r e e  s a l f n i t l e s  (W), and 
l e n g t h  over  a l l  t h r e e  salinities (L); = p e r c e n t  
I n c r e a s e  from 10 C I n c r e a s e  i n  acclimation t e m p e r a t u r e ;  

p e r c e n t  l n c r e a s s  from a  20 C i n c r e a s e  I n  a c c l l m z t i o n  
t e m p e r a t u r e ;  10-20, 20-30, and 10-30 = t h e  Kemperacure 
r a n g e s  over  whxch rhe p e r c e n t  i n c r e a s e s  were computed; 
p e r c e n r  i n c r e a s e  = CTM i n c r e a s e :  d i f f e r e n c e  I n  a c c l i m a t i o n  
t e m p e r a t u r e  X 100)  



DISCUSSION 

Thermal acclfmation alters the CTM of juvenile spot more than 

salinity, size or age. Acclimatfon temperature acts as a controlilng 

factor, while age, size and salinity only modify heat tolerance. 

Of course, all of these factors can only influence the CTM of spoc to 

the extent determined genetically. The mechanisms by which the factors 

influence the CTM are not known, but several theories do exfst. 

Investigators have postulated that enzymes, lipids and hormones, 

as well as membrane phenomena may all be involved in temperature 

acclimation in fishes. Since different enzymes have different tempera- 

ture sensitivities and different biochemical systems have different 

temperature constants, one should be able to predict - a priorf that 

different poikilotherms will have different temperature sensitivities 

according to the temperature at which their metabolism functions most 

efficiently. One enzymatic change found to occur in relation to 

temperature in fresh-water fishes is an inactivation of the cholinesterase 

activity in response to temperature increases (Kusakina, 1963; Baslow 

and Nigrelli, 1964). Although Holliday (1969), in discussfng the 

temperature sensitivity of teleost eggs, specifies that only enzymes 

change, he does indicate that temperature accfimation is accomplished 

through more extensive biochemical modifications. This probably 

involves many more elements of the protoplasm than just enzymes. 

One such element may well be the lipids, as it is known that their 

state and quantity changes as the temperature rises (Prosser, 1965; 

de Sylva, 1969). Hormonal changes have also occurred in fish with 

rising temperatures as demonstrated by the thyroid stimulating 



hormone (TSH) i n c r e a s e  wi rh  i n c r e a s i n g  t empera tu re  i n  f r e s h w a t e r  

c y p r i n i d s  (For rune ,  1 9 5 8 ) ;  however, t h e  amount of i n c r e a s e  was shown 

t o  be  independent  of acc lFmat lon  t empera tu re .  A t h e o r y  of t empera tu re  

a c c l i m a t i o n  which may i n c l u d e  changes i n  a l l  o f  t h e  e lements  j u s r  

mentfoned p o s t u l a t e s  t h a t  c r i t i c a l  anomalies i n  b i o p h y s i c a l  p r o c e s s e s  

occur  i n  t h e  membrane phenomena a t  t empera tu re  n e a r  1 5 ,  30, and 45 C 

(Drost-Hansen, 1 9 6 9 ) ,  The i m p l i c a t i o n  h e r e  i s  t h a t  a n  organism may 

be  g e n e t i c a l l y  a b l e  t o  a c c l i m a t e  t o  changing t empera tu res  by r e p l a c i n g  

m e t a b o l i c  pathways;  and i f  s o ,  t h e  pathways may change a t  t h e  

t e m p e r a t u r e s ,  1 5 ,  30 and 45 C ,  a t  which t h e  c r i t i c a l  anornolies a r e  

s a i d  t o  o c c u r .  

Temperature and s i z e  b o t h  a l t e r  t h e  metabolism of f i s h ,  and 

metabolism may be  i n t i m a t e l y  invo lved  w i t h  t empera tu re  a c c l i m a t i o n  

of f i s h e s .  According t o  Bartholomew (1968) m e t a b o l i c  r a t e ,  a s  

measured by oxygen u p t a k e ,  n e a r l y  doubles  f o r  every  PO C i n c r e a s e  m 

tempera tu re .  However, t empera tu re  i s  n o t  t h e  o n l y  parameter  which 

i n f l u e n c e s  metabolism s i n c e  s i z e  a l s o  changes m e t a b o l i c  r a t e .  Davnson 

