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The influence o f tem perature on the behaviour o f fish

I l m o  H e l a  a n d  T a iv o  L a e v a s t u

1. Introduction

E n v iro n m en ta l conditions an d  th e ir  seasonal an d /o r aperiod ic changes have a  p ro found  
influence upon  th e  seasonal occurrence an d  m igra tions of fish. In  order to  locate aggre­
gations of fish for econom ic ca tch , and  to  p red ic t th e ir  m igrations an d  abundance , a  detailed  
know ledge of fish behav iou r in  d ifferen t hyd rograph ic  conditions is necessary.

T em p era tu re  is th e  m ost easily  determ ined  env ironm enta l fac to r. Therefore, num erous 
w orkers have a t te m p te d  to  correla te  th e  behav iour of fish  w ith  th e  sea w a te r  tem p era tu re  
a n d  its  changes. Such changes in  oceanic env ironm ent are, of course, v e ry  often  only  due 
to  concom itan t changes in  o th e r  factors, such as cu rren ts , whose influence m ay  be consider­
able; in  these  cases th e  ac tu a l influence of tem p era tu re  itself m ay  be of re la tiv e ly  lim ited  
significance. N evertheless, in m ost cases th e  te m p era tu re  m a y  serve as an  ex trem ely  useful 
ind icato r of th e  p reva iling  an d  changing  ecological conditions. F inally , w hen using te m p era ­
tu re  as a  d irect or in d irec t ecological ind icato r, n o t on ly  th e  d is trib u tio n  of th e  ac tu a l 
values, w ith  th e ir  ran g e  of v aria tio n , b u t also th e  ho rizon tal an d  v ertica l g rad ien ts an d  
th e ir  varia tio n s from  place to  place m u st be ta k en  in to  account.

T he close in te rre la tio n  a n d  m u tu a l dependence of th e  several m arine  sciences, in d i­
cating , am ong o th e r  th ings, th e  significance of ecological fac to rs in  m arine  life, h av e  long 
been recognized ( S v e r d r u p  1942). T hus, th e  first report, in  1902, of th e  ad m in is tra tio n  of 
th e  In te rn a tio n a l Council for th e  E xp lo ra tio n  of th e  Sea sta tes:
. . .  it  w as seen from  th e  beginn ing  th a t  th e  s tu d y  of the  physical conditions, of th e  chem ical 
n a tu re  of th e  ocean w aters, of th e  cu rren ts , etc., was of th e  g rea test im portance  for th e  
investigation  of th e  problem s connected  w ith  life, th a t  on th e  o th er han d , th e  s tu d y  of th e  
floating  organism s h a d  p a rticu la r  w orth  for th e  so lu tion  of hyd rograph ic  problem s, and  
consequen tly  th a t  a  sh a rp  line should  never be draw n betw een these  tw o m ain  divisions . . .

Of th e  long lis t of successful stud ies w hich have p roved  th e  v a lid ity  of th e  above con­
clusions, only  th ree  exam ples w ill be given here. Sh a p ir o  (1950) s ta te d  th a t  in Jap an ese  long- 
line fishing for tu n a , th e  d a ta  on  th e  locality  for th e  b es t ca tch , w hen co rre la ted  w ith  
in form ation  on op tim u m  w a te r  te m p era tu re  for tu n a , configuration  of ocean b o tto m  an d  
ty p e  of ocean cu rren t, have proved  useful in  ind icating  to  fishing vessels th e  s itu a tio n  
u n d er w hich th e  long-line gear can  be op era ted  to  m ax im um  ad v an tag e . K now ledge of 
cu rren ts, convergences, divergences, reefs, banks, an d  islands are also  im p o rta n t to  J a p a ­
nese fisherm en for th e  location  of schools of tu n a  an d  o th e r  fish.

T a it  (1952) in  h is book, H y d ro g rap h y  in  R ela tion  to  F isheries, m ade a  successful 
a t te m p t to  list th e  d iffe ren t fac to rs affecting  th e  behav iour of fish.

T h e  N orw egian fishery  biologists ( D e v o l d  1951 a n d  1959), in  in tim a te  cooperation  
w ith  th e ir  h y d ro g rap h er colleagues, h av e  m ade use of th e  close co rrela tion  betw een  th e  
te m p era tu re  d is trib u tio n  an d  th e  m igra tions of th e  herring  for th e  pred ic tion  of th e  la tte r . 
B eyond an y  do u b t, th e  Soviet sc ien tists a re  using a  m ore or less analogous m eth o d  for the
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benefit of th e ir  herring  fisheries; how ever, th e  p resen t au th o rs  a re  n o t sufficiently  a c q u a in t­
ed  w ith  th e  Soviet lite ra tu re .

I t  is defin itely  felt b y  the  p resen t au th o rs  th a t  in th e  v e ry  n ea r  fu tu re  hyd rograph ic  
experience an d  know ledge will be su b m itte d  m ore a n d  m ore generally  to  fisherm en in  th e  
form  of synop tic  or quasisjm optic p resen ta tions, w hich th e y  w ill be able to  use m ost p ro fit­
ab ly  in  th e ir  work. I t  is an tic ip a ted  th a t  th e  d iffe ren t n a tio n a l a t te m p ts  a t  »therm om etric 
m ethods» of fish location  and  re la ted  p red ic tions w ill be co o rd in a ted  in te rn a tio n a lly  (as is 
a lread y  th e  case w ith  th e  m eteorological services). P roposals to  th is  effect have a lready  
been p u t forw ard b y  th e  Commission of M aritim e M eteorology of th e  WMO (W orld M eteoro­
logical O rganization) an d  by  the  In te rn a tio n a l Council for th e  E xp lo ra tio n  of th e  Sea.

O ne of th e  p resen t au th o rs  ( L a e v a s t u  1960) has been engaged  in  a  com prehensive 
s tu d y  of th e  synop tic  approach  to  hyd ro g rap h ic  (therm al) conditions (term ed hydropsis 
b y  L y m a n ,  1958) an d  of th e  p red ic tion  of th e ir  fu tu re  changes. T his an d  o th er re la ted  
s tu d ies  defin itely  in d ica te  th a t  in  h y d ro g ra p h y  th e  tim e is approach ing  w hen th e  s tep  
from  th e  s tu d y  of th e  m arine  »climate» to  th e  m arin e  »synopsis», th a t  is, to  th e  ac tu a l even t 
ta k in g  place in  th e  sea, can be tak en . T h is possib ility  m akes it desirable to  review  th e  
influence, e ith e r d irect o r ind irect, of te m p e ra tu re  upon  th e  behav iou r of fish. A sum m ary  
an d  ana lysis  is given below  of th e  influence of te m p e ra tu re  on th e  behav iour and  su rv ival 
of fish, w ith  em phasis on th e  value of th is  in fo rm atio n  for asce rta in in g  fish concentra tions 
b y  » therm om etric  methods».

2. In fluence o f temperature on f i s h  and their reactions

T he sense of te m p era tu re  in  fish seem s to  b e  well developed. B u l l  (1952) concluded 
from  h is careful a n d  extensive experim en ts th a t  ind iv idual te leosts  perceive and  react 
pu rposively  to  a  change in  w ate r te m p e ra tu re  of 0.0 3° C.

S u l l i v a n  (1954) sum m arized th e  findings of various w orkers on th e  effects of tem p er­
a tu re  on th e  m ovem ent of fish a n d  th e  in fluence of te m p e ra tu re  on th e  d is trib u tio n  of 
fish in  n a tu re , and  discussed th e  rôle of th e  recep to r m echanism  of th e  cen tra l nervous 
system  in te m p era tu re  response. H e s ta te d  th a t  fish  select a  certa in  te m p era tu re  because 
of its effect on m ovem ent (activ ity ), an d  concluded th a t  th e  tem p era tu re  change m a y  ac t 
on fish as:

(1) a  nervous stim ulus;
(2) a  m odifier of m etabolic  processes, an d
(3) a  m odifier of bodily  ac tiv ity .
In  a d d itio n , i t  h a s  b een  sh o w n  b y  S c h m id t  (1931) a n d  v a r io u s  la te r  w ork ers th a t  th e  

te m p e r a tu r e  o f  th e  e n v iro n m en t a lso  h a s  a  d e fin ite  e ffec t o n  th e  m e r is t ic  ch a ra cters  o f  

fish ; e .g . ,  th e  n u m b er  o f v e r te b r a e  a n d  fin  r a y s  in c re a se s  as th e  te m p e r a tu r e  decreases.

