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I. Introduction 

Fisheries are always faced with two questions: how to increase 
yields without considerable additional costs, and how to avoid fluctua
tions in the catches. To a certain degree, these questions are technical 
and economic, because through intensifying fishing in many ocean 
regions and by means of improvements and rationalization in catching 
methods, considerable progress in increasing and stabilizing the yields 
is still feasible (Walford, 1958). In the end, however, there are limita
tions to these efforts set by the restricted productivity of the fish 
population. 

In this chapter some examples of the biological basis for these rela
tionships will be elucidated. In contrast to agriculture, marine fisheries 
exert only a very limited, indirect influence on productivity. Like the 
hunter, the fisherman knows only how to catch or to protect, in a 
limited sense, natural populations. So far, the productivity of the seas 
and the distribution of the large food fish resources have been restricted 
chiefly to the shallow shelf areas, to the high seas of the cold or temper
ate zones, or to some fertile areas of the tropical oceans. Only a few 
large-sized fish live deeper than a few hundred fathoms (Marshall, 
1954). Within the spheres of distribution, the migration pathways and 
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2 G O T T H I L F H E M P E L 

the degree of abundance of the fish population are subject to constant 
changes under the influence of environmental factors. Man also con
trols, through his catches, both the magnitude and the composition of 
fish populations. The fishery biologist must be well acquainted with 
the availability of food and with hydrographic conditions affecting re
cruitment, growth, and natural mortality, as well as with the extent of 
fishing, in order to be able to assess the maximum productive potential 
of fish populations and to explore efficient ways of fishing. 

II. The Geographical Distribution of Fisheries 

A map of present fish catches shows the strong concentration of 
ocean fishing in the northern temperate zone (Fig. 1 ) . Eighty per cent 
of the catch refers to the Northern Hemisphere. Economic and tech
nological factors, as well as abundant fish resources, are the major 
reasons for this state of affairs. The nutritional needs of the large in
dustrial populations of Europe, East Asia, and North America guar
antee the fishing fleets stationed there good marketing possibilities. 
When meat is cheap, as it is, e.g., in South America and in Australia, 
even rich fish resources are not utilized, except when vessels from the 
great fishing nations advance into these waters. The Japanese fish not 
only in the entire West Pacific sea area but also off the coasts of America, 
in the South Atlantic, and in the Indian Ocean. For centuries Portuguese 
schooners have crossed the Atlantic every year to catch cod on the 
Grand Banks, and in the waters of western Greenland. 

Many types of fishing operations can only be carried on close to 
land. Dragging nets may be used only on the continental shelves, where 
the water depth does not exceed approximately 500 meters, i.e., in 
about 7% of the earth's ocean area. The northern part of the Northern 
Hemisphere has the largest land masses, the longest coast lines, and the 
broadest shelf regions. Great technical strides are still needed before 
the tropical and southern oceans can be successfully harvested with 
pelagic nets and lines. Marketing and processing of the highly perish
able fish flesh require more sizable technical equipment in warm coun
tries than in the temperate and cold zones. A handicap for the fisheries 
in the northern seas is, however, the frequent disturbances in fishing 
operations caused by gales. 

The concentration of the fish populations in particular areas of the 
ocean can only be explained by the fish's dependency on certain food 
organisms, and in the end on the basic production of living substance in 
the sea. 
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4 G O T T H I L F H E M P E L 

A. B A S I C P R O D U C T I O N A N D F I S H A B U N D A N C E 

In the sea the plants are the sole producers of organic matter. 
Photosynthesis is restricted to those upper layers of water which are 
penetrated by light. Only rarely does the bottom of the sea receive 
sufficient light to permit the settling of plants (seaweeds and grasses). 
The major part of the basic production rests upon unicellular algae 
drifting in the water, the phytoplankton. In addition to a number of 
other substances, phosphorus and nitrogen compounds primarily are 
needed for the synthesis of fats and proteins. In contrast to carbon and 
sulfur, these mineral salts are not always available in sufficient quan
tities in surface waters. Part of it is constantly sinking with dying 
plankton organisms into deeper water layers, where they again are 
converted into a free mineral stage through breakdown processes owing 
to enzymic autolysis or to microorganisms. Consequently, there occurs 
a depletion in the surface water and a corresponding enrichment of 
deeper water. 