(1955) s t a t e s  t h a t  i t  i s  an  accep ted  g e n e r a l  phenomenon t h a t  i n  t h e  

animal  kingdom s m a l l  an imals  e x h i b i t  a  h i g h e r  s t a n d a r d  m e t a b o l i c  r a t e  

t h a n  r e l a t e d  an imals  of g r e a t e r  body weigh t .  Because i n c r e a s e s  i n  

b o t h  m e t a b o l i c  r a t e  and s u s c e p t i b i l i t y  t o  c o l d  d e a t h  a r e  i n v e r s e l y  

r e l a t e d  t o  i n c r e a s i n g  s i z e  among young salmon, B r e t t  (1956) h a s  

sugges ted  t h a t  t empera tu re  a c c l i m a t i o n  of mar ine  f i s h  may be  governed 

by m e t a b o l i c  r a t e ,  

The v a r i a t i o n  of the rmal  t o l e r a n c e  w i t h  organism s f z e  may be t h e  

r e s u l t  of a  change i n  c e l l  s u r f a c e  c o n c e n t r a t i o n  a s  t h e  organism grows. 
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I have shown t h a r  CTM i n c r e a s e s  w i t h  s i z e  a t  a l l  t h r e e  a g e s  measured 

which a g r e e s  w l t h  t h e  s t a t e m e n t  made by B r e t t  (1969) t h a t  e m b r y o n ~ c  

s t a g e s  of f i s h e s  a r e  more s e n s i t i v e  t o  t empera tu re  t h a n  a d u l t s *  I n  

c o n ~ r a s t ,  however, F r y  -- e t  a l ,  ( 1 9 4 6 )  were unab le  t o  f m d  any r e l a t i o n -  

s h i p  between s i z e  and t h e  t ime of d e a t h  i n  the rmal  t o l e r a n c e  exper iments  

i n v o l v i n g  speck led  t r o u t ,  S a i v e l f n u s  f o n t f n a l i s .  I n c r e a s e s  i n  CTM 

o c c u r r i n g  with t h e  growth of j u v e n i l e  s p o t  may be  t h e  r e s u l t  of changes 

i n  t h e  c e l l  s u r f a c e  t o  volume r a t i o  of t h e  s k e l e t a l  muscu la tu re .  The 

s u r f a c e  t o  volume r a t i o  d e c r e a s e s  a s  s k e l e t a l  muscles  i n c r e a s e  i n  s i z e ,  

and Davison (1955) found t h a t  changes i n  c e l l  s u r f a c e  c o n c e n t r a t i o n  

and changes i n  merabo l fc  r a t e  co incfded  i n  t h e  ontogeny of anurans .  

So, pe rhaps  t h e  the rmal  t o l e r a n c e  i n c r e a s e s  w i t h  growth when t h e  

d e c r e a s i n g  c e l l  s u r f a c e  t o  volume r a t i o  r e d u c e s  t h e  amount of energy 

r e q u i r e d  by a c t i v e  c r a n s p o r t  mechanisms f o r  organism maintenance,  and 

t h e r e f o r e ,  makes more energy a v a i l a b l e  f o r  the rmal  a c c l i m a t i o n ,  

The h e a t  t o l e r a n c e  of j u v e n i l e  s p o t  i n c r e a s e s  w i t h  age  d u r i n g  t h e  

f i r s t  growing season  i n  t h e  upper e s t u a r y .  T h i s  i n c r e a s e  i n  tempera- 

t u r e  t o l e r a n c e  w i t h  age  seems t o  occur  i n  most f i s h e s  which have been 

i n v e s t f g a t e d  ( B r e t t ,  1969) .  S i n c e  s p o t  p robab ly  spawn i n  c o a s t a l  

wa te r  (Dawson, 1958) r a t h e r  t h a n  i n  t h e  e s t u a r i e s ,  t h e i r  eggs  and 

l a r v a e  may be l e s s  t o l e r a n t  of the rmal  changes t h a n  more advanced 

s t a g e s ,  a s  i s  t h e  c a s e  w i t h  marine  f i s h  i n  g e n e r a l  (de  Sy lva ,  1 9 6 9 ) ,  