3. In fluence o f temperature on spaw ning, and on development and survival o f larvae

T he influence of th e  te m p era tu re  of th e  env ironm en t on fish behav iour is a t  its m ost 
p ronounced  during  spaw ning. B u t th e  te m p e ra tu re s  prior to  spaw ning  are  also h ighly



H e ia  & L a e v a s tu 85

significant, since th e y  influence th e  ripen ing  of th e  sexual p roducts . P o u l s e n  (1944) s ta te d  
th a t  cold m on ths p reced ing  th e  spaw ning  of cod m ay  have a  considerable effect in  delaying 
th e  m a tu ra tio n  of th e  gonads. E v e ry  stock  of fish has a  »normal» te m p era tu re  range, 
possib ly  w ith  a  seasonal cycle. A t te m p era tu re s  below th is  range th e  ripen ing  of th e  sexual 
p ro d u c ts  is delayed, an d  th e  opposite  is th e  case a t  h igher tem peratu res. Therefore, th e  
p a s t h is to ry  of th e  te m p e ra tu re  determ ines th e  a rriva l of stock  a t  th e  spaw ning  grounds. 
T he th e o ry  of D e v o l d  (1 9 5 9 ), w hich provides an  exp lan a tio n  of th e  fluc tua tion  in  th e  stock  
a n d  of th e  y ear-to -y ear sh ifting  of th e  spaw ning  grounds of the  A tlan tic -S cand inav ian  
herring , is p a r tly  b ased  upon  sim ilar conclusions.

T a b le  1. W a te r  te m p e r a tu r e s  d u r in g  s p a w n in g  o f h e rr in g  (C lu p e a  h arengus) in  d if fe r e n t  a rea s .  
(R ea rra n g ed  fr o m  a  ta b le  b y  J e a n  ( 1 9 5 6 ) ) .

L o c a lity S e a so n T e m p e r a ­ S e a so n T e m p e r a ­ A u th o rs
(spring) tu r e  0 C (a u tu m n ) tu r e  0 C

N o r w a y I I  -  I I I 3 . 0 -  7 . 0 B u c h  ( 1 8 8 5 )  
J o h a n s e n  ( 1 9 2 4 )  
R u n n s t r ö m  ( 1 9 4 1 )

N o r th  Sea V I I I  -  X I 6 . 0 — 1 3 . 0  
1 2 .  0 -  1 4 . 0

L e G a l l  ( 1 9 3 5 )  
J o h a n s e n  ( 1 9 2 4 )

K a tt e g a t 1 -  V I 4 . 0  -  1 2 . 0

I X -  X 1 1 . 0 -  1 3 . 0

J o h a n s e n  ( 1 9 2 4 )  
L e G a l l  ( 1 9 3 5 )  
J o h a n s e n  ( 1 9 2 4 )  
L e G a l l  ( 1 9 3 5 )

B a lt ic  S ea IV  -  V I 6 . 0 -  1 1 . 0

I X  -  X l l . o -  1 4 . 0

A l t n ö d e r  ( . 1 9 2 9 )  
L e G a l l  ( 1 9 3 5 )
C lE G L E W IT Z  &  
P O S A D Z K I  ( 1 9 4 7 )  
H e s s l e  ( 1 9 2 5 )
C lE G L E W IT Z  &  
P O S A D Z K I  ( 1 9 4 7 )

E n g lis h  C h a n n el X I I  - 1 1 6 . 0 -  1 2 . 0 F a g e  ( 1 9 2 0 )  
J o h a n s e n  ( 1 9 2 4 )

S c o t la n d 11 -  I I I 3 . 9 -  7 . 1

V II  -  I X l l . o -  1 2 . 0

F U L T O N  ( 1 9 0 6 )  
W o o d  ( 1 9 3 6 )  
F u l t o n  ( 1 9 0 6 )  
F a g e  ( 1 9 2 0 )  
J o h a n s e n  ( 1 9 2 4 )  
W o o d  ( 1 9 3 6 )

B a r e n ts  S e a I I  -  IV 0 . 0  -  6 . 9 R a s s  ( 1 9 3 6 )  
R a s s  ( 1 9 3 9 ) -
M a N T E U F E L  &
M a r t y  ( 1 9 3 9 )

I c e la n d S p rin g 5 .  0  -  9 . : 0 T à n i n g ' ( 1 9 3 6 )
F a e ro e s I I I  -  IV c a .  3 . 0 J o h a n s e n - ( 1 9 2 1 )
G ran d  M an an A u tu m n 8 . 0 -  1 1 . 0 B i g e l o w  &  

S c h r o e d e r  ( 1 9 5 3 )
C ap e C od A u tu m n 1 1 . 7 -  1 2 . 8 B i g e l o w  &

S c h r o e d e r  ( 1 9 5 3 )
N e w fo u n d la n d S p r in g 8 . 0 T i b b o  ( 1 9 4 6 )
B lo c k  I s la n d  S o u n d L a te  su m m er 1 3 . 0 -  1 5 . 0 M e r r i m a n  &  

W a r f e l  ( 1 9 4 8 )  
M e r r i m a n  &  
S c l a r  ( 1 9 5 2 )

M a g d a len  I s la n d s I V  -  V 3 . 8 -  4 . 5 L a u z i e r  ( 1 9 5 2 )

M ea n S p r in g 6. 6 ±  2 .8  A u tu m n  11. 2  ±  2 . 1
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J e a n  ( 1 9 5 6 ) has carried  ou t a  com prehensive s tu d y  on th e  spring- an d  fall-spaw ning 
herring  a t  G rande-R ivière, B ay  of Chaleur, Quebec. H is lite ra tu re  review  on the  problem  
of spaw ning  a n d  w a te r  te m p era tu re  reads as follows:

»The correlation  betw een w ate r te m p era tu re  an d  spaw ning  of m arine  anim als is gener­
a lly  recognized. O r t o n  (1919) an d  m ore recen tly  H u t c h i n s  (1947) h av e  show n th a t  several
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species of m arine in v e rteb ra te s  spaw n  w ith in  narrow  lim its of tem p era tu re . R u n n s t r ö m  

(1927) co rre la ted  tem p era tu re  requ irem en ts  a t  spaw ning w ith  geographical d is trib u tio n  
of th e  flounder (Pleuronectes platessa). A l l e n  (1897) an d  recen tly  S e t t e  (1950) h av e  show n 
th a t  th e  m ackerel (Scomber scombrus) spaw ns a t  tem p era tu res  rang ing  from  12° to  15° C. 
Spaw ning of th is  species tak es  p lace earlier in  th e  so u th ern  th a n  in  th e  n o rth e rn  p a r t  of 
its  range.

W a te r  te m p era tu re  m ay  h a s te n  or delay  th e  onset of spaw ning of A tla n tic  herring  
as show n b y  L a u z i e r  (1952). H e observed  th a t  m ean w a te r  te m p era tu re s  a t  M agdalen 
Islands, G ulf of S t. Law rence, from  1933 to  1950 were 0.3° C in A pril a n d  4.5 ° C in  May. 
D uring  these years, th e  catches of spaw ning  herring  were less a b u n d a n t in  A pril th a n  in 
M ay in  a  p ropo rtion  of 1 to  18. In  1951, m ean  w ate r tem p era tu res  a t  M agdalen Islands 
w ere 3. s’ C in  A pril an d  6° C in  M ay. In  co n tra s t w ith  prev ious years, th e  ca tches of spaw n­
ing herring  were m ore a b u n d a n t in  A pril th a n  in  M ay in  a p roportion  of 4.5 to  1. Spring 
spaw ning  appears to  h av e  ta k en  place earlier in  1951 because of te m p era tu re s  higher th a n  
no rm al in  April.