Steemann-Nielsen (1954) measured the basic production during 
the "Galathea" expedition around the world. In the tropics, he found 
a relationship between productivity and the age of the surface water, 
i.e., to the rate of renewal through water from below. In Walvis Bay 
(South West Africa), a forceful mixing of water masses from various 
depths takes place and here the basic production per square meter under 
surface layer was eighty times larger than in the Sargasso Sea, in which 
the renewal of the surface water is an extremely slow process. 

Even from the deck of a ship, the difference between sea areas 
rich or poor in living organisms can be readily recognized. Seas devoid 
of life are deep blue and clear. They constitute the "deserts" of the 
sea. Seas more richly endowed with living organisms can be penetrated 
by the eye only to a much shallower depth. Such waters appear green
ish or even muddy. Flocks of dolphins and sea birds are generally 
indicative of a high level of productivity. 

1. Exploiting the Productivity of the Sea 

In discussions by economists and population experts on the future 
feeding of mankind, the productivity of the seas plays a prominent 
role. How large is the annual net production of the sea and how great 
a percentage of this net production are we indirectly utilizing through 
fishing? An estimate of the grand total of the basic production is diffi
cult to make. We cannot base our calculations merely on figures ob-
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tained in the most thoroughly investigated shelf areas of the temperate 
zones when seeking averages of world-wide applicability. On the other 
hand, if we look to the trade wind regions, the Ross belts, the Persian 
Gulf, the Indonesian waters, or parts of the Caribbean and the Black 
Sea, we encounter very low productivity figures. 

Steemann-Nielsen (1954) estimates the annual net production of 
phytoplankton in the world seas at approximately 1.5 Χ 1 0 1 0 metric tons 
of organically bound carbon. According to FAO (Food and Agriculture 
Organization, 1957) statistics, the total catch of ocean fish in 1956 
amounted to 2.6 χ 10 7 metric tons, of which 23 million tons were fish. 
Based upon an average carbon content of the fish of around 10%, the 
annual catch from the sea amounted to 2.6 χ 10 6 metric tons of carbon, 
i.e., 0.02% of the net production through phytoplankton. Only in a few 
especially high-yielding fishing areas, as in the North Sea, is the relation
ship between plant production and fish catch of the same magnitude as 
in cattle feeding (Kalle, 1943) (see further Volume II, Chapter 17) . 
There is, however, no doubt that in many areas larger catches could be 
obtained through intensified fishing. 

The crops of economic plants on land, the main original producers 
of organic matter, are to a great degree utilized directly for human 
consumption. Plants of the seas, on the other hand, are used only in 
negligible quantities as food for humans. In East Asia, some algae are 
cultivated for food purposes, others are processed for the manufacture 
of iodine, agar, and similar products. The major part of the basic 
producers, the phytoplankton, is of no direct use to human beings. It 
serves not only as food for many fish larvae, but also for such plant-
eating fish as adult sardines and menhaden. Above all, however, phy
toplankton is consumed by the Zooplankton. Both the technical pre
requisites and a market demand are lacking for a sizable exploitation 
of plankton. Small crustaceans, as well as salps, larvae of echinoderms, 
worms, and mollusks are consumed by other plankton organisms such 
as jellyfish and arrow worms, and also by several fish species and whales. 
Furthermore, their corpses, the detritus, serve as food for animals liv
ing at the sea bottom. Larger fish and many whales feed on eaters of 
plankton and of detritus in the open water or on the bottom. This, the 
last link in the food chain, is mostly utilized by the fisheries. Figure 2 
serves to give an approximate picture of the losses of organic matter 
taking place when moving upward step-by-step in the food chain. So far, 
we do not know how large a share of the available organic matter is 
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being consumed for growth and wasted for maintenance in each con
version stage and to what degree it is disintegrated and moves out of 
immediate circulation. Undoubtedly only a small part of the Zooplankton 
is actually eaten by fish. Ecological studies and physiological experiments 
over extended periods of time are necessary in the future to throw 
light on these basic problems if we are ever to gain a better insight 

Birds 

Main groups of fish : a . Plankton feeding fish. 
b. Fish and squid predators. 
c. Demersal fish. 