A s  t h e  newly spawned s p o t  age  and g a f n  t o l e r a n c e  t o  environmental  

f l u c t u a t i o n s ,  t h e y  b e g i n  immigrat ing toward t h e  upper e s t u a r y  which 

w i l l  s e r v e  a s  a  n u r s e r y  t h e i r  f f r s t  growing s e a s o n .  Th is  i n c r e a s e  

i n  t o l e r a n c e  is n e c e s s a r y  f o r  s u r v i v a l  i n  t h e  n u r s e r y ,  f o r  f l u c t u a t i n g  

env i ronmenta l  c o n d i t i o n s  a r e  q u i t e  common t h e r e .  
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P h o t o p e r l o d  may h a v e  i n f l u e n c e d  t h e  e f f e c t  of a g e  on CTM, Al though  

I m a i n t a i n e d  a  p h o t o p e r i o d  of 100% ( c o n s t a n t  l l g h ~ )  o v e r  a i l  t h e  

e x p e r i m e n t a l  o r g a n r s m s ,  t h e  t i m e  t h a t  t h e y  were  exposed  t o  n t  may n o t  

have  been enough t o  c a n c e l  t h e  e f f e c t  of t h e  p h o t o p e r i o d  ~o whlch t h e y  

were  exposed  n a t u r a l l y  p r l o r  t o  b e l n g  c a p t u r e d ,  However, d u r m g  most  

of  t h e  summer and  f a l l ,  w a t e r  t e m p e r a t u r e s  a t  t h e  t l m e  of c a p c u r e  were  

a p p r o a c h i n g  30 C ,  s o  t h a t  a c c l i m a t i o n  t o  20 and 1 0  C r e q u l r e d  20 and 

40 d a y s ,  r e s p e c t i v e l y ,  a t  t h e  r a t e  of 0 . 5  C d e c r e a s e  p e r  d a y .  T h l s  

a c c l i m a t i o n  t i m e  may h a v e  been  s u f f i c i e n t  t o  remove t h e  e f f e c t  of any 

f o r m e r  p h o t o p e r i o d  (Hoar and R o b e r t s o n ,  1 9 5 9 ) .  S i n c e  t h e  l n c r e a s e  I n  

CTM between summer and f a l l  s p o t  i s  g r e a t e r  t h a n  t h a t  becween s p r i n g  

and summer s p o t ,  t h e  i n c r e a s e  i n  CTM a s  s p o t  grow o l d e r  seems more t h e  

r e s u l t  of a g e  r a t h e r  t h a n  p h o t o p e r i o d .  

S a l i n i t y  p roved  t o  b e  t h e  l e a s t  i m p o r t a n t  f a c t o r  among t h o s e  whlch  

a f f e c t e d  t h e  CTM of  j u v e n i l e  s p o t ;  however ,  i t  d i d  g e n e r a l l y  I n c r e a s e  

t h e  CTM. T h i s  i n c r e a s e  i s  c o n s i s t e n t  w i t h  t h e  f i n d i n g s  of S t rawn and 

Dunn (1967) who found  t h a t  t h e  p r e s e n c e  of any  d i s s o l v e d  s o l r d s  ( t o t a l  

s a l i n i t y )  i n c r e a s e d  t h e  t e m p e r a t u r e  of h e a t  d e a t h  o f  s e v e r a l  s a l t -  and  

f r e s h w a t e r - m a r s h  f i s h e s .  As t h e  t e m p e r a t u r e  became more t o l e r a b l e ,  t h e  

s a l i n i t y  l e v e l  which  g a v e  opti~nurn s u r v i v a l  dropped f o r  f r e s h w a t e r  

f i s h e s  b u t  i n c r e a s e d  f o r  s a l t w a t e r  f i s h e s .  I n  t h f s  s r u d y ,  t h e  s a l m l t y  

changes  from 5 t o  25 p p t  i n c r e a s e d  t h e  CTM of j u v e n l l e  s p o t  a t  a l l  

t e m p e r a t u r e s ,  a l l  s i z e s  and a l l  a g e s  t e s t e d .  The i n c r e a s e  was m l n o r ,  

sometimes n o t  even  s t a t i s t i c a l l y  s i g n i f i c a n t ,  b u t  i t  was consistent. 

C o n c e i v a b l y ,  a s  s p o t  a p p r o a c h  m a t u r i t y ,  t h e y  may b e  a f f e c t e d  d i f f e r e n t l y  

by changes  i n  t h e  s a l i n i t y .  T h i s  i s  p e r h a p s  r e f l e c t e d  by t h e  m i g r a t i o n  
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toward the ocean's more stable conditions and away from the upper 

estuary's unstable conditions as spot age. Ocher organlams whlch show 

the same increase in heat tolerance with increasing salinicy are the 

lobster, Homarus americanus, (McLeese, 1956); and the rrout of   he 

genus, Salmo sp. (Holsband, 1953). Holsband (1953) even found that 

the lethal temperature for heat was raised for trout (Salmo) by the 

additlon of calelum and magnesium ions to the water. 