A review  of th e  lite ra tu re , how ever, shows th a t  herring  spaw n over a  w ide range of 
tem pera tu res .
. . . T able 1 . . . shows th a t  w a te r  te m p era tu re s  a t  w hich herring  spaw n range from  0° to  
12° C in  th e  sp ring  a n d  from  8° to  15° C in  th e  fall.» -  A ctually , th e  m ean spaw ning  te m p era ­
tu re  for spring  is 6.5 d r 2.8 a n d  for au tu m n  11.2 +  2 . 1  degrees cen tigrade. In  tab le  2 a  few 
w a te r  tem p era tu re s  a re  g iven a t  w hich various o th er fish spaw n in d ifferen t localities

T he effect of w a te r  te m p era tu re  on spaw ning  has been s tu d ied  in  d e ta il b y  various 
w orkers. M a n k o w s k i  (1950) s ta te d  th a t  low  tem p era tu re s  during  th e  spaw ning season 
delayed  th e  spaw ning of B a ltic  cod, w hilst higher tem p era tu re s  h as ten e d  spaw ning. 
D r a g e s u n d  (cf. D e v o l d  1959) has k ep t liv ing A tlan tic -S cand inav ian  herring  in  n e ts  in  
shallow  w ater. T hus, th ro u g h o u t th e  sp ring  these  fish were forced to  s ta y  in  th e  cold surface 
w ate r, w ith  the  resu lt th a t  th e y  d id  n o t spaw n u n til Ju n e  w hen th e  te m p era tu re  of th e ir  
abno rm al env ironm ent s ta r te d  to  rise. T his experim en t show s th a t  spaw ning  can  be delayed 
for th ree  m on th s b y  keeping th e  fish in  w ate r colder th a n  th e  op tim um .

T he narrow ness of th e  te m p e ra tu re  range su itab le  for spaw ning, in  a  few cases d iffer­
en t for d ifferen t fish stocks of th e  sam e species ( P e r t s e v a  1939), affects th e  geographical 
d is trib u tio n  of spaw ning. F o r exam ple , th e  cod spaw n in M otovsky B ay  th re e  weeks la te r  
th a n  n ea r  th e  L ofoten Islands a n d  1 . 5 to  2  m onths la te r th a n  in  th e  N o rth  Sea. F ish  ap p e ar 
to  respond to  th e ir  oceanographic »climate» ra th e r  th a n  to  geographically  fixed reference 
po in ts  during  th e  spaw ning  season ( A h ls t r ö m  1959). Therefore, ab n o rm a l tem p era tu res  
on th e  spaw ning g round  d u ring  th e  spaw ning  season force th e  fish to  spaw n in o th er areas 
th a n  those  to  w hich th e y  no rm ally  go for th is  purpose (S im p so n  1953). L ong-term  te m p e ra ­
tu re  changes m ay  therefo re cause th e  periodic n o rth w ard  an d /o r  so u th w ard  d isp lacem ents 
of spaw ning (and fishing) grounds. The conclusions of N i k o l a j e v  (1958) on th e  behav iour 
of th e  B altic  herring  are in accordance w ith  these  s ta tem en ts : »The ab u n d an ce  of th e  spring  
an d  a u tu m n  B a ltic  herrings seem s to  f lu c tu a te  w ith in  d ifferen t ranges, th e  abundance  of 
th e  sp ring  herring  increasing d u ring  co ld-w ater periods (according to  th e  w in ter regime) 
19 2 6  -  3 0  an d  decreasing du ring  w arm -w ater periods (1931 -  39  an d  1951 -  5 7 ), th e  ab u n ­
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dance of th e  au tu m n  herring , on th e  co n tra ry , increasing  d u ring  w arm -w ate r an d  decreasing 
during  co ld-w ater periods. T his fact seems to  b e  consisten t w ith  th e  geographical d is tr i­
b u tio n  of th ese  p a rticu la r herrings and  of all sp rin g  an d  au tu m n  h errin g  races in general. 
T he sp ring  herrings p revail in  th e  subarc tic  w a te rs  of th e  N orw egian, B a re n ts  an d  W hite 
Seas as well as in  th e  N o rth ern  B altic  w hereas th e  a u tu m n  herrings m o stly  occur in  the  
borea l w a te rs  of th e  N o rth  Sea an d  in  th e  S o u th ern  B altic . T he m ain  cause of these d iffer­
ences seem s to  lie in  th e  fac t th a t  th e  biological pecu lia rities (p articu la rly  th e  spaw ning 
season) m ake  for a  b e tte r  u tiliza tio n  of th e  feeding resources of colder w ate rs  b y  th e  spring  
h errin g  an d  of w arm er w a te rs  b y  th e  au tu m n  herring.» (Cf. D e v o l d  1959).

T he developm ent of th e  eggs an d  la rv ae  is u n d o u b te d ly  th e  m o st critica l period in  the  
life h is to ry  of fish, because th is  is w hen th e y  are  m ost stro n g ly  influenced, d irec tly  an d  
in d irec tly , b y  physical conditions. T em pera tu re  d irec tly  influences th e  ra te  of developm ent 
and , in  con junction  w ith  sa lin ity , will determ ine th e  p revailing  w ate r den sity , th u s  affecting 
th e  b u o yancy  of th e  eggs. T he leng th  of tim e ta k e n  for th e  in cu b a tio n  of eggs, as well as 
th e  leng th  of la rv a l life, depends d irec tly  u pon  th e  te m p e ra tu re  of th e  environm ent.

J e a n  (1956) h as su rveyed  th e  lite ra tu re  on  th e  incu b atio n  period  of A tlan tic  herring  
eggs a t  v arious tem pera tu res , based p a r tly  u p o n  la b o ra to ry  experim en ts, p a r tly  upon  o b ­
se rva tions in  th e  sea. These d a ta , from 21 d ifferen t sources, are p lo tte d  in  F igure  1. The 
p robab le  form  of th e  re la tionsh ip  betw een th e  w a te r  te m p era tu re  a n d  th e  incubation  period 
is exponen tia l, w ith  an  as 3 ?m ptote above zero. T he best f ittin g  curve is expressed b y  the  
equation

H e r r i n g
X) 4 - 0

3 0 -
-  O .  1 6 7  $

-0 2 0 -

£ io -

2 0 C

F ig . 1. I n c u b a t io n  p er io d  o f  h e r r in g  e g g s  a t  v a r io u s  te m p e r a tu r e s . O b s e rv a t io n s  b y  H e s s e  (from  G u n t e r  
1957) a re  in d ic a te d  b y  h e a v y  lin e s ; o th e r  o b s e r v a t io n s , c o lle c te d  from  d if fe r e n t so u r ce s  b y  J e a n  (1956),

a r e  in d ic a te d  b y  th in n e r  lin es .
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T  =  4 +  44.7 e -°-167 ». (Herring)

F o r th e  com pu tation  of th is  em pirical equation  th e  d a ta  of H e s s e  et al. (1937, from  G u n t e r  

1957) w ere also used, according to  w hich herring  eggs develop in 40 -  50 days a t  0.5° C 
a n d  in  6 -  8 days a t  16° C. T he above eq u a tio n  ind icates th a t  th e  in cu b a tio n  period  is 
a b o u t 49 d a j’s a t  0° C-, an d  is alw ays 4 days or m ore regard less of th e  tem p era tu re .

C orrespondingly, th e  incu b atio n  period, as a  function  of env ironm en ta l tem p era tu re  
for cod eggs, b ased  on d a ta  given b y  E a r l l  (1880) an d  D a n n e v ig  (1895), is as g iven in
Fig. 2. I n  th is  case th e  best f ittin g  curve is rep resen ted  b y  th e  expression

T  =  7 +  30. s e -°-215» . (Cod)

4 0 -

E 3 0 +
T = 7 +  30 .3

IO-

IO 2 0  C

F ig . 2 .  In c u b a tio n  p e r io d  o f  c o d  e g g s  a t  v a r io u s  te m p e r a tu re s  ( x  E a r l l ; o  D a n n e v i g . ) .

w hich  m eans, am ong o th er th in g s , th a t  th e  in cu b a tio n  period for eggs is 37 days a t  0° C, 
an d  is alw ays 7 days or m ore regardless of th e  tem p era tu re . I t  is in te restin g  to  n o te  th a t  
accord ing  to  th is  tre a tm e n t of th e  d a ta , th e  incu b atio n  tim e for b o th  herring  an d  cod eggs 
is ab o u t 8.5 days if th e  w a te r  te m p e ra tu re  is 13.5° C.

