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The influence of temperature on the behaviour of fish

ILMO HELA and TAIVO LAEVASTU

1. Introduction

Environmental conditions and their seasonal and/or aperiodic changes have a profound
influence upon the seasonal occurrence and migrations of fish. In order to locate aggre-
gations of fish for economic catch, and to predict their migrations and abundance, a detailed
knowledge of fish behaviour in different hydrographic conditions is necessary.

Temperature is the most easily determined environmental factor. Therefore, numerous
workers have attempted to correlate the behaviour of fish with the sea water temperature
and its changes. Such changes in oceanic environment are, of course, very often only due
to concomitant changes in other factors, such as currents, whose influence may be consider-
able; in these cases the actual influence of temperature itself may be of relatively limited
significance. Nevertheless, in most cases the temperature may serve as an extremely useful
indicator of the prevailing and changing ecological conditions. Finally, when using tempera-
ture as a direct or indirect ecological indicator, not only the distribution of the actual
values, with their range of variation, but also the horizontal and vertical gradients and
their variations from place to place must be taken into account.

The close interrelation and mutual dependence of the several marine sciences, indi-
cating, among other things, the significance of ecological factors in marine life, have long
been recognized (Sverdrup 1942). Thus, the first report, in 1902, of the administration of
the International Council for the Exploration of the Sea states:

. it was seen from the beginning that the study of the physical conditions, of the chemical
nature of the ocean waters, of the currents, etc., was of the greatest importance for the
investigation of the problems connected with life, that on the other hand, the study of the
floating organisms had particular worth for the solution of hydrographic problems, and
consequently that a sharp line should never be drawn between these two main divisions . . .

Of the long list of successful studies which have proved the validity of the above con-
clusions, only three examples will be given here. SHAPIRO (1950) stated that in Japanese long-
line fishing for tuna, the data on the locality for the best catch, when correlated with
information on optimum water temperature for tuna, configuration of ocean bottom and
type of ocean current, have proved useful in indicating to fishing vessels the situation
under which the long-line gear can be operated to maximum advantage. Knowledge of
currents, convergences, divergences, reefs, banks, and islands are also important to Japa-
nese fishermen for the location of schools of tuna and other fish.

TAaIT (1952) in his book, Hydrography in Relation to Fisheries, made a successful
attempt to list the different factors affecting the behaviour of fish.

The Norwegian fishery biologists (Devold 1951 and 1959), in intimate cooperation
with their hydrographer colleagues, have made use of the close correlation between the
temperature distribution and the migrations of the herring for the prediction of the latter.

Beyond any doubt, the Soviet scientists are using a more or less analogous method for the
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benefit of their herring fisheries; however, the present authors are not sufficiently acquaint-
ed with the Soviet literature.

It is definitely felt by the present authors that in the very near future hydrographic
experience and knowledge will be submitted more and more generally to fishermen in the
form of synoptic or quasisjmoptic presentations, which they will be able to use most profit-
ably in their work. It is anticipated that the different national attempts at »thermometric
methods» of fish location and related predictions will be coordinated internationally (as is
already the case with the meteorological services). Proposals to this effect have already
been put forward by the Commission of Maritime Meteorology of the WMO (World Meteoro-
logical Organization) and by the International Council for the Exploration of the Sea.

One of the present authors (Laevastu 1960) has been engaged in a comprehensive
study of the synoptic approach to hydrographic (thermal) conditions (termed hydropsis
by Lyman, 1958) and of the prediction of their future changes. This and other related
studies definitely indicate that in hydrography the time is approaching when the step
from the study of the marine »climate» to the marine »synopsis», that is, to the actual event
taking place in the sea, can be taken. This possibility makes it desirable to review the
influence, either direct or indirect, of temperature upon the behaviour of fish. A summary
and analysis is given below of the influence of temperature on the behaviour and survival
of fish, with emphasis on the value of this information for ascertaining fish concentrations

by »thermometric methods».

2. Influence of temperature on fish and their reactions

The sense of temperature in fish seems to be well developed. B u1l (1952) concluded
from his careful and extensive experiments that individual teleosts perceive and react
purposively to a change in water temperature of 0.0 3°C.

Sullivan (1954) summarized the findings of various workers on the effects of temper-
ature on the movement of fish and the influence of temperature on the distribution of
fish in nature, and discussed the role of the receptor mechanism of the central nervous
system in temperature response. He stated that fish select a certain temperature because
of its effect on movement (activity), and concluded that the temperature change may act
on fish as:

(1) a nervous stimulus;

(2) a modifier of metabolic processes, and

3) a modifier of bodily activity.