One might speculate that the increase in ionic content In the 

water may enhance the ability of the organism to withstand stresses 

by supplying additional, needed complexfng agents" These agents may 

be used to facilitate transport across membranes and  hereby speed up 

the replacement of one enzyme system wfth another which is more 

efficient and effective under the stressful conditfons. This 

speculation gains some support from the conclusion of Prosser, Mackay, 

and Kato (1970) that ionic concentration and temperature effects also 

are intimately involved in membrane transport systems in fishes, They 

further state that in general high salt concentrations of marine fishes 

at low temperatures and low salt concentrations in freshwater fishes 

at low temperatures is a possible means of reducing the osmotic work 

necessary for survival and that these ion shifts may be membrane 

limited. Drost-Hansen's (1969) hypothesis would be supported if an 

investigator found significant reactions to salinity at temperatures 

around 15 and 30 C, the temperatures at which Drost-Hansen (1969) has 

said that the membranes replace their transport mechanisms. Since 

the maintenance of proper osmotic balance is accomplished, at least 

in part, by transport mechanisms, an irregularity in transport at 



15  o r  30 C ,  t h e  temperatures proposed t o  be  p o i n t s  a t  which t h e  t r a n s -  

p o r t  mechanisms a r e  r e p l a c e d ,  would c r e a t e  h e a t  t o l e r a n c e  anomal les  

and t h e r e b y  s u p p o r t  Drost-Elansen's t h e o r y .  The d a t a  o b t a l n e d  I n  my 

s t u d y  show a  g e n e r a l  i n c r e a s e  i n  CTM w i t h  s a l i n i t y ,  b u t  no anomal les  

occur  a t  15 o r  30 C .  Crost-Hansen's  t h e o r y  o f f e r s  an  l n t r i g u l n g  

a r e a  f o r  more ~ n v e s t l g a t i o n .  

i n  summation, s e v e r a l  s t a t e m e n t s  seem appropriate, Accl imatron 

t empera tu re  i s  t h e  major c o n t r o l l i n g  f a c t o r  of CTM; however, ~ t s  

c o n t r o l  i s  n o t  a b s o l u t e .  Other  f a c t o r s ,  i n c l u d i n g  a g e ,  s i z e ,  and 

a c c l i m a t i o n  s a l i n i t y  a l s o  i n f l u e n c e  CTM, and a l t h o u g h  t h e l r  r n f l u e n c e  

i s  much l e s s  t h a n  t h a t  of t e m p e r a t u r e ,  t h e y  a r e  s t l l l  s t a t f s t ~ c a i l y  

s i g n i f i c a n t  i n f l u e n c e s .  These d a t a  e s t a b l i s h  t h a t  s l z e  definitely 

i n f l u e n c e s  CTM a s  c o n t r a s t e d  w i t h  t h e  l a c k  of ev idence  of t h l s  

i n f l u e n c e  i n  speck led  t r o u t  i n v e s t i g a t e d  by Fry -- e t  a l .  (1946) .  Age 

w i t h i n  one growing season  seems t o  be  an  i n f l u e n c e  on CTM a l s o ;  however, 

t h e  n a t u r a l  pho toper iod  t o  which t h e  e x p e r i m e n t a l  f i s h  were exposed 

b e f o r e  c a p t u r e  may have shaded t h e  i n f l u e n c e  of a g e .  S a l ~ n i t y ,  over  

t h e  range  of 5-25 p p t ,  was a  minor i n f l u e n c e  on t h e  CTM of j u v e n i l e  

s p o t ,  a l t h o u g h  extreme s a l i n i t i e s  approaching f r e s h w a t e r  and f u l l  

s t r e n g t h  seawate r  c o n c e n t r a t i o n s  (0  and 35 p p t )  may have g iven  more 

emphasis t o  s a l i n i t y ' s  a f f e c t  on h e a t  t o l e r a n c e .  Th is  ie t h e  fmpres- 

s i o n  one r e c e i v e s  from most i n v e s t i g a t o r s  invo lved  w i t h  t h e  s t u d y  of 

marine  o r  e s t u a r i n e  organisms,  f o r  t h e y  c o n s i s t e n t l y  s t a t e  t h a t  t h e  

i n v e s t i g a t i o n  of t h e  e f f e c t s  of t empera tu re  may be ~ n f l u e n c e d  by 

s a l i n i t y ,  and t h e  two paramete rs  shou ld  always be i n v e s t i g a t e d  

t o g e t h e r  ( B r e t t ,  1969; Kinne,  1964; P r o s s e r  and Brown, 19651, 