FIG. 2 . The food chain in the seas, showing the flow of organic matter from the 
phytoplankton to fish and fish predators. 

into the potential productivity of the sea and find the ways to exploit 
it best. 

2. Regions with a High Basic Production 

From various parts of the earth we are aware of several forces which 
bring about a mixing of surface water with water richer in nutrients. In 
the tropics and subtropics, cool and nutritionally fertile ocean currents 
flow along the western coastlines of the continents from higher latitudes 
toward the equator. At the coast, these currents are influenced by pre
vailing winds which push away surface water and cause an upwelling of 
denser and colder subsurface water generally richer in plant nutrients. 
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Eddies on the routes of currents are other such regions which are rich 
in nutrients. The most thorough studies in this field refer to the Cali
fornia Current, which is hardly 1000 feet deep and constitutes a belt 
350 nautical miles wide. It follows the coast from the Gulf of Alaska 
down to Baja California and then turns off to the west and joins the 
North Equatorial Current. Between the coast and the California Current 
there are a number of strong eddy movements, particularly in the 
southern part. Conditions similar to those prevailing along the California 
coast are encountered off the coasts of Peru, Chile, India, West Africa, 
and North West Australia. All these ocean regions off the western coasts 
of the continents have an enormous production of plankton and huge 
fish resources. 

In the Humboldt Current, so rich in nutrients, the large fish schools 
are utilized to a growing degree in the expanded fisheries of Peru and 
Chile, but also indirectly by man through exploitation of the guano 
deposited along the coast. This guano is highly valued as a manure, rich 
in nitrogen and phosphorus. It consists of the droppings and corpses 
of gigantic flocks of sea birds which feed upon sardines and other fish 
species. Schweigger (1947) estimated for prewar times along the Peru
vian coast the sea birds consumed one thousand times more sardines than 
those landed by man. To produce the earth's annual deposition of 
about 200,000 metric tons of guano, the sea birds need an amount of fish 
equivalent to one tenth of the world's annual catch (Popovici and An-
gelescu, 1954). But that is only a part of the total annual consumption 
by sea birds. 

A superabundance of phytoplankton may sometimes be detrimental 
to the fish. Occasionally, or in certain seasons, enormous quantities of 
phytoplankton, especially flagellates, appear in the very nutrient-rich 
coastal waters, e.g., off Florida, Peru, and South West Africa, as well 
as in the Caribbean. This mass development is often caused by an 
increased supply of river water after heavy rainfalls or through an 
interruption of the regular upwelling. These masses of living and dead 
phytoplankton and their metabolic products lead to an asphyxiation 
or poisoning of the fish. Off the Peruvian coast, this means that the 
cormorants and other sea birds succumb. Many of them starve to death; 
others abandon their young in a constant search for fish as food. The 
result is that the production of guano declines in such a period. Dead 
fish and sea birds pollute the abnormally warm water of the sea bays, 
and not until fresh subsurface water has reached the surface for a sub-
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stantial length of time do normal conditions return and the extremely 
productive food chain is restored: phytoplankton—copepods—sardines— 
sea birds. 

In a few highly isolated and poorly aerated sea regions, fish cannot 
subsist in deeper sea layers nor live near the bottom due to a shortage 
of oxygen and an impregnation of the water with hydrogen sulfide. The 
best-known areas of this kind are the Black Sea and the depths of 
the Baltic. 