In addition, it has been shown by SCHMIDT (1931) and various later workers that the
temperature of the environment also has a definite effect on the meristic characters of

fish; e.g., the number of vertebrae and fin rays increases as the temperature decreases.

3. Influence of temperature on spawning, and on development and survival of larvae

The influence of the temperature of the environment on fish behaviour is at its most

pronounced during spawning. But the temperatures prior to spawning are also highly
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significant, since they influence the ripening of the sexual products. POULSEN (1944) stated
that cold months preceding the spawning of cod may have a considerable effect in delaying
the maturation of the gonads. Every stock of fish has a »normal» temperature range,
possibly with a seasonal cycle. At temperatures below this range the ripening of the sexual
products is delayed, and the opposite is the case at higher temperatures. Therefore, the
past history of the temperature determines the arrival of stock at the spawning grounds.
The theory of DEvVoOLD (1959), which provides an explanation of the fluctuation in the stock
and of the year-to-year shifting of the spawning grounds of the Atlantic-Scandinavian

herring, is partly based upon similar conclusions.

Table 1. Water temperatures during spawning of herring (Clupea harengus) in different areas.
(Rearranged from a table by JEAN (1956)).

Locality Season Tempera- Season Tempera- Authors
(spring) ture 0 C (autumn) ture 0C
Norway I1 - 111 3.0- 7.0 BucH (1885)

JOHANSEN (1924)
RUNNSTROM (1941)
.0—13.0 LEGALL (1935)
12. 0- 14.0 JOHANSEN (1924)
Kattegat 1-VI 4.0- 12.0 JOHANSEN (1924)
LEGALL (1935)
IX-X 11.0- 13.0 JOHANSEN (1924)
LEGALL (1935)
Baltic Sea IV - V1 6.0- 11.0 ALTNODER (.1929)
LEGALL (1935)
CIEGLEWITZ &
POSADZKI (1947)
IX - X I11.0- 14.0 Hessle (1925)
CIEGLEWITZ &
POSADZKI (1947)

EN

North Sea VIII - X1

English Channel XII -11 6.0- 12.0 FAGE (1920)
JOHANSEN (1924)
Scotland 11 - 11X 3.9- 7.1 FULTON (1906)
Wood (1936)
VII - IX I1.o- 12.0 Fulton (1906)

Fage (1920)

Johansen (1924)

Wood (1936)
Barents Sea II - 1V 0.0 - 6.9 R Ass (1936)

R ASS (1939)-

MaNTEUFEL &

MARTY (1939)

Iceland Spring 5.0- 9.0 TANING'(1936)
Faeroes II1 - IV ca. 3.0 JOHANSEN- (1921)
Grand Manan Autumn 8.0- 11.0 BIGELOW &
SCHROEDER (1953)
Cape Cod Autumn 11.7- 12.8 BIGELOW &
SCHROEDER (1953)
Newfoundland Spring 8.0 TIBBO (1946)
Block Island Sound Late summer 13.0- 15.0 M ERRIMAN &

W ARFEL (1948)

MERRIMAN &

ScLARrR (1952)
Magdalen Islands IV -V 3.8- 4.5 LAUZIER (1952)

Mean Spring 6.6 = 2.8 Autumn 11.2 £ 2.1
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(1956) has carried out a comprehensive study on the spring- and fall-spawning

herring at Grande-Riviére, Bay of Chaleur, Quebec. His literature review on the problem

of spawning and water temperature reads as follows:

»The correlation between water temperature and spawning of marine animals is gener-

ally recognized. 0 rton (1919) and more recently H utchins (1947) have shown that several
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species of marine invertebrates spawn within narrow limits of temperature. Runnstrém
(1927) correlated temperature requirements at spawning with geographical distribution
of the flounder (Pleuronectes platessa). A 11len (1897) and recently Sette (1950) have shown
that the mackerel (Scomber scombrus) spawns at temperatures ranging from 12°to 15°C.
Spawning of this species takes place earlier in the southern than in the northern part of
its range.

W ater temperature may hasten or delay the onset of spawning of Atlantic herring
as shown by Lauzier (1952). He observed that mean water temperatures at Magdalen
Islands, Gulf of St. Lawrence, from 1933 to 1950 were 0.3° C in April and 4.5 °C in May.
During these years, the catches of spawning herring were less abundant in April than in
May in a proportion of 1to 18 In 1951, mean water temperatures at Magdalen Islands
were 3.8” Cin April and 6° Cin May. In contrast with previous years, the catches of spawn-
ing herring were more abundant in April than in May in a proportion of 4.5 to 1. Spring
spawning appears to have taken place earlier in 1951 because of temperatures higher than
normal in April.