ECOLOGICAL SIGNIFICANCE 

It is  n o t  p o s s i b l e  t o  say  t h a t  t h e  r e a c t i o n s  of an  organlsm i n  a  

n a t u r a l  s i t u a t i o n  a r e  t h e  same a s  t h e  r e a c t i o n s  of t h e  same organism 

i n  an  u n n a t u r a l  s i t u a t i o n ,  such a s  a  l a b o r a t o r y  exper iment .  There  

a r e ,  however, c e r t a i n  i n f e r e n c e s ,  o b s e r v a t i o n s  and i n s i g h t s  provlded 

by l a b o r a t o r y  s t u d i e s  which one can app ly  t o  n a t u r a l  s i t u a t i o n s .  I n  

t h i s  s t u d y ,  I have manipula ted some paramete rs  and t r i e d  t o  c o n t r o l  

o t h e r s  which might i n f l u e n c e  t h e  CTM of j u v e n i l e  s p o t .  T h i s  may n o t  

be t o t a l l y  r e a l i s t i c  i n  t h a t  an  organism i n  t h e  n a t u r a l  s e t t i n g  h a s  

a l l  of t h e  i n f l u e n c i n g  paramete rs  impinging upon i t  t o  v a r y i n g  d e g r e e s  

of each a t  a l l  t imes  Accept ing t h e  l i m i t a t i o n s  o f  a  l a b o r a t o r y  

exper iment  and a d m i t t i n g  t h a t  t h e r e  i s  a  danger i n  e x t r a p o l a t i n g  t h e  

r e s u l t s  i n t o  t h e  n a t u r a l  h a b i t a t  of a n  organism,  I s h a l l  t r y  t o  p o i n t  

o u t  some of t h e  i m p l i c a t i o n s  of t h i s  s t u d y  f o r  p r e d i c t i n g  t h e  e f f e c t  

of t h e  power i n d u s t r y  on e s t u a r i e s .  

Although t h e  h e a t  added t o  t h e  c o o l i n g  wate r  i n  t h e  condensors  of 

a  power p l a n t  i s  p o t e n t i a l l y  l e t h a l  t o  e n t r a i n e d  organisms,  t h e  r e s u l t s  

from t h i s  s t u d y  show t h a t  d e a t h  due t o  o v e r h e a t i n g  can be  avofded w f t h  

a p p r o p r i a t e  p r e c a u t i o n s .  When s p o t  m i g r a t e  up t h e  e s t u a r y  a s  pos t -  

l a r v a e  i n  t h e  w i n t e r ,  t h e y  a r e  more s u s c e p t i b l e  t o  h e a t  damage t h a n  t h e y  

w i l l  be  a s  t h e y  grow o l d e r .  However, e n t r a i n e d  p o s t - l a r v a e  would n o t  

be k i l l e d  by t h e  the rmal  i n c r e a s e  i n  t h e  condensors  of a  g e n e r a t i n g  

p l a n t  a t  t h i s  t i m e ,  because  t h e  ambient t empera tu re  of t h e  c o o l a n t  b e f o r e  

e n t e r i n g  t h e  power p l a n t  would b e  low enough s o  t h a t  t h e  h e a t  added i n  

t h e  condensors  would n o t  approach l e t h a l  l e v e l s .  T h i s  i s  evidenced by 

a  CTM of 29 .9  C of p o s t - l a r v a e  a c c l i m a t e d  t o  1 0  C .  Even though t h i s  
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shows that post-larvae would not be killed by the thermal increase in 

the ccndensors, these experiments provide no information relatmg to 

other affects of n t r i p  through the condensors or to any effects on 

the me~abolism of the fish as a result of the temperature change. 