I  t o  (1958) gives d a ta  on th e  incu b atio n  tim e  for sardine [Sardinops melanosticta) eggs. 
T he b es t fitting  curve is expressed b y  th e  equation .

T  =  0.5 +  28. 8 e ■°-15tJ » . (Sardine)

w hich  m eans th a t  th e  m in im um  incu b atio n  period  for sard ine eggs is ap p ro x im ate ly  0.5 
days. A t 10° C th e  period is 6.5 days. (Fig. 3.)
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F ig . 3. I n c u b a t io n  p er io d s  o f  h err in g , c o d  a n d  s a r d in e  e g g s .

T he p reva iling  sea w a te r  tem p era tu res  -  a n d  cu rren ts  -  d u rin g  an d  a f te r  spaw ning  
are  th e  m ost im p o rta n t fac to rs determ in ing  th e  »brood strength»  an d  su rv iv a l of la rvae of 
th e  com m ercially  m ost im p o rta n t fish species ( R o u n s e f a l l  1930; U d a  a n d  H o n d a  1934; 
K u r i t a  1959). This fac t h as  been used in th e  p red ic tio n  of th e  s tre n g th  of com ing y ea r  
classes (C h a s e  1955). In  m edium  a n d  higher la titu d e s , h igh te m p era tu re s  coincide w ith  
rich  y ear classes, a n d  low  tem p era tu re s  w ith  poo r y ear classes ( T â n i n g  1951; H e r m a n n  

1951).
A ctua lly , the re  a re  several w ays in  w hich th e  tem p era tu re  can influence th e  surv ival 

of larvae. The m ost im p o rta n t of these is p ro b ab ly  its  effect on  the  av a ilab ility  of food. I t  is 
ev iden t th a t  th e  av a ilab ility  of food su itab le  for la rvae  a t th e  ap p ro p ria te  tim e is rela ted  
to  p h y to p la n k to n  p ro d u ctio n , w hich in  tu rn  is closely re la ted  to  th e  seasonal changes 
of te m p e ra tu re  a n d  to  th e  am oun t of ligh t (which no rm ally  shows a close correlation  
w ith  th e  sea w a te r  te m p era tu re ). Also, th e  ab u n d an ce  of Zooplankton, im p o r ta n t as food 
for th e  la rvae, is re la te d  to  (a) th e  abundance of p h y to p la n k to n , a n d  (b) th e  spaw ning 
period  of ad u lt p la n k to n ic  anim als, w hich aga in  is contro lled  b y  te m p era tu re . M any 
au th o rs  h av e  rep o rted  th a t  w arm er w ate r d u rin g  an d  a f te r  spaw ning  has resu lted  in  b e t­
te r  y ea r classes of cod  because of th e  consequent g rea ter av a ilab ility  of p la n k to n  as food 
(W i s e  1958). In  general, too  h igh  or too  low te m p era tu re s  m a y  p u t th e  developm ent of 
la rv a e  »out of phase», so th a t  la rva l developm ent occurs before or a f te r  th e  p ea k  population  
of th e  p roper p lan k to n .

T h e  following tw o  cases ind icate  th e  significance of sea w a te r  te m p era tu re  for th e  
developm ent of p lan k to n . C r i s p  (1957) show ed experim en tally , w ith  tw o  species of A rctic
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barnacle , B alanus balanoides an d  B alanus balanus, th a t  b y  m a in ta in in g  ind iv iduals a t  too 
low or to o  h igh a  tem p era tu re  it  w as possible to  cause breeding to  ta k e  place a t  tim es of 
th e  y ea r  o th e r th a n  th e  norm al b reed ing  seasons. T a n a k a  (1955) show ed b y  experim en ts 
th a t  th e  tim e of th e  spaw ning m ig ra tio n  of th e  porgy (Pagrosomus major) w as controlled  
b y  th e  te m p era tu re  a n d  th e  n u m b er of d ay lig h t hours. T he developm ent of p la n k to n  in 
h igher an d  m edium  la titu d es is dependen t on lig h t, and  th e  effect of ligh t m ay  be included 
in  th e  »natura l instinct», in th a t  th e  feeding period of la rvae no rm ally  coincides w ith  the  
p eak  popu la tion  of p lank ton .

I t  is w o rth y  of m ention  th a t  th e  influence of sea w ate r te m p era tu re  on th e  y ea r  class 
s tre n g th  m ay  also be exerted  th ro u g h  com petition , as suggested b y  Marr  (1959): »The lack  
of spaw ning success off sou thern  C alifornia is a t tr ib u te d  to  env ironm enta l conditions, speci­
fically, to  the  below average te m p e ra tu re  regim e w hich has delayed  sard ine spaw ning  off 
so u th ern  California b y  one or tw o m on ths. I t  is p roposed  th a t  u n d er these cond itions sard ine 
la rv ae  are unable to  com pete successfully  w ith  th e  anchovy, w h ich  has a  low er te m p era tu re  
threshold.»

F ina lly , as a  sum m ary  of th e  above observations, i t  m a y  b e  sa id  th a t
a) th e  following u p  of th e  te m p e ra tu re  an d  its  changes in  th e  spaw ning  grounds,
b) th e  following u p  of th e  te m p e ra tu re  in  th e  region la te r  occupied b y  th e  la rv ae , w ith
c) th e  following u p  of th e  a v a ila b ility  of food (p lankton), and
d) a know ledge of th e  o p tim um  te m p e ra tu re  for su rv ival of th e  la rvae  of a  g iven fish stock  
w ould fac ilita te  th e  pred ic tion  of th e  su rv iva l ra te  of th e  brood  an d  th e  la te r  s tren g th  of 
a  g iven  y ear class.

4. In fluence o f temperature on feeding, metabolism and growth

R a te s  of feeding, m etabolism  an d  g ro w th  are affected  n o t on ly  by  th e  a v a ila b ility  of 
food b u t also d irec tly  b y  the  w a te r  te m p era tu re . A t subop tim al te m p era tu re s  feeding ac tiv ­
ity  is usua lly  reduced. (In d irec tly  th e  te m p e ra tu re  affects feeding b y  affecting th e  a b u n ­
dance of th e  food, e.g. p lank ton .) I t  has been found  th a t  cod will n o t ea t if th e  tem p era tu re  
is <  I o C., th e  op tim um  for feeding v a ry in g  betw een  2 . 2 ° an d  15. s° C. N i k o l a j e v  (according 
to  a  p a p e r  on th e  B a ltic  herring  a n d  cod b y  T. D e m e n t j e v a  read  a t  th e  1956 conference 
of th e  In te rn a tio n a l Council for th e  E x p lo ra tio n  of th e  Sea) co u n ted  from  d iffe ren t catches 
th e  percen tage of B altic  herring  w hich h a d  consum ed food before being ca u g h t (Fig. 4). 
D u rin g  th e  excep tionally  m ild w in te r  of 1951 -  52, th e  herring  con tinued  to  feed th ro u g h o u t 
th e  w in ter, w hich resu lted  in th e ir  su b s ta n tia l g row th . D uring severe w inters, an d  especially  
in  1953 -  54, th e  percen tage of B a ltic  herring  w hich ceased to  feed d ropped  to  zero  for 
th re e  to  four m onths.

I t  has also been observed th a t  ab n o rm a lly  h igh  tem p era tu re s  cause a  decrease in  feed­
ing ( K o m a r o v a  1939).