A review of the literature, however, shows that herring spawn over a wide range of

temperatures.
...Table 1... shows that water temperatures at which herring spawn range from 0° to
12° Cin the spring and from 8° to 15° Cin the fall.» - Actually, the mean spawning tempera-
ture for spring is 6.5 dr 2.8 and for autumn 11.2+ 2.1 degrees centigrade. In table 2 a few
water temperatures are given at which various other fish spawn in different localities

The effect of water temperature on spawning has been studied in detail by various
workers. Mankowski (1950) stated that low temperatures during the spawningseason
delayed the spawning of Baltic cod, whilst higher temperatures hastened spawning.
Dragesund (cf. Devold 1959) has kept living Atlantic-Scandinavian herring in nets in
shallow water. Thus, throughout the spring these fish were forced to stay in the cold surface
water, with the result that they did not spawn until June when the temperature of their
abnormal environment started to rise. This experiment shows that spawning can be delayed
for three months by keeping the fish in water colder than the optimum.

The narrowness of the temperature range suitable for spawning, in a few cases differ-
ent for different fish stocks of the same species (Pertseva 1939), affects the geographical
distribution of spawning. For example, the cod spawn in Motovsky Bay three weeks later
than near the Lofoten Islands and 1.5 to 2 months later than in the North Sea. Fish appear
to respond to their oceanographic »climate» rather than to geographically fixed reference
points during the spawning season (Ahlstrom 1959). Therefore, abnormal temperatures
on the spawning ground during the spawning season force the fish to spawn in other areas
than those to which they normally go for this purpose (Simpson 1953). Long-term tempera-
ture changes may therefore cause the periodic northward and/or southward displacements
of spawning (and fishing) grounds. The conclusions of Nikoelajev (1958) on the behaviour
of the Baltic herring are in accordance with these statements: »The abundance of the spring
and autumn Baltic herrings seems to fluctuate within different ranges, the abundance of
the spring herring increasing during cold-water periods (according to the winter regime)
1926 - 30 and decreasing during warm-water periods (1931 - 39 and 1951 - 57), the abun-
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dance of the autumn herring, on the contrary, increasing during warm-water and decreasing
during cold-water periods. This fact seems to be consistent with the geographical distri-
bution of these particular herrings and of all spring and autumn herring races in general.
The spring herrings prevail in the subarctic waters of the Norwegian, Barents and W hite
Seas as well as in the Northern Baltic whereas the autumn herrings mostly occur in the
boreal waters of the North Sea and in the Southern Baltic. The main cause of these differ-
ences seems to lie in the fact that the biological peculiarities (particularly the spawning
season) make for a better utilization of the feeding resources of colder waters by the spring
herring and of warmer waters by the autumn herring.» (Cf. Devold 1959).

The development of the eggs and larvae is undoubtedly the most critical period in the
life history of fish, because this is when they are most strongly influenced, directly and
indirectly, by physical conditions. Temperature directly influences the rate of development
and, in conjunction with salinity, will determine the prevailing water density, thus affecting
the buoyancy of the eggs. The length of time taken for the incubation of eggs, as well as
the length of larval life, depends directly upon the temperature of the environment.

JEAN (1956) has surveyed the literature on the incubation period of Atlantic herring
eggs at various temperatures, based partly upon laboratory experiments, partly upon ob-
servations in the sea. These data, from 21 different sources, are plotted in Figure 1. The
probable form of the relationship between the water temperature and the incubation period
is exponential, with an as3?mptote above zero. The best fitting curve is expressed by the

equation

X) 4-0 Herring

- 0.167 §

020

£ io-

20C

Fig. 1. Incubation period of herring eggs at various temperatures. Observationsby HESSE (from GUNTER
1957) are indicated by heavy lines; other observations, collected from different sources by JEAN (1956),
are indicated by thinner lines.
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T =4+ 44.7 e -°-167 ». (Herring)

For the computation ofthis empirical equation the data of HEssE et al. (1937, from GUNTER
1957) were also used, according to which herring eggs develop in 40 - 50 days at 0.5° C
and in 6 - 8 days at 16°C. The above equation indicates that the incubation period is
about 49 daj’s at 0° G, and is always 4 days or more regardless of the temperature.
Correspondingly, the incubation period, as a function of environmental temperature

for cod eggs,based on data given by EARLL (1880) andD ANNEVIG(1895), is as given in

Fig. 2. Inthis case the best fitting curve is representedbytheexpression
T =7+ 30.se -°215». (Cod)
40-
E30+
T= 7+ 30.3
10-
10 20 C

Fig. 2. Incubation period of cod eggs at various temperatures (x EARLL; 0O DANNEVIG.).

which means, among other things, that the incubation period for eggs is 37 days at 0° C,
and is always 7 days or more regardless of the temperature. It is interesting to note that
according to this treatment of the data, the incubation time for both herring and cod eggs
is about 8.5 days if the water temperature is 13.5° C.