These data show that if a temperature of near 30 C is reached in the 

condensors, all uT the post-larval spot passing through the condensors 

when amblent semperatures are near 10 C will be killed by the heat 

increase alone. During the summer in North Carolina when  he ambient 

water temperatures range throughout the 20's and low 30's C, the CTM 

for juvenile spot, when acclimated to 20 C, is 33.4 C and, when 

acclimated to 30 C,  is 37.5 C. The implication is that spot entrained 

in the cooling water during the summer stand a good chance of being 

killed just from the increase in temperature experienced In the cooling 

condensors. In the fall when ambient temperatures may range from 30 

down to 10 C, the CTM of juvenile spot ranges from 39.5 at 30 C 

acclimation temperature to 31.2 at 10 C acclimation temperature. 

These data imply that as a spot grows to near 60 mm S , L .  in late 

summer and early fall when water temperatures are near 30 C, it can 

stand nearly a 10 C increase in temperature--but not quite. A 10 C 

increase in will kill 100% of those exposed to it at that 

time of year. However, later in the fall when ambient temperatures 

drop, spot can withstand the 10 C temperature increase created by 

the generating plant. 

The results of this study may help the power generating industry 

to design and operate generating facilities without causing massive 

heat death of entrained organisms, and these results may help control 
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a g e n c i e s  t o  e s t a b l i s h  more meaningful  wa te r  q u a l i t y  c r i t e r i a .  Th i s  

s t u d y  shows t h a t  i f  a  g e n e r a t i n g  p l a n t  o p e r a t e s  a t  peak p roduc t ion  d u r i n g  

t h e  summer and e a r l y  f a l l ,  t h e r e b y  caus ing  a  h e a t  i n c r e a s e  of 10 C i n  

t h e  c o o l a n t ,  t h e  e n t r a i n e d  j u v e n i l e  s p o t  w i l l  a l l  be k i l l e d .  Since t h e  

g r e a t e s t  demand f o r  e l e c t r i c i t y  o c c u r s  a t  t h i s  t i m e ,  when a  10 C 

t empera tu re  i n c r e a s e  i s  t h e  most dangerous t o  e n t r a i n e d  organisms,  an  

a l t e r a t i o n  i n  o p e r a t i o n  of t h e  g e n e r a t i n g  p l a n t  would be n e c e s s i t a t e d  

t o  avo id  r e a c h i n g  l e t h a l  t empera tu res  d u r i n g  c a p a c i t y  g e n e r a t i n g  o p e r a t i o n .  

I n  a d d i t i o n  t o  changing g e n e r a t i n g  o p e r a t i o n s  t o  p r o t e c t  a q u a t i c  organisms,  

t h e  c o n t r o l l i n g  agency can be more r e a l i s t i c  by u s i n g  t h e  r e s u l t s  of 

s t u d i e s  such a s  t h i s  one t o  s e t  a p p r o p r i a t e  s t a n d a r d s .  When e s t a b l i s h i n g  

t empera tu re  c r i t e r i a  f o r  i n d u s t r y ,  one should c o n s i d e r  t h a t  t h e  tempera- 

t u r e  t o l e r a n c e s  a s  determined i n  t h e  l a b o r a t o r y  may b e  t h e  maximum 

tempera tu res  a t  which t h e  organism can s u r v i v e ,  and i f  t h i s  i s  s o ,  t h e y  

w i l l  be t o o  h i g h  f o r  t h e  s u r v i v a l  of t h a t  an imal  i n  t h e  n a t u r a l  environ-  

ment (de  Sy lva ,  1969) .  However, d e  S y l v a ' s  o p i n i o n  i s  n o t  u n i v e r s a l l y  

accep ted  among environmental  s c i e n t i s t s ,  f o r  t h e  r i g o r s  t o  which t h e  

exper imenta l  animal  i s  exposed w h i l e  being removed from a  n a t u r a l  

s i t u a t i o n  and being main ta ined  i n  t h e  l a b o r a t o r y  may a c t u a l l y  produce 

a d d i t i o n a l  s t r e s s e s  on t h e  organism. These added s t r e s s e s  may lower 

t h e  o rgan i sm 's  t o l e r a n c e  i n  t h e  l a b o r a t o r y  below t h e  l e v e l  i t  would 

be  i n  n a t u r e .  Fol lowing h i s  t h e o r y  of maximum t o l e r a n c e  expressed  i n  

t h e  l a b o r a t o r y ,  de  Sylva (1969) ,  however, a d v o c a t e s  t h a t  maximum al low- 

a b l e  t empera tu re  i n c r e a s e s  shou ld  be  k e p t  t o  1 t o  2 C below t h o s e  found 

t o  be  l e t h a l  t o  50% of t h a t  s p e c i e s  i n  t h e  l a b o r a t o r y .  B r e t t  (1969) 

s t a t e s  t h a t  any t empera tu re  which approaches  t h e  s t a g e  of e x t e r m i n a t i n g  