The outflows of rivers have a great influence upon the productivity 
of individual sea regions as they bring into the ocean water organic 
and inorganic phosphate and nitrogen, as well as several other sub
stances, e.g., vitamin B 1 2, which stimulate the growth of plankton. Hun
dreds of sea miles from the mouth of large rivers, the blending of their 
water with sea water is still possible to detect. 

Plankton production is also intensified in the vicinity of islands. 
On one hand, the outflow from the island plays a role, but, on the other 
hand, eddies along the coast cause turbulence which in turn brings 
about an active mixing of surface and subsurface water (Uda and Ishino, 
1958). Conditions around the Hawaiian archipelago were thoroughly 
investigated by the United States Fish and Wildlife Service (among 
others, by Sette, 1955). The surface of the northern trade wind current is 
here covered by a very warm layer of water, no less than 100 meters deep. 
As there is no exchange of water with layers farther down, these move
ments occur only when this trade wind current strikes the rock shelf of 
the island. At some distance from the coast of the islands, consequently, 
large amounts of phytoplankton develop. The optimum crops of zoo-
plankton are carried into the ocean area west of the Hawaiian Islands. 
The oceanographers anticipated that tuna could be caught in large 
quantities westward from this border area where the trade wind currents 
hit the subsurface rock shelves. This forecast proves correct. 

Temperature changes between summer and winter act as a driving 
force in the temperate and cold zones of the earth, causing a thorough 
mixing of the surface water masses. The surface water becomes cold and 
consequently heavier during winter so that it can no longer ride on top 
of the subsurface water. Through a vertical convection it moves down
ward. The heavy winter gales, too, exercise a thorough mixing influ
ence. As soon as the days get longer and brighter in the spring, the 
phytoplankton flourishes in the newly fertilized water. Somewhat later, 
large quantities of Zooplankton appear. According to investigations by 
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the English research vessel "Discovery," the standing crop of plankton 
in Antarctic waters is four to ten times larger than in tropical waters. 
The largest mammals on earth, the blue whales, feed on these plankton 
masses. A lactating female blue whale, weighing 7 0 metric tons, must 
probably eat several tons of plankton daily in order to—in addition to 
filling its own needs—produce enough milk so that the whale calf can 
grow up to as much as 1 0 0 kg. a day. 

In the relatively shallow shelf areas, a swift circulation of nutrients 
is frequently assured, even in the summer season, through wind and tide 
movements. Here such pelagic fish as herring, sardines, anchovies, men
haden, and mackerel, as well as such bottom-living fish as cod, had
dock, redfish, plaice, and sole, find nourishment. A rich fauna of plank
ton- and detritus-eating invertebrates, such as mussels, barnacles, and 
polychaetes, live together with rapacious shellfish, periwinkles, starfish, 
and sea anemones on the sea bottom. 

B. O T H E R O C E A N R E G I O N S W I T H H I G H F I S H C A T C H E S 

The geographic distribution of large fish populations is not ex
clusively determined by the location of regions characterized by a high 
basic production. Three examples are discussed below where other 
environmental factors are more influential. 

1. Redfish on the "Dohm" Bank 

In the fall of 1 9 5 5 , rich fishing grounds for redfish and cod were 
discovered in the Denmark Strait (Fig. 3 ) on the East Greenland shelf, 
the "Dohrn" Bank. Four different water masses are present in the Den
mark Strait. Three of these come from the polar seas or arise under the 
pack ice; the fourth one is an offshoot from the Gulf Stream, 8 ° C . 
warmer than the polar water bodies. A swirl of warm water moves 
around the "Dohrn" Bank, while cold water stays over its central part 
(Krauss, 1 9 5 8 ) . In this cold core the redfish live. They feed primarily 
upon oceanic deep-sea fish that are carried to the north by the Gulf 
Stream. When these fish, adapted to warm water, suddenly find them
selves in cold water, they become paralyzed (compare Niimann, 1 9 5 8 ) . 
In the stomach contents of redfish and cod, several rare fish species from 
the subtropics are encountered. These fishes are very fast swimmers 
in their original environment and could hardly be caught there by such 
a clumsy fish as the redfish. 
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2. Pacific Tunas 