Ito (1958) gives data on the incubation time for sardine [Sardinops melanosticta) eggs.

The best fitting curve is expressed by the equation.
T =05+ 28 8e w15t ». (Sardine)

which means that the minimum incubation period for sardine eggs is approximately 0.5
days. At 10° C the period is 6.5 days. (Fig. 3.)
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Fig. 3. Incubation periods of herring, cod and sardine eggs.

The prevailing sea water temperatures - and currents - during and after spawning
are the most important factors determining the »brood strength» and survival of larvae of
the commercially most important fish species (RounserarLL 1930; Upa and Honpa 1934;
K urita 1959). This fact has been used in the prediction of the strength of coming year
classes (cuase 1955). In medium and higher latitudes, high temperatures coincide with
rich year classes, and low temperatures with poor year classes (TANING 1951; HERMANN
1951).

Actually, there are several ways in which the temperature can influence the survival
of larvae. The most important ofthese is probably its effect on the availability of food. It is
evident that the availability of food suitable for larvae at the appropriate time is related
to phytoplankton production, which in turn is closely related to the seasonal changes
of temperature and to the amount of light (which normally shows a close correlation
with the sea water temperature). Also, the abundance of Zooplankton, important as food
for the larvae, is related to (a) the abundance of phytoplankton, and (b) the spawning
period of adult planktonic animals, which again is controlled by temperature. Many
authors have reported that warmer water during and after spawning has resulted in bet-
ter year classes of cod because of the consequent greater availability of plankton as food
(WIsE 1958). In general, too high or too low temperatures may put the development of
larvae »out of phase», so that larval development occurs before or after the peak population
of the proper plankton.

The following two cases indicate the significance of sea water temperature for the

development of plankton. crise (1957) showed experimentally, with two species of Arctic
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barnacle, Balanus balanoides and Balanus balanus, that by maintaining individuals at too
low or too high a temperature it was possible to cause breeding to take place at times of
the year other than the normal breeding seasons. TANAKA (1955) showed by experiments
that the time of the spawning migration of the porgy (Pagrosomus major) was controlled
by the temperature and the number of daylight hours. The development of plankton in
higher and medium latitudes is dependent on light, and the effect of light may be included
in the »natural instinct», in that the feeding period of larvae normally coincides with the
peak population of plankton.

It is worthy of mention that the influence of sea water temperature on the year class
strength may also be exerted through competition, as suggested by MARR (1959): »The lack
of spawning success off southern California is attributed to environmental conditions, speci-
fically, to the below average temperature regime which has delayed sardine spawning off
southern California by one or two months. It is proposed that under these conditions sardine
larvae are unable to compete successfully with the anchovy, which has a lower temperature
threshold.»

Finally, as a summary of the above observations, it may be said that
a) the following up of the temperature and its changes in the spawning grounds,

b) the following up of the temperature in the region later occupied by the larvae, with
c) the following up of the availability of food (plankton), and

d) a knowledge of the optimum temperature for survival of the larvae of a given fish stock
would facilitate the prediction of the survival rate of the brood and the later strength of

a given year class.

4. Influence of temperature on feeding, metabolism and growth

Rates of feeding, metabolism and growth are affected not only by the availability of
food but also directly by the water temperature. At suboptimal temperatures feeding activ-
ity is usually reduced. (Indirectly the temperature affects feeding by affecting the abun-
dance of the food, e.g. plankton.) It has been found that cod will not eat if the temperature
is< IoC, the optimum for feeding varying between 2.2°and 15.s° C. Nikorasev (according
to a paper on the Baltic herring and cod by T.DemenTIEVA Tead at the 1956 conference
of the International Council for the Exploration of the Sea) counted from different catches
the percentage of Baltic herring which had consumed food before being caught (Fig. 4).
During the exceptionally mild winter of 1951 - 52, the herring continued to feed throughout
the winter, which resulted in their substantial growth. During severe winters, and especially
in 1953 - 54, the percentage of Baltic herring which ceased to feed dropped to zero for
three to four months.

It has also been observed that abnormally high temperatures cause a decrease in feed-
ing (Komarova 1939).