G row th  is d irec tly  dependent on m etabo lic  ra tes. According to  B r e t t  (1957), th e re  is 
a  te m p e ra tu re  level a t w hich th e  difference betw een  ac tive  an d  resting  m etabo lic  ra te s  is 
m ax im al. This is th e  m axim um  a c tiv ity  level of fish w ith  op tim um  energy release. Therefore,
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F ig . 4 . D u r a t io n  o f  th e  w in te r  fa s t in g  p er io d  o f  B a lt ic  h er r in g  in  th e  G u lf o f  R ig a  in  th e  y e a r s  1952 -  5 5
( a c c o r d in g  t o  N i k o l a j e v ) .

th e re  is also an  op tim u m  te m p era tu re  for op tim um  g row th  of a  given acclim atized  species, 
a n d  th e  m etabo lic  ra te s  of th is  species are considerab ly  influenced b y  te m p era tu re . H ow ­
ever, th e  differences in  th e  m etabo lic  ra te s  of acclim atized  species o r popu la tions in  w arm  
a n d  cold seas are re la tiv e ly  sm all. A lthough  several fish species have a  w ide range of 
tem p era tu re  to lerance, g row th  is usua lly  op tim al w ith in  a lim ited  range o f h igher tem p era­
tu res . H a n d l e r  (1955) found th a t  th e  g row th  of p la ice is op tim al a t te m p era tu re s  of 13 -  
15° C; below Io or 2° C it is com pletely  arrested .

I t  is frequen tly  claim ed th a t  fish grow  larger an d  o lder a t  low tem p era tu res , an d  th a t  
th is  is due to  th e ir  low er m etabo lic  ra te  an d  lower ac tiv ity , o r som etim es to  th e  g rea ter 
ava ilab ility  of food. T aylor  (1958) show ed th a t  g row th  ra te , life span  an d  m ax im um  size of 
cod is q u a n tita tiv e ly  re la ted  to  an n u a l m ean sea surface tem p era tu re . W ise  (1959) concluded 
th a t  th e  large fish seek low er tem p era tu re s , a n d  th a t  th e re  m a y  be a  physiological need  
in th e  larger fish for lower tem p era tu res . T his th e o ry  can  be app lied  in th e  in te rp re ta tio n  
of th e  size an d  age d is trib u tio n  of species in th e  following wray: th e  la rger a n d  older speci­
m ens m igra te  to  th e  colder boundaries of th e  d is trib u tio n  area  of th e  species, while th e
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sm alle r specim ens rem ain  in th e  no rm al d is trib u tio n  area. O ften these  large specim ens will 
n o t re tu rn  to  th e  no rm al spaw ning grounds an d  th e ir  spaw ning  in  th e  colder area  is no t 
successful. These old stocks could  be fished m ore in tensive ly  th a n  th e  »normal» stocks.

5. Tem perature optima for adults and the influence of temperature on the abundance, m igrations
and shoaling of fish

F ish  search  for an d  select a  certa in  o p tim u m  com bination  of physical a n d  biological 
cond itions in  th e  environm ent. N early  all fish stocks have specific op tim um  tem peratu res. 
(Some op tim u m  tem p era tu re s  rep o rted  for d iffe ren t species a n d  areas w ere sum m arized  
in  T ab le  2.) A tho ro u g h  know ledge of these  op tim um  tem p era tu res  is necessary  for th e  
p red ic tio n  of fish concentra tions. W ith  such  know ledge, pred ic tions of tem p era tu re , e ither 
s ta tis tic a l or synop tic , can  be used  for p red ic tin g  th e  seasonal abundance of a  given stock 
of fish.

T he problem  is fu rth e r com plicated  b y  th e  fac t th a t  the  env ironm enta l requirem ents 
change d u ring  th e  various stages of grow th . F u rth e rm o re , som e investiga tions ind icate  th a t 
th e  te m p e ra tu re  requ irem ents of ce rta in  species also change seasonally  (cf. D e v o l d  1959), 

a t  least in  connection  w ith  spaw ning. A nd, m oreover, th e  concen tra tion  of food is te m p era ­
tu re  dependen t, w hich m akes th e  d e te rm in a tio n  of th e  »optim um  tem perature»  for a  fish 
exceedingly  com plicated  in  a  few cases. In  sp ite  of th is , th e  seasonal an d  year-to -year 
v a ria tio n s  in  th e rm al a n d  o th er conditions will resu lt in v a ry in g  d is trib u tio n  an d  abundance 
on a  g iven fishing ground. A ctually , m a n y  fish m ake seasonal m igra tions tow ards th e  poles 
d u ring  th e  sum m er, a n d  tow ards th e  eq u a to r in  w in te r. I t  m a y  b e  th a t  these  m igrations 
are d irec tly  influenced b y  te m p era tu re , o r in d irec tly  b y  th e  effect of te m p era tu re  on th e  
ab u n d an ce  of food. Besides th e  seasonal m ig ra tions, th e  shoaling connected  w ith  spaw ning, 
feeding, e tc ., m u s t be controlled, e ith e r d irec tly  o r ind irectly , b y  tem p era tu re .

T he best fishing grounds an d  areas are freq u en tly  located  on th e  b o u n d ary  regions of 
tw o cu rren ts  or in  o th e r  areas of upw elling  a n d  divergence. U d a  (1936) s ta te d  th a t  the  
»Sanma» (Cololabis saira) s ta y s  in  th e  areas betw een  th e  boundaries of th e  K uroshio and  
O yashio  C urrents, an d  is alw ays m ig ra tin g  tow ards th e  m axim um  g rad ien t of surface 
te m p era tu re . According to  U d a  (1952), th e  best fishing area for tu n a  is in  th e  co n tac t zone 
of th ese  sam e cu rren ts  (at tem p era tu res  of 18 - 2 0 °  C). The sam e applies to  Pacific  sauri, 
sa rd ine , m ackerel an d  flying fish. E a c h  of these  species has a  sligh tly  d ifferent te m p era tu re  
p reference. S im ilarly , G r a h a m  (1957) s ta te d  th a t  in  the  cen tra l N o rth  Pacific th e  catches 
of surface-sw im m ing  an d  possib ly  also of deep-sw im m ing albacore were associated  w ith  
th e  P o la r F ro n t a n d  tran s itio n  zone betw-een C entral Pacific an d  S ubarctic  w aters. Surface 
ca tches w ere also associated  w ith  a seasonal la titu d in a l change in  surface tem p era tu re , 
p a r tic u la r ly  ab o u t th e  iso therm s 12.8 -  18.3° C. K a w a n a  (1934) an d  H i d a  (1957) sim ilarly  
reach ed  th e  sam e conclusion th a t  a lbacore te n d  to  co n cen tra te  a t  certa in  surface iso therm s 
(14 -  18° C, K a w a n a  op.cit.). F av o u rab le  ca tches of Japanese  sard ine on th e  sou thern  
g rounds are m ade in  th e  surface te m p era tu re  range 12 -  16° C ( U d a  an d  O k a m o t o  1946).

D i e t r i c h , S a h r h a g e  an d  S c h u b e r t  (1959) found  th a t  in  th e  n o rth e rn  N o rth  Sea
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th e  concen tra tion  of herring  m a y  b e  influenced b y  four different phenom ena in  th e  d is trib u ­
tio n  of tem p era tu re :
1) In  sum m er and  au tu m n  th e  herring  is co ncen tra ted  in th e  core of th e  cold b o tto m  w ate r. 
(The fishery  w orkers of J a p a n  an d  N orw ay h av e  independen tly  found  o u t th a t  th e  cold 
w ater pockets in  th e  b o u n d ary  regions have a  profound  influence on th e  m igra tions of 
certain  pelagic fish w hich te n d  to  aggregate in  these  pockets.)
2) The lower th e  te m p era tu re  of th is  cold w ate r, th e  longer is th e  d u ra tio n  of herring  con­
cen tra tion .
3) The geographical position  of th is  concen tra tion  fluc tua tes  w ith  th e  d isp lacem ent of th e  
cen tre of th e  cold w a te r  m ass.
4 )  The d a ily  v ertica l m ovem ents of th e  herring  schools are in fluenced (ind irectly  a n d  
d irectly) b y  th e  s tru c tu re  of th e  therm ocline.