Recently, the catching of large-sized oceanic fish species of the 
tropics and subtropics has reached prime importance, particularly in 
the Pacific. These fish, especially the different tunas, are confined to 

FIG. 3. Schematic map of the current systems in the North Atlantic Ocean. Solid 
arrows: warm currents; Dotted arrows: mixed waters; Dashed arrows: cold currents. 
1—Grand Banks, 2—Denmark Strait, 3—Irminger Current, 4—Bear Island, 5— 
Spitsbergen, 6—North Sea, 7—Baltic Sea, 8—Lofoten Islands, 9—Hope Island, 10— 
Barents Sea, 11—Faeroe Islands, 12—Georges Bank, 13—Norwegian Sea, 14—Mur-
man Coast. 

definite water temperatures (Fig. 4 ) . Yellowfin and skipjack live in 
tropical seas with a temperature above 2 0 ° C , while bluefin and alba-
core prefer somewhat cooler sea currents. Also, the black tuna migrate 
in summer far up into the North Pacific where they live in water from 
10 to 18 °C. In the Northwest Pacific, the cool Oyoshio and the warm 
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Kuroshio Currents determine the location of the catching grounds 
(Fig. 5 ) , which may change from year to year. In principle, we get 
the same picture when looking at the distribution of the tunas in the 
large sea currents traversing the oceans. Only rarely are yellowfin and 

FIG. 4 . Optimum temperatures of some marine animals (Uda, 1 9 5 7 ) . 

FIG. 5 . Distribution of tuna fisheries in accordance to water masses on the coast 
of Japan (after Uda and Ishino, 1 9 5 8 ) . 
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albacore, the two most important species, found together. That the 
abundant availability of food should also be decisive in the distribution 
of the tunas could only be expected with such a rapidly growing and 
avidly eating fish. 

3. Salmon Spawning in Canadian Rivers 

Off the North Pacific coasts and in the American and Asian rivers, 
about 600,000 metric tons of salmon were caught annually in the last 
few years (FAO Yearbook, 1955-56). In only a few places on earth can 
salmon find such attractive spawning conditions. Most species of 
salmon migrate only once in their lifetime from the sea into the rivers 
to spawn there in cool and clear water, on grounds with sand or gravel. 
For a few months or one or more years, the fry of the individual salmon 
species stays in the rivers before it migrates down the river into the 
sea, where it grows rapidly on a rich diet of crustaceans and fish. Thus, 
the spring salmon reaches a weight of 40 to 50 lb. during a 4- to 6-year 
ocean sojourn. Markings have shown that the salmon on both sides 
of the Pacific undertake widespread migrations. The spring salmon 
moves—probably close to the shore—from Alaska to the Columbian 
rivers and from Barclay Sound (Vancouver Island) to the Sacramento 
River. 

The greatest menace to the salmon populations is constituted not 
by fishing off the coast but by the transformation of the rivers, brought 
about by the economic development of the country. The history of the 
sockeye population of the Fraser River clearly indicates how man can 
jeopardize a large salmon population and how, on the other hand, 
through scientific studies and through voluntary cooperation of all 
groups interested in the river and in the fisheries, the yields can again 
be brought back to a satisfactory level. The salmon fishing in the sea 
facing the Fraser River provided good catches until 1899, when the 
most important spawning grounds in the Quesnel River were cut off 
through the building of a dam. Furthermore, in 1911, the climb up the 
Fraser River was almost blocked for the salmon through artificial 
waterfalls at Hell's Gate. The population and, in fact, the catches, also 
were declining. The reduction of the catch was estimated to amount to 
a total sum of one billion dollars when, in the forties, fishways and other 
improvements in the river were installed and, through international 
agreements, catch quotas were established. Since then, the catches have 
increased every year. For other salmon fisheries, the situation is not so 



1. B I O L O G Y O F S E A F I S H P R O D U C T I O N 13 

favorable, as the rivers cannot be restored to meet the needs of the 
salmon, unless one resorts to entirely uneconomic measures. An im
portant part of the salmon population in the Baltic must be hatched and 
raised artificially since several of the salmon rivers, because of dams 
and pollution, can no longer be passed by the salmon. 