Growth is directly dependent on metabolic rates. According to BRETT (1957), there is
a temperature level at which the difference between active and resting metabolic rates is

maximal. This is the maximum activity level of fish with optimum energy release. Therefore,
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Fig. 4. Duration of the winter fasting period of Baltic herring in the Gulf of Riga in the years 1952 - 55
(according to NIKOLAJEV).

there is also an optimum temperature for optimum growth of a given acclimatized species,
and the metabolic rates of this species are considerably influenced by temperature. How-
ever, the differences in the metabolic rates of acclimatized species or populations in warm
and cold seas are relatively small. Although several fish species have a wide range of
temperature tolerance, growth is usually optimal within a limited range of higher tempera-
tures. HanpLer (1955) found that the growth of plaice is optimal at temperatures of 13 -
15° C; below Ioor 2° C it is completely arrested.

It is frequently claimed that fish grow larger and older at low temperatures, and that
this is due to their lower metabolic rate and lower activity, or sometimes to the greater
availability of food. TAYLOR (1958) showed that growth rate, life span and maximum size of
cod is quantitatively related to annual mean sea surface temperature. WISE (1959) concluded
that the large fish seek lower temperatures, and that there may be a physiological need
in the larger fish for lower temperatures. This theory can be applied in the interpretation
of the size and age distribution of species in the following wray: the larger and older speci-

mens migrate to the colder boundaries of the distribution area of the species, while the
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smaller specimens remain in the normal distribution area. Often these large specimens will
not return to the normal spawning grounds and their spawning in the colder area is not

successful. These old stocks could be fished more intensively than the »normal» stocks.

5. Temperature optima for adults and the influence of temperature on the abundance, migrations
and shoaling of fish

Fish search for and select a certain optimum combination of physical and biological
conditions in the environment. Nearly all fish stocks have specific optimum temperatures.
(Some optimum temperatures reported for different species and areas were summarized
in Table 2.) A thorough knowledge of these optimum temperatures is necessary for the
prediction of fish concentrations. With such knowledge, predictions of temperature, either
statistical or synoptic, can be used for predicting the seasonal abundance of a given stock
of fish.

The problem is further complicated by the fact that the environmental requirements
change during the various stages of growth. Furthermore, some investigations indicate that
the temperature requirements of certain species also change seasonally (cf. DEvVvoLD 1959),
at least in connection with spawning. And, moreover, the concentration of food is tempera-
ture dependent, which makes the determination of the »optimum temperature» for a fish
exceedingly complicated in a few cases. In spite of this, the seasonal and year-to-year
variations in thermal and other conditions will result in varying distribution and abundance
on a given fishing ground. Actually, many fish make seasonal migrations towards the poles
during the summer, and towards the equator in winter. It may be that these migrations
are directly influenced by temperature, or indirectly by the effect of temperature on the
abundance of food. Besides the seasonal migrations, the shoaling connected with spawning,
feeding, etc., must be controlled, either directly or indirectly, by temperature.

The best fishing grounds and areas are frequently located on the boundary regions of
two currents or in other areas of upwelling and divergence. Upa (1936) stated that the
»Sanmay» (Cololabis saira) stays in the areas between the boundaries of the Kuroshio and
Oyashio Currents, and is always migrating towards the maximum gradient of surface
temperature. According to Upa (1952), the best fishing area for tuna is in the contact zone
of these same currents (at temperatures of 18 -20° C). The same applies to Pacific sauri,
sardine, mackerel and flying fish. Each of these species has a slightly different temperature
preference. Similarly, Grauam (1957) stated that in the central North Pacific the catches
of surface-swimming and possibly also of deep-swimming albacore were associated with
the Polar Front and transition zone betw-een Central Pacific and Subarctic waters. Surface
catches were also associated with a seasonal latitudinal change in surface temperature,
particularly about the isotherms 12.8 - 18.3° C. K awan~a (1934) and H ipa (1957) similarly
reached the same conclusion that albacore tend to concentrate at certain surface isotherms
(14 - 18°C, Kawana op.cit.). Favourable catches of Japanese sardine on the southern
grounds are made in the surface temperature range 12- 16°C (Upa and Okamoro 1946).

DieTrRICH, SAHRHAGE and ScuuserT (1959) found that in the northern North Sea
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the concentration of herring may be influenced by four different phenomena in the distribu-
tion of temperature:

1) In summer and autumn the herring is concentrated in the core of the cold bottom water.
(The fishery workers of Japan and Norway have independently found out that the cold
water pockets in the boundary regions have a profound influence on the migrations of
certain pelagic fish which tend to aggregate in these pockets.)

2) The lower the temperature of this cold water, the longer is the duration of herring con-
centration.

3) The geographical position of this concentration fluctuates with the displacement of the
centre of the cold water mass.