The d ep th  of th e  pelagic schools depends la rge ly  on th e  v e rtica l te m p e ra tu re  s tru c tu re . 
I t  is know n, for exam ple, th a t  pelagic fish swim deeper w hen th e  surface w a te rs  are w arm . 
P o s t u m a  (1957) has in d ica ted  th a t  th e  d ep th  of th e  herring  schools a t  n ig h t depends on 
th e  v ertica l ex tension of th e  m ixed  surface layer, since th e  h e rrin g  do n o t p en e tra te  far 
in to  th is  layer. T he p a t te rn  of th e  d iu rnal v e rtica l m ig ra tion  of h e rrin g  m u st be affected  
bo th  d irec tly  an d  ind irectly , th ro u g h  th e  concen tra tion  of food a t th e  therm ocline . Sim ilarly, 
B e r z i n s  (1949) h as  show n th a t  th e  pelagic fish in  th e  G ulf of R ig a  (at n igh t) avo id  
ex trem ely  w arm  a n d  ex trem ely  cold w ater. In  J u ly  an d  A ugust m ost sp ra t [Clupea sprattus 
balticus Schneider) are cau g h t in  th e  te m p era tu re  range 10 -  15° C, w hile m ost of th e  sm all 
B altic  herring  are cau g h t a t  th e  te m p era tu re  8 -  12° C.

G a l t s o f f . (1924) a n d  P e n t a s  (1954) have re la ted  th e  seasonal m ig ra tio n s of m ackerel 
in  th e  B lack Sea to  th e  te m p era tu re . The seasonal, tem p era tu re -con tro lled  m igra tions of 
m ackerel in  th e  N o rth  Sea w ere described by  D a n n e v ig  (1955), w ho po in ted  o u t th e  fac t, 
a lready  know n to  fisherm en, th a t  th e  m ackerel in  N o rth  E uropean  w ate rs d isappear from  
th e  surface w hen th e  w a te r  gets colder, an d  ap p e a r again in  th e  spring  w hen th e  w ate r 
s ta r ts  to  w arm  up. In  th e  h igher la titu d es, th e  m ackerel s ta y  a t a  d e p th  of several h u n d red  
m etres du ring  th e  w in ter. T he m ig ra tion  to  th e  surface s ta r ts  in  th e  sp ring  w hen th e  bo tto m  
w ate r grows colder. A fter a  long, severe w in ter th e  m ackerel therefore m ig ra te  to  th e  surface 
earlier th a n  a f te r  a  m ild  w in te r, w hen th e  tem p era tu re  of th e  b o tto m  w a te r  is re la tiv e ly  
high. M ackerel seem  to  avoid  w a te r  w hich has a  tem p era tu re  low er th a n  4  -  5° C. (Sim i­
la rly , J a c k m a n  an d  St e v e n  (1955) correla ted  th e  a rriv a l an d  d ep a rtu re  of th e  m ackerel 
to  th e  sea surface te m p e ra tu re  a t  T o rbay , a n d  also to  the  estab lishm en t an d  breakdow n 
of th e  sum m er therm ocline .)

L e e  (1952, 1956  a n d  1959) has show n th a t  pay ing  catches of cod, in B ear Is lan d  w aters, 
■were n o t ta k e n  in  w a te r  w ith  a  tem p era tu re  below  2° C except in  J u ly  to  S ep tem ber, w hen 
th e  cod som etim es en te red  v ery  cold w ate r in o rder to  feed on th e  capolin  a n d  k rill. In  M ay 
to  Ju n e  a n d  in O ctober to  D ecem ber, good catches of cod were m ade  on th e  B ear Is lan d  
B ank, w hen th e  te m p era tu re  of th e  b o tto m  w a te r  w as 2  -  4° C, along  th e  b o u n d a ry  betw een 
th e  w arm  A tlan tic  w a te r  a n d  th e  cold A rctic  w a te r; th e  cod w ere som etim es found in the  
pockets of w arm  w a te r  su rro u n d ed  b y  w ater below  2 °  C.

R a s m u s s e n  (1955) found  th a t  in  L ab rad o r w ate rs th e  best ca tches of cod w ith  long
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line in  th e  surface w ate rs were m ade w hen th e  tem p era tu re  w as 3 -  4J C, and  th a t  sa tis­
fac to ry  ca tches could som etim es also be m ade w hen th e  te m p era tu re  w as 2 .5 - 3 °  C. The 
best ca tches w ith  th e  b o tto m  long lines w ere m ade  a t te m p era tu re s  of 2. i  -  2.5° C. If  th e

A

C.1487

B
F ig . 5. S c h e m a t ic  r e p r e s e n ta tio n  o f th e  o ffsh o r e -o n sh o r e  m o v e m e n ts  o f th e  J a p a n e s e  sa rd in e  (S a r d in ia  
m e la n o s tic ta ) in  th e  c o a s ta l w a te r s  o f  w e s te r n  J a p a n  (a c co rd in g  t o  T s u j ix a  1957). (A . . . w in te r  sea so n ;

B  . . . s u m m e r  sea so n .)
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b o tto m  tem p era tu re s  w ere below 1.5° or over 4. o° C, th e  ca tch es were considerably  sm aller. 
M c K e n z i e  (1934 a n d  1936) ind icates th a t  m ost of th e  cod on th e  N ova Scotia B ank  are 
cau g h t in w ate r a t te m p era tu re s  of 0.5 -  7° C. L e  D a n o i s  (1934) claim s th a t  a t tem p era ­
tu re s  of 3 -5 ° C  cod are  very  a b u n d a n t, an d  a t tem p era tu res  of 5 - 7 X  haddock  are plentifu l. 
F u rth e r  in form ation  on th e  b ehav iou r of cod in  re la tion  to  te m p era tu re  is given by  H a c h e y , 

H e r m a n  an d  B a i l y  (1954) am ong o thers. D i e t r i c h , S a h r h a g e  a n d  S c h u b e r t  (1959) 
concluded  th a t  a  co rrela tion  ex ists betw een th e  con cen tra tio n  of h addock  an d  th e  te m p era ­
tu re  in th e  region of th e  D ogger B a n k  as soon as th e  to ta l num ber of fish in  th is  area  a n d  
th e  differences in  te m p e ra tu re  reach  certa in  levels.

S u l l i v a n  an d  F i s h e r  (1953) h av e  found th a t  in au tu m n  and  in th e  beginn ing  o f w in ter 
th e  fish select progressively  low er tem p era tu re s , th e  change being slow in au tu m n  b u t 
ra th e r  rap id  in the  ea rly  w in ter. T hen, in  spring, independen tly  of changes in  w a te r  te m ­
pera tu re , th e  fish seek h igher te m p era tu re s . T he find ing  of T h o m p s o n  (1943) th a t  catches 
of cod, in rela tion  to  te m p era tu re , v a ry  w ith  th e  season n ear N ew foundland, is in accord­
ance w ith  th is  observa tion . S easonal tem p era tu re -co n tro lled  m ig ra tions of Japanese  sa r­
d ine are illu stra ted  schem atically  in F igure  5 ( T s u j i t a  1957).

T hus, w hatever th e  ac tu a l causes, th e  fluctuations in  the  ca tches of m a n y  pelagic 
species are »controlled» b y  te m p e ra tu re  (see U d a  an d  O k a m o t o  1936; N a k a i  1959). The 
re la tive  d istribu tion  of ca tchab le  stocks a re  co rre la ted  w ith  te m p e ra tu re  ( R a d o v i c h  1959). 
Several a tte m p ts  have the re fo re  been m ade to  co rre la te  th e  sea w a te r  te m p era tu re  an d /o r 
d en sity  w ith  th e  an n u a l ca tch  of fish, for in stan ce  w ith  th e  com m ercial ca tc h  of »iwashi» 
(sardine, anchovy  an d  ro u n d  herring) in  th e  In la n d  Sea of Ja p a n . In  add ition , U d a  a n d  
H o n d a  (1934) concluded th a t  th e  d u ra tio n  of th e  fishing season for »buri» (Seriola quinque­
radiata) in th e  w ate rs a ro u n d  J a p a n  is longer w hen th e  tem p era tu re  of M arch is low er 
th a n  th a t  of Ja n u a ry , a n d  also w hen th e  te m p era tu re  rises m ore slow ly th a n  usual. U d a  

a n d  W a t a n a b e  (1938) assum e th a t  th e  passage of cyclonic sto rm s causes th e  lowering of 
sea surface tem p era tu re  an d  th e  so u th w ard  ex tension  of th e  O yashio  C urren t, resu lting  in 
a  ra p id  sou thw ard  sh ift of th e  fishing areas of sk ipper an d  bonito .