Not only the salmon has special requirements as to water depth 
and bottom features of the spawning grounds. The geographic dispersal 
of many sea fish species is influenced by similar factors. The flatfish, 
which lay their eggs on the sea bottom, require sand or silt as a bed. 
The majority of economically important fish species are adapted to 
living in fairly shallow water in the shelf areas of the sea. Also, during 
their wide migrations, coalfish and cod seem to follow the submarine 
thresholds and banks instead of crossing large sea depths. 

III. Fluctuations in the Catch 

Catch fluctuations constitute severe handicaps for the economic re
turn of the fishing fleet and the fish industry in almost every kind of 
fishery. A great many causes of these fluctuations could be listed: ( 1 ) 
migration of the fish and changes in their accessibility at various times 
of the day and of the year; ( 2 ) variations in the sizes of the fish popula
tions; ( 3 ) differences in the intensity of fishing. There is frequently an 
interrelationship between the availability vis-ä-vis the abundance of fish 
and the intensity of fishing. 

A. C H A N G E S I N A V A I L A B I L I T Y 

Very many fisheries utilize fish populations which during their migra
tions reach the fishing area only during a certain season. Deviations in 
the migration pattern, even minor ones, cause severe declines in the 
catches. 

Through marking of many fish and recently through pursuit of the 
shoals by ship (echo-sounding) or by airplanes, valuable information 
has been collected during the latest decades about the migration routes 
of several fish species. Investigations of race characteristics, exhibited in 
body proportions, in the number of vertebrae and fin rays, and in the 
rings formed on scales and otoliths (the stones of the inner ear), and of 
the changes in the composition of catches, have also given good evidence 
of the origin of many fishes. These findings have been commercially 
utilized. 

Most migration routes follow sea currents. When moving across the 
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Northeast Atlantic, herring follow the border area between warm and 
cold water masses. The young cod of the eastern part of the Norwegian 
Sea go in the summer from Bear Island to the north into the fertile re
gions around Spitsbergen. In the fall, they change their reaction to 
light and seek the dark water layers toward the bottom and swim against 
the current back to the south. Influenced by the warm sea currents, the 
extension of the distribution area of cod varies from year to year (Trout, 
1957). Contrary to codfish, herring differ in temperature requirements 
during the year. Many types of herring favor cold water during the winter 
season. The consumption of their fat deposits is delayed there and these 
consequently last longer when they stay in these colder waters. In the 
North Sea, most herring live during the summer in the deep central cores 
of cool water. The spawning season in the fall is related to the temper
ature of these cold water bodies. At a level of 5 - 6 ° C , the herring stay 
about a month longer in the feeding areas than at 6-8 °C. For spawning, 
they search for water maintaining a temperature of 12°C. (Dietrich et al, 
1959). Following the distribution of cool and warm water masses, which 
differs considerably from year to year in the North Sea, the whereabouts 
of the young herring and the prespawning communities, as well as the 
spawning grounds, shift The above data only illustrate the changing 
temperature requirements of herring in the course of the year and should 
not be looked upon as a complete description of herring distribution. 

All over the earth, in regions that are hydrographically unstable, 
fisheries with a restricted area for catching are subject to considerable 
fluctuations in the catch, owing to variations in the availability of fish. 
This applies to the California sardine fisheries, as well as to the catch of 
mackerel, sardine, salmon, and tuna in Japanese waters. It often seems 
to be the deviations in the sea currents which directly determine the 
distribution of the marine animals, e.g., the squid on the Newfoundland 
Banks (Squires, 1957). Frequently, lack of food drives the fish from the 
coastal areas where fishing chiefly takes place, as Blackburn (1957) dis
covered with regard to barracuda. Herring avoid areas crowded by 
mucous phytoplankton. Plaice have rather specific demands as to salinity 
at spawning time. If they find the water has too low a salinity on the 
usual spawning grounds, they spawn in other locations. 