4) The daily vertical movements of the herring schools are influenced (indirectly and
directly) by the structure of the thermocline.

The depth of the pelagic schools depends largely on the vertical temperature structure.
It is known, for example, that pelagic fish swim deeper when the surface waters are warm.
Postuma (1957) has indicated that the depth of the herring schools at night depends on
the vertical extension of the mixed surface layer, since the herring do not penetrate far
into this layer. The pattern of the diurnal vertical migration of herring must be affected
both directly and indirectly, through the concentration of food at the thermocline. Similarly,
BErzINs (1949) has shown that the pelagic fish in the Gulf of Riga (at night) avoid
extremely warm and extremely cold water. In July and August most sprat [Clupea sprattus
balticus Schneider) are caught in the temperature range 10 - 15° C, while most of the small
Baltic herring are caught at the temperature 8 - 12° C.

GALTSOFF.(1924) and PENTAS (1954) have related the seasonal migrations of mackerel
in the Black Sea to the temperature. The seasonal, temperature-controlled migrations of
mackerel in the North Sea were described by DANNEVIG (1955), who pointed out the fact,
already known to fishermen, that the mackerel in North European waters disappear from
the surface when the water gets colder, and appear again in the spring when the water
starts to warm up. In the higher latitudes, the mackerel stay at a depth of several hundred
metres during the winter. The migration to the surface starts in the spring when the bottom
water grows colder. After a long, severe winter the mackerel therefore migrate to the surface
earlier than after a mild winter, when the temperature of the bottom water is relatively
high. Mackerel seem to avoid water which has a temperature lower than 4 - 5° C. (Simi-
larly, JAckmMAN and STEVEN (1955) correlated the arrival and departure of the mackerel
to the sea surface temperature at Torbay, and also to the establishment and breakdown
of the summer thermocline.)

LEE (1952, 1956 and 1959) has shown that paying catches of cod, in Bear Island waters,
mwere not taken in water with a temperature below 2° C except in July to September, when
the cod sometimes entered very cold water in order to feed on the capolin and krill. In May
to June and in October to December, good catches of cod were made on the Bear Island
Bank, when the temperature of the bottom water was 2 - 4° C, along the boundary between
the warm Atlantic water and the cold Arctic water; the cod were sometimes found in the
pockets of warm water surrounded by water below 2° C.

RasmusseNn (1955) found that in Labrador waters the best catches of cod with long
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line in the surface waters were made when the temperature was 3 - 4J C, and that satis-
factory catches could sometimes also be made when the temperature was 2.5-3° C. The
best catches with the bottom long lines were made at temperatures of 2.1 - 2.5° C. If the

C.1487
B

Fig. 5. Schematic representation of the offshore-onshore movements of the Japanese sardine (Sardinia
melanosticta) in the coastal waters of western Japan (according to Tsujixa 1957). (A. .. winter season;
B ... summer season.)
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bottom temperatures were below 1.5° or over 4. 0° C, the catches were considerably smaller.
McKenzie (1934 and 1936) indicates that most of the cod on the Nova Scotia Bank are
caught in water at temperatures of 0.5 - 7°C. Le D anors (1934) claims that at tempera-
tures of 3-5°C cod are very abundant, and at temperatures of 5-7X haddock are plentiful.
Further information on the behaviour of cod in relation to temperature is given by HacHEY,
HermaN and Barcy (1954) among others. DieTricH, SAnrRHAGE and Scuusert (1959)
concluded that a correlation exists between the concentration of haddock and the tempera-
ture in the region of the Dogger Bank as soon as the total number of fish in this area and
the differences in temperature reach certain levels.

SurrLivan and Fisuer (1953) have found that in autumn and in the beginning of winter
the fish select progressively lower temperatures, the change being slow in autumn but
rather rapid in the early winter. Then, in spring, independently of changes in water tem-
perature, the fish seek higher temperatures. The finding of THomeson (1943) that catches
of cod, in relation to temperature, vary with the season near Newfoundland, is in accord-
ance with this observation. Seasonal temperature-controlled migrations of Japanese sar-
dine are illustrated schematically in Figure 5 (Tsuvsira 1957).

Thus, whatever the actual causes, the fluctuations in the catches of many pelagic
species are »controlled» by temperature (see Upa and Okamoro 1936; Nakar 1959). The
relative distribution of catchable stocks are correlated with temperature (Rabpovicu 1959).
Several attempts have therefore been made to correlate the sea water temperature and/or
density with the annual catch of fish, for instance with the commercial catch of »iwashi»
(sardine, anchovy and round herring) in the Inland Sea of Japan. In addition, Upa and
Honpa (1934) concluded that the duration ofthe fishing season for »buri» (Seriola quinque-
radiata) in the waters around Japan is longer when the temperature of March is lower
than that of January, and also when the temperature rises more slowly than usual. Upa
and wWaranase (1938) assume that the passage of cyclonic storms causes the lowering of
sea surface temperature and the southward extension of the Oyashio Current, resulting in
a rapid southward shift of the fishing areas of skipper and bonito.