As m entioned  in  th e  in tro d u c tio n , th e  behav iour of fish is n o t in freq u en tly  influenced 
b y  env ironm enta l fac to rs o th e r  th a n  te m p era tu re , b u t even in  these  cases th e  te m p era tu re  
m a y  serve as a m ost useful in d ica to r. T his is illu s tra te d  b y  th e  observa tions of D a v i e s  

(1957), who found th a t  off th e  w est coast of S ou th  A frica in general, b u t exclud ing  S aldanha 
B ay , th e  m axim um  occurrence of juven ile  p ilchards (.Sardinops ocellata) coincided w ith  
th e  m inim um  te m p era tu re s  recorded  du ring  th e  sum m er m onths. I t  w as also ap p a ren t th a t  
a  rela tionsh ip  ex isted  betw een  th e  abundance  of juvenile p ilchard  an d  w ind: In  spring  an d  
sum m er, w hen juven ile  p ilch ard  w ere m ost a b u n d a n t, sou therly  w inds were m ost p revalen t. 
In  au tu m n  an d  w in ter, w hen so u th e rly  w inds w ere far less frequen t, juvenile  p ilchard  were 
p resen t in sm all num bers only . T he seasonal v a ria tio n  in  th e  abundance  of juvenile  p ilchard  
also show ed a  direct re la tio n sh ip  w ith  the  seasonal v aria tion  in th e  abundance  of edible 
p lank ton .

I t  appears from  th e  ob se rv a tio n s p resen ted  in th is  section th a t  m a n y  species te n d  to  
concen tra te  in certa in  iso therm s a n d  th a t  cu rren t boundaries an d  areas w ith  sh a rp  horizon­
ta l  tem p era tu re  g rad ien ts  o ften  form  th e  lim its to  th e  d is trib u tio n  of ce rta in  species.
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F u rth e rm o re , aggregations of fish m a y  occur a t these  lim its as well as in  th e  »water pockets» 
close to  th em , as so clearly  dem onstra ted  b y  th e  B ergen school of fishery  sc ien tists. As 
a n o th e r  exam ple  i t  m ay  be m en tioned  th a t  th e  Ja p an e se  offshore sa lm on fishery in  the  
B ering  Sea is confined  w ith in  narrow  te m p e ra tu re  lim its; th e  fisherm en an d  research  vessels 
keep  a  con tinuous check on  th e  changes in  sea surface te m p era tu re , in  cooperation  w ith  the  
Ja p an e se  M eteorological A gency, th u s  prov id ing  a  basis for th e  oceanographers on board  
th e  fac to ry  sh ips to  m ake  ap p ro p ria te  synopses a n d  forecasts o f sea te m p e ra tu re  conditions, 
w h ich  are  th e n  com m unicated  to  th e  fishing fleet.

In  o rder to  be ab le to  p red ic t th e  presence of fish p len tifu l enough for p ro fitab le fishing 
in  a  g iven area,
1) th e  op tim u m  te m p era tu re s  (and o th e r  op tim u m  env ironm en ta l factors) of all econom i­
ca lly  sign ifican t species m ust be known,
2) a sufficient n u m b e r of frequent hydrog raph ica l an d  m eteorological observations m ust 
be m ade  to  p rov ide in form ation  on th e  location  of critica l surface iso therm s and , fu rth e r­
m ore, on th e  areas of sh a rp  surface te m p era tu re  g rad ien ts , w here w a te r  pockets a re  form ed 
b y  m eandering  eddies of th e  cu rren ts, an d
3) th e  changes in  th e  hydrographical conditions m u st be predicted .

6. Lethal temperatures and mass mortalities caused by too low or too high temperatures

T he low est a n d  h ighest tem p era tu re s  a t  w hich a  fish m a y  su rv ive depend  upon its  
p rev ious acclim atiza tion . Therefore, sudden  changes of te m p era tu re  are norm ally  m uch 
m ore dangerous to  fish th a n  slower changes du ring  w hich th e y  have tim e to  becom e accli­
m atized .

D o u d o r o f f ’s  (1942) experim ents show ed th a t  fish norm ally  liv ing in  w a te r  of 12° to  
25° C w ere killed  b y  te m p era tu re s  well above freezing po in t. H e (1957) found  th a t  te m p era ­
tu re s  as h igh  as 5° or even 10° C proved  fa ta l to  th e  species s tu d ied  a f te r  acclim atiza tion  to  
20° C. M a t h e w s  (1959) s ta te d  th a t  m ass m o rta litie s  can  be caused b y  a  change of as little  
as 5° C in  less th a n  a  few days. H a y a s  a k a  (1934) rep o rted  th a t  in  th e  Pescadores Islands, 
ce rta in  fish w hich live in  shallow  w arm  seas w ere killed  in the  w in ter of 1933/34, v 7hen the  
a ir  te m p e ra tu re  sudden ly  d ropped  below 10° C an d  s ta y e d  so for several days. G a l l o w a y  

(1941) has recorded  extensive m o rta lity  of fish in  th e  coasta l areas of F lo rida  w hen th e  
m in im um  te m p e ra tu re  w as as high as 14° C. F rom  these  cases it  can  be concluded th a t  
su d d en  d ra s tic  changes of tem p era tu re  are lethal.

On th e  o th e r  h an d , S i m p s o n  (1953) has found th a t  tem p era tu re s  sligh tly  under 0° C 
do  n o t in ju re  th e  cod or plaice of th e  N o rth  Sea. A ccording to  S i m p s o n  (op.cit.), W. C. S m i t h  

found  th a t  43 p er cen t of plaice su rv ived  in  th e  h a tch e ry  w hen th e  w a te r  tem p era tu re  
w as below  0 °  C. In  h is experiences a t  E spegrend , L e i v e s t a d  (personal com m unication  b y  
V. S j ö b l o m ) has show n th a t  b o tto m  fish (of th e  genus Cottus) su rv ive  a t  freezing te m p era ­
tu res .

M e u w i s  an d  H e u t s  (1957) have s tu d ied  th e  effect of te m p era tu re  on th e  resp ira to ry  
m ovem en ts of ca rp . T he resu lts show ed th a t  th e  u p p er le thal te m p era tu re  w as lower for 

7
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th e  older an d  heavier carp  th a n  for th e  younger, sm aller fish. T he younger fish show ed 
little  change in  a te m p era tu re  range of 1 5 - 3 5 °  C.

7. Long-term temperature changes and their influence on the distribution o f species

Several w orkers h av e  s tu d ied  th e  co rrela tion  betw een long-term  tem p era tu re  changes 
an d  changes in  the  d is tribu tion  of species. In  sp ite  of th e  h igh degree of s ta tis tica l corre­
la tio n , th e  causal exp lan a tio n  m ust, in  general, be m ore com plicated . M e y e r  an d  K a l l e  

(1950) h av e  analyzed  th e  s itu a tio n  in  1938, in  w hich a  close correlation  can be show n b e­
tw een th e  long-term  w arm ing  of th e  B a ltic  w ate rs  an d  th e  increase of th e  cod catches. T heir 
causal exp lanation  can be sum m arized  as follows: th e  w arm ing  of th e  B a ltic  w aters w as 
th e  resu lt of an  in tensification  of th e  a tm ospheric  circu lation  w hich also resu lted  in  the  
p en e tra tio n  of less d ilu ted , m ore sa line K a tte g a t w a te r  in to  th e  w estern  a n d  so u th ern  basins 
of th e  B altic  Sea. T his p en e tra tin g  w ate r, being heav ier th a n  norm al, displaced th e  s ta g n an t 
b o tto m  w ate r of th e  basins, w ith  resu lting  reu tiliza tion  of th e  phosphates a n d  o th er n u tr ie n ts  
s to red  there . T h is,in  tu rn , led  to  a  period  of increased fe rtility  over w ide areas of th e  B altic  
Sea. A t th e  sam e tim e th e  deep w ate rs  w ere, of course, enriched w ith  oxygen, w hich, to g e th ­
er w ith  th e  rich  p h y to p la n k to n , led  to  th e  heavy  cod catches of th e  following years.