Sometimes, for unknown reasons, an exodus of a major part of a fish 
population occurs. Thus, the very rich 1945 year-class of the Icelandic 
coalfish disappeared at the period of sexual maturity. The whereabouts 
of the fish remained a mystery until 1956. Then large quantities of old 
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coalfish were discovered northeast of the Faeroe Islands about 400 nau
tical miles from Iceland. They had all the characteristic features of Ice
landic coalfish (Schmidt, 1958). 

Time and again, fishermen complain that the harvests on known 
spawning grounds within the lapse of merely a few days are subject to 
strong fluctuations. It then often seems to be due to the interrelationship 
between prevailing wind directions and catches. Schmidt (1958) pre
sumes that the low coalfish yields off the Norwegian coasts when north
erly winds dominate can be traced back to an exodus of the fish into 
deep water, and that such migrations are initiated by strong bottom cur
rents ensuing from powerful internal waves created by depth effects of 
gales. On the submarine ridge between Iceland and the Faeroe Islands 
and correspondingly off the United States coasts, ice-cold waters some
times invade the catching grounds (Dietrich, 1956; Hachey, 1954) and 
drive off the fish or slow down their metabolism so much that they are 
not attracted by the bait of the fishing tackle. 

Many fish species move upward and downward in the water during 
the course of the day. Even such typical bottom fish as plaice are active 
at night. They leave the bottom for excursions into the higher water 
layers (Hempel, 1957), so that catches with bottom-dragging nets are 
often poorer during the night than in daytime. Figure 6 shows the echo
gram of the migrations of large coalfish on a fishing ground outside the 
Norwegian coast. Toward the evening, the shoals leave the sea bottom 
and swim during the night in the middle water layers. In the morning 
they descend again. As young coalfish often have another rhythm and 
also live mostly on the slopes of the banks, the size and composition of 
the catches change during the course of the day and in different parts of 
the fishing grounds. 

Herring also stay close to the bottom during the daytime and ascend 
close to the surface during the night. The catching methods applied in 
herring fisheries are adjusted to this phenomenon. During the day, fish
ing is carried out with bottom trawls; but in the night, nets, miles in 
length, are hung in the upper water layers to catch the herring passing 
near to the surface. Plankton, too, undertake daily vertical migrations 
which the herring, eating in the evening and in the early morning, 
obviously follow. Herring, also, in the spawning stage stay in great num
bers at night close to the bottom, where they are better protected against 
tuna, dolphins, and sea birds. In many parts of the North Sea, the cold 
water from the winter remains on the bottom during the summer, while 
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the surface water is highly warmed up. The layer in between these two 
water masses is only a very few feet thick. It is rich in plankton and 
offers good nutrition to the fish. Under these circumstances the herring 
avoid the homothermal surface water. The drift nets, hanging there, 
remain empty. 

B . V A R I A T I O N S I N F I S H A B U N D A N C E 

A complete count of a fish population in the sea is impossible to under
take. Most methods of assessing population magnitudes endeavor to 
measure stock density. It is difficult to infer the number of fishes or the 
weight of the total population from the average stock density, because 
the distribution boundaries of a population are rarely strictly fixed. The 
fish are not evenly distributed within the stock area. 