As mentioned in the introduction, the behaviour of fish is not infrequently influenced
by environmental factors other than temperature, but even in these cases the temperature
may serve as a most useful indicator. This is illustrated by the observations of D avies
(1957), who found that off the west coast of South Africa in general, but excluding Saldanha
Bay, the maximum occurrence of juvenile pilchards (Sardinops ocellata) coincided with
the minimum temperatures recorded during the summer months. It was also apparent that
a relationship existed between the abundance of juvenile pilchard and wind: In spring and
summer, when juvenile pilchard were most abundant, southerly winds were most prevalent.
In autumn and winter, when southerly winds were far less frequent, juvenile pilchard were
present in small numbers only. The seasonal variation in the abundance of juvenile pilchard
also showed a direct relationship with the seasonal variation in the abundance of edible
plankton.

It appears from the observations presented in this section that many species tend to
concentrate in certain isotherms and that current boundaries and areas with sharp horizon-

tal temperature gradients often form the limits to the distribution of certain species.
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Furthermore, aggregations of fish may occur at these limits as well as in the »water pockets»
close to them, as so clearly demonstrated by the Bergen school of fishery scientists. As
another example it may be mentioned that the Japanese offshore salmon fishery in the
Bering Sea is confined within narrow temperature limits; the fishermen and research vessels
keep a continuous check on the changes in sea surface temperature, in cooperation with the
Japanese Meteorological Agency, thus providing a basis for the oceanographers on board
the factory ships to make appropriate synopses and forecasts of sea temperature conditions,
which are then communicated to the fishing fleet.

In order to be able to predict the presence of fish plentiful enough for profitable fishing
in a given area,
1) the optimum temperatures (and other optimum environmental factors) of all economi-
cally significant species must be known,
2) a sufficient number of frequent hydrographical and meteorological observations must
be made to provide information on the location of critical surface isotherms and, further-
more, on the areas of sharp surface temperature gradients, where water pockets are formed
by meandering eddies of the currents, and

3) the changes in the hydrographical conditions must be predicted.

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

The lowest and highest temperatures at which a fish may survive depend upon its
previous acclimatization. Therefore, sudden changes of temperature are normally much
more dangerous to fish than slower changes during which they have time to become accli-
matized.

Doupororr’s (1942) experiments showed that fish normally living in water of 12° to
25° C were killed by temperatures well above freezing point. He (1957) found that tempera-
tures as high as 5° or even 10° C proved fatal to the species studied after acclimatization to
20° C. matnews (1959) stated that mass mortalities can be caused by a change of as little
as 5° Cin less than a few days. Havasaka (1934) reported that in the Pescadores Islands,
certain fish which live in shallow warm seas were killed in the winter of 1933/34, v'hen the
air temperature suddenly dropped below 10° C and stayed so for several days. GarrLoway
(1941) has recorded extensive mortality of fish in the coastal areas of Florida when the
minimum temperature was as high as 14° C. From these cases it can be concluded that
sudden drastic changes of temperature are lethal.

On the other hand, simpson (1953) has found that temperatures slightly under 0° C
do not injure the cod or plaice of the North Sea. According to simeson (op.cit.), W. C. SmiTn
found that 43 per cent of plaice survived in the hatchery when the water temperature
was below 0° C. In his experiences at Espegrend, Leivestap (personal communication by
V.ssosrLom) has shown that bottom fish (of the genus Cottus)survive at freezing tempera-
tures.

Meuwis and Heurs (1957) have studied the effect of temperature on the respiratory

movements of carp. The results showed that the upper lethal temperature was lower for

5
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the older and heavier carp than for the younger, smaller fish. The younger fish showed

little change in a temperature range of 15-35° C.

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

Several workers have studied the correlation between long-term temperature changes
and changes in the distribution of species. In spite of the high degree of statistical corre-
lation, the causal explanation must, in general, be more complicated. M eyer and K alle
(1950) have analyzed the situation in 1938, in which a close correlation can be shown be-
tween the long-term warming of the Baltic waters and the increase of the cod catches. Their
causal explanation can be summarized as follows: the warming of the Baltic waters was
the result of an intensification of the atmospheric circulation which also resulted in the
penetration of less diluted, more saline Kattegat water into the western and southern basins
ofthe Baltic Sea. This penetrating water, being heavier than normal, displaced the stagnant
bottom water of the basins, with resulting reutilization of the phosphates and other nutrients
stored there. This,in turn, led to a period ofincreased fertility over wide areas of the Baltic
Sea. At the same time the deep waters were, of course, enriched with oxygen, which, togeth-
er with the rich phytoplankton, led to the heavy cod catches of the following years.