10% of a  p o p u l a t i o n  i s  r e a c h i n g  t h e  c a t a s t r o p h i c  l e v e l ,  f o r  when any 

p o r t i o n  of a  p o p u l a t i o n  of organisms i s  dying from a n  i d e n t i f i a b l e  

c a u s e ,  t h e  r e s t  of t h a t  p o p u l a t i o n  which i s  s u b j e c t e d  t o  t h a t  c a u s a t i v e  

f a c t o r  i s  s u r v i v i n g  under some l e v e l  of s t r e s s  c r e a t e d  by t h e  f a c t o r .  

I ,  t h e r e f o r e ,  s u g g e s t  t h a t  a  s a f e t y  f a c t o r  of 5 C below t h e  CTM of an  

organism be main ta ined  when e s t a b l i s h i n g  t empera tu re  i n c r e a s e  c r l r e r l a  

u n t i l  such t ime  a s  t h a t  t empera tu re  l e v e l  s h a l l  be proven t o  n o t  c a u s e  

d e a t h  t o  t h e  organism i n  q u e s t i o n .  

The r e s u l t s  of t h i s  s t u d y  imply t h a t  under t h e  a p p r o p r i a t e  condi-  

t i o n s  t h e  h e a t e d  plume from a  power p l a n t  may be  l e t h a l  t o  s m a l l  f i s h e s .  

Death could  occur  d u r i n g  t h e  summer and f a l l  when t h e  d i f f e r e n t i a l  

between t h e  ambient w a t e r  t empera tu re  and t h e  CTM i s  a t  i t s  lowes t  

p o i n t ,  s o  t h a t  i t  would be  i m p o s s i b l e  f o r  j u v e n i l e  s p o t  t o  w i t h s t a n d  

t h e  10 C r i s e  i n  t empera tu re  produced by a  power p l a n t .  T h i s  l e t h a l  

c o n d i t i o n  could  develop when a  s h i f t  i n  t h e  wind d i r e c t i o n  c a u s e s  t h e  

h e a t e d  plume t o  crowd t h e  s h o r e l i n e  o r  t o  change t h e  d i r e c t i o n  of f low 

and o v e r t a k e  j u v e n i l e  organisms.  

The f a c t  t h a t  t h e  h e a t e d  plume can be  l e t h a l  and t h a t  p h y s i c a l  

phenomena, such a s  wind,  may i n f l u e n c e  t h e  e x t e n t  t o  which t h e  l e t h a l i t y  

i s  expressed  makes i t  impor tan t  f o r  t h e  power i n d u s t r y  t o  s e l e c t  p l a n t  

s i g h t s  w i t h  extreme c a r e .  The power i n d u s t r y  would be w e l l  a d v i s e d ,  

when p lann ing  a  power i n s t a l l a t i o n ,  t o  b u i l d  i n  s a f e g u a r d s  t o  organisms 

a g a i n s t  t h e  w o r s t  p o s s i b l e  s e t s  of c i r c u m s t a n c e s .  I f  t h e  power i n d u s t r y  

would do t h i s ,  t h e y  could  i n c l u d e  any n e c e s s a r y  i n s t a l l a t i o n s  i n t o  t h e  

i n i t i a l  c o n s t r u c t i o n  and p r e v e n t  c o s t l y  a l t e r a t i o n s  a f t e r  t h e  p l a n t  



was o p e r a b l e ,  and most i m p o r t a n t ,  t h e y  would do minimum damage t o  t h e  

ecosystem of which t h e y  had become a  p a r t .  
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Appendix Table 1 (continued) 

Temperature S a l i n i t y  Weight Length Date Number 
CTM 

Observed Predic ted  Residual 

23.79 5.00 5.40 62.77 10/16/68 7 36.55 36.45 0.10 

16.94 5.00 3.67 58.33 10/24/68 6 33.90 33.82 0.08 

16.95 5.00 4.50 66.00 11/5/68 1 34.00 33.53 0.47 

16.97 25.00 4.33 67.57 11/5/68 2 0 33.43 33.91 -0.48 