L e e  (1956) concluded th a t  th e  effect of clim atic  fluc tua tions upon  th e  ad u lt cod in 
th e  B aren ts Sea is p robab ly  only  slight. H e h as p u t forw ard th e  hypothesis th a t  th e  increase 
in fish stocks in  th e  n o r th  has been m ain ly  due to  such changes in  th e  env ironm enta l condi­
tions as h av e  increased th e  s u r v iv a l  of th e  eggs a n d  la rvae  of th e  cod. T á n i n g  (1953) 
sum m arized th e  p robab le  w ays in w hich a  long-term  te m p era tu re  rise  can  influence th e  
d is trib u tio n  of fish (in th e  N o rth ern  H em isphere):
a) spaw ning is dim inished a t  its  so u th ern  lim it a n d  increased a t  i ts  n o rth e rn  lim it,
b) an  increase in b o tto m  w a te r  te m p e ra tu re  can  produce changes in  spaw ning grounds,
c) new  nu rsery  a n d  feeding g rounds becom e availab le  in  th e  no rth ,
d) an  increase in  th e  am o u n t of food is b rough t ab o u t b y  th e  rise in  te m p era tu re  in  higher 
la titu d e s  an d  changes occur in  cu rren ts  a n d  in  th e  am oun t of n u tr ie n t sa lts  p resen t,
e) th e  grow th  period is prolonged, a n d
i) th e  lim it a t  w hich la rv ae  can  su rv ive is sh ifted  fu rth e r  north .

Thus, if, in stead  of th e  d irect ap p a ren t co rrela tion , th e  m ore com plicated  b u t causally  
sound correlations are s tu d ied , in  a  few cases m ore significant factors can  be found w hich 
explain  th e  synchronism  of th e  long-te rm  tem p era tu re  trends an d  changes in the  fish 
d istribu tions.

Several cases show  th a t  s ta tis tica l correla tion  stud ies m a y  give useful results. R o d e -  

w a l d  (1955) discussed th e  h ea v y  G reen land  cod ca tches in  recent years occurring  s im u ltane­
ous!}' w ith  the  general increase of te m p e ra tu re  in  th e  N o rth  A tlan tic , a n d  believed th a t  the  
sm all decrease of te m p era tu re  of th e  p a s t few years d id  n o t in d ica te  a  general re tu rn  of 
th e  cold conditions p rev a len t before 1920, since th is  decrease w as to  be considered a  sm all 
f luc tua tion  only. H e also  show ed th a t  th e  sm all ca tches of cod on th e  w est G reenland  B anks 
in J u ly  -  A ugust are re la ted  to  th e  low tem p era tu res  of th e  K ap  F arw el C urren t, w hich 
reaches th e  B anks du ring  th is  season.
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U d a  a n d  O k a m o t o  (1936), observ ing  th e  im provem ent in  th e  sa rd ine  fishing in th e  
sea of J a p a n  in  th e  so u th  during  th e  w in te r a n d  spring, an d  in th e  n o r th  du ring  th e  sum m er, 
concluded th a t  th e  fluc tua tion  in  th e  yield  of sard ine  is re la ted  to  long-te rm  changes in  
te m p e ra tu re . U d a  (1952) concluded th a t  th e  cause of th e  n o rth e rn  d isp lacem ent of th e  
m ain  sa rd ine  spaw ning  ground  off N agasaki is th e  decrease of th e  coasta l w a te r  tem p era tu re  
along  th e  coast of J a p a n  in  recent years; th e  f lu c tu a tio n  in  th e  y ie ld  of sard ine  runs parallel 
to  th a t  of tu n a , b u t  inversely  to  th e  fluc tua tions of herring , squ id , Pacific sauri, a n d  cod.

8 . Present and fu tu re  'possibilities fo r  fin d in g  fis h  concentrations by »thermometric methods»
and fo r  prediction o f abundance

P red ictions of th e  su rv iva l of la rvae  a n d  th e  s tre n g th  of th e  com ing year-classes have 
been m ade  w ith  som e success in  th e  p as t, on th e  basis of d a ta  on sea. te m p e ra tu re  an d  o ther 
en v iro n m en ta l fac to rs . Some of these  possibilities have been discussed b y  Ca r r u t h e r s  

(1956). T he m ain  lim ita tio n  of these  m ethods depends u pon  th e  m u ltitu d e  of local an d  
specia l fac to rs involved. Therefore, no general rules for m ak in g  th ese  p red ic tions can  be 
given; th e  fac to rs in v o lv ed  m u st be eva lua ted  se p a ra te ly  for each  g iven lo ca lity  a n d  stock.

N evertheless, i t  is obvious th a t  g rea t use can  be m ade  of th e  rela tions ex isting  betw een 
th e  concen tra tions of d ifferen t com m ercially im p o rta n t fish an d  th e  te m p era tu re , in  loca­
tin g  fish  concen tra tions. T em peratu re  is th e  env ironm en ta l fac to r m ost easily  m easured 
an d  likew ise th e  m ost im p o rta n t one, influencing th e  behav iou r of fish in  th e  different 
w ays d iscussed above. H ow ever, since m an y  o th e r  fac to rs m a y  be invo lved  in  th e  p a rticu la r  
behav iou r of a  species, p red ic tions canno t alw ays be expected  to  be correct. A  v ery  fair 
chance of b e t te r  ca tches m ay be expected  from  such  p red ic tions, p rov ided  th a t  th e  following 
cond itions a re  fulfilled:
1) T he b eh av io u r of a  given species a t  various te m p era tu re s  m u st be know n (including 
o p tim u m  te m p e ra tu re  a n d  spaw ning  tem pera tu re ).
2) T he p resen t d is trib u tio n  of te m p era tu re  m u st be know n a n d  th e  fu tu re  course of its 
d is tr ib u tio n  m u st be predicted .
3) In  ad d itio n , i t  is necessary  to  assum e th a t  th e  ho rizon tal (and/or vertical) tem p era tu re  
g rad ien ts  a re  n o t to o  weak.

T h e  g rea t ho rizo n ta l te m p era tu re  g rad ien ts in  th e  sea occur in  th e  regions of divergences 
a n d  convergences of cu rren ts . These areas a re  rich  in  pelagic fish. T herefore, th e  pred ic­
tio n  of th e  m ovem en t of these  zones, w ith  th e  m eandering  a n d  eddy ing  of w a te r  m asses a t  
th e ir  b oundaries, is o f g rea t im p o rtan ce  for th e  fisheries. T his is also tru e  of th e  location  of 
w haling  areas  ( H a n z a w a , O k a b a y a s h i , Y o s h i d a  a n d  M u r a m o  1951).

M any  species a re  cau g h t in  g rea te r q u an titie s  d u rin g  th e ir  aggregation  for spaw ning. 
As observed  above , th e  a rriv a l of spaw ning stocks as well as flu c tu a tio n s  in  area  an d  
tim e  of spaw ning, can  be p red ic ted  re la tiv e ly  accu ra te ly , if  b o th  th e  p a s t an d  presen t 
h is to ry  of th e  te m p e ra tu re  in th e  sea an d  th e  specific th e rm a l requ irem en ts of th e  species 
a re  know n.
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In  o rder to  be ab le  to  m ap  th e  sea te m p era tu re  d is trib u tio n  in  deta il in a  sh o rt period  
(such as five days or a  week), sy stem a tic  h yd rog raph ic  o bserva tions, supp lem ented  b y  som e 
m eteorological observations, a re  necessary . In  th e  m ost im p o rta n t fishing areas of th e  w orld 
th is  goal is a tta in a b le  if a n d  w hen ce rta in  o rgan izational m easures can  be applied .
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