LEE (1956) concluded that the effect of climatic fluctuations upon the adult cod in
the Barents Sea is probably only slight. He has put forward the hypothesis that the increase
in fish stocks in the north has been mainly due to such changes in the environmental condi-
tions as have increased the survival of the eggs and larvae of the cod. Taning (1953)
summarized the probable ways in which a long-term temperature rise can influence the
distribution of fish (in the Northern Hemisphere):

a) spawning is diminished at its southern limit and increased at its northern limit,

b) an increase in bottom water temperature can produce changes in spawning grounds,
c¢) new nursery and feeding grounds become available in the north,

d) an increase in the amount of food is brought about by the rise in temperature in higher
latitudes and changes occur in currents and in the amount of nutrient salts present,

e) the growth period is prolonged, and

i) the limit at which larvae can survive is shifted further north.

Thus, if, instead of the direct apparent correlation, the more complicated but causally
sound correlations are studied, in a few cases more significant factors can be found which
explain the synchronism of the long-term temperature trends and changes in the fish
distributions.

Several cases show that statistical correlation studies may give useful results. Rode-
wald (1955) discussed the heavy Greenland cod catches in recent years occurring simultane-
ous!}' with the general increase of temperature in the North Atlantic, and believed that the
small decrease of temperature of the past few years did not indicate a general return of
the cold conditions prevalent before 1920, since this decrease was to be considered a small
fluctuation only. He also showed that the small catches of cod on the west Greenland Banks
in July - August are related to the low temperatures of the Kap Farwel Current, which

reaches the Banks during this season.
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Upa and Ookamoro (1936), observing the improvement in the sardine fishing in the
sea of Japan in the south during the winter and spring, and in the north during the summer,
concluded that the fluctuation in the yield of sardine is related to long-term changes in
temperature. Una (1952) concluded that the cause of the northern displacement of the
main sardine spawning ground off Nagasaki is the decrease ofthe coastal water temperature
along the coast of Japan in recent years; the fluctuation in the yield of sardine runs parallel

to that of tuna, but inversely to the fluctuations of herring, squid, Pacific sauri, and cod.

8. Present and future 'possibilities for finding fish concentrations by mthermometric methods»

and for prediction of abundance

Predictions of the survival of larvae and the strength of the coming year-classes have
been made with some success in the past, on the basis of data on sea. temperature and other
environmental factors. Some of these possibilities have been discussed by CARRUTHERS
(1956). The main limitation of these methods depends upon the multitude of local and
special factors involved. Therefore, no general rules for making these predictions can be
given; the factors involved must be evaluated separately for each given locality and stock.

Nevertheless, it is obvious that great use can be made of the relations existing between
the concentrations of different commercially important fish and the temperature, in loca-
ting fish concentrations. Temperature is the environmental factor most easily measured
and likewise the most important one, influencing the behaviour of fish in the different
ways discussed above. However, since many other factors may be involved in the particular
behaviour of a species, predictions cannot always be expected to be correct. A very fair
chance of better catches may be expected from such predictions, provided that the following
conditions are fulfilled:

1) The behaviour of a given species at various temperatures must be known (including
optimum temperature and spawning temperature).

2) The present distribution of temperature must be known and the future course of its
distribution must be predicted.

3) In addition, it is necessary to assume that the horizontal (and/or vertical) temperature
gradients are not too weak.

The great horizontal temperature gradients in the sea occur in the regions of divergences
and convergences of currents. These areas are rich in pelagic fish. Therefore, the predic-
tion of the movement of these zones, with the meandering and eddying of water masses at
their boundaries, is of great importance for the fisheries. This is also true of the location of
whaling areas (HaNzawa, OkaBavAasHI, Yosuipa and Muramo 1951).

Many species are caught in greater quantities during their aggregation for spawning.
As observed above, the arrival of spawning stocks as well as fluctuations in area and
time of spawning, can be predicted relatively accurately, if both the past and present
history of the temperature in the sea and the specific thermal requirements of the species

are known.
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In order to be able to map the sea temperature distribution in detail in a short period
(such as five days or a week), systematic hydrographic observations, supplemented by some
meteorological observations, are necessary. In the most important fishing areas of the world

this goal is attainable if and when certain organizational measures can be applied.
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