Nevertheless, long-range statistics of stock density in fishing grounds 
give important indications as to variations in the population. The most 
important gage, applied in this type of statistics, is the catch per unit 
effort. It gives a truer picture of the population fluctuations than the 
statistics of annually landed catches, which are highly influenced by the 
intensity of fishing in each particular case. The decline in redfish land
ings from the Gulf of Maine after World War II could indicate that this 
population was almost eradicated (see Fig. 7 ) . In reality, however, the 
stock density had hardly changed; the daily catches of each individual 
vessel have not clearly diminished in postwar years. The reduced catches 
were not to be explained by population fluctuations but were due to the 
moving of the catching fleet to other fishing areas. The unit of effort dif
fers greatly in individual sets of statistics, as, e.g., the daily catch of a 
class-4 tuna clipper, that of cod and halibut per 1000 hooks for a long 
lining gear and the catch per 10 hours fishing with a dragging net. When 
the availability of the fish is subject to strong fluctuations, the statistics 
of the catch per unit effort alone cannot give useful information on the 
density and composition of the stock. Other types of investigations, e.g., 
that of counting fish fry, give supplementary data which constitute con
trols. The quantitative assessment of fish fry of plankton type is easier 
to make than those of the spawning population and, under given con
ditions, allows conclusions as to the size of a population. 

1. Short-Range Fluctuations 

For several decades, statistics have been collected as to the annually 
landed amount of fish and the catch per unit effort in the Norwegian 
fisheries for spawning shoals of cod at Lofoten. The catching methods of 
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FIG. 8. Total landings (a) and catch per fisherman (b) of the Norwegian cod 
fishery in the Lofoten area (Rollefsen, 1954). 

FIG. 7. Catch per day's fishing (a) and total landings (b) of Gulf of Maine red-
fish (after Davis and Taylor, 1957). 
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these fisheries have changed very little during the period under con
sideration, so that the number of fishermen active there during the fishing 
season could be used as the fishing unit. In the curve for annual yields 
(Fig. 8 ) , Rollefsen (1954) distinguishes between three types of fluctua
tions: ( 1 ) irregular ones from year to year, which, e.g., are brought about 
by the influence of weather conditions on the fishing activities as such; 
( 2 ) short-range fluctuations due to shifting in the age composition of 
the fish populations; the catches may show an ascending tendency over a 
couple of years followed by a decline in the next 3 to 5 years; ( 3 ) as 
long-range fluctuations, Rollefsen names the switching from good to poor 
catching periods (1875-1900, above average; 1900-1925, below; and 
1926-1950, above.) 

The causes of short-range variations in harvests have been studied 
most thoroughly. The age composition of the spawning population of cod 
is basically shaped as a skew pyramid, as Fig. 9 shows for the year 1952. 
In the total population the share of the individual age groups diminishes 
with increasing age in relation to the mortality rate. In the spawning 
population, this falling curve of young individuals is superseded by an 
ascending curve, as not all cod reach sexual maturity at the same age. 
Only a few specimens of cod start spawning as early as the age of 8 
years; within the 9-year group, this figure is already higher. For some 
individual specimens, sexual maturity is not reached until the fourteenth 
year. 

In most years, this picture is, however—as in many species—distorted 
by the appearance of certain strong year-classes (Fig. 9 ) . Thus, year-
class 1937, as it appeared on the spawning grounds at the age of 8, proved 
to be relatively strong. In the following years, its relative importance 
increased. Under its influence the catch per unit effort grew, and in 1947 
this caused record catches. Until 1952, year-class 1937 was still noticeable 
through its relative strength. The influence of such year-classes in the 
beginning grows rapidly and subsequently fades out slowly. This causes 
the short-range fluctuations of the catches, which are still more accen
tuated when there are 2 or even 3 consecutive years of abundant year-
classes as, e.g., with cod (in the periods 1917-1919 and 1929-1930). 

In a still more pronounced way than with the cod, where the popula
tion always is composed of fish from a great number of year-classes, the 
size of the fish catches is more directly governed by poor and rich year-
classes in fish with a shorter life span. In the California sardine fishery, 
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as an average, about half of all the fish caught belong to the 2-year class 
(Clark and Marr, 1955). If recruitment is missing for one or even several 
years, an enormous decline in yields takes place. 

Even more interesting than variations in the size of individual year-
classes, from the fisheries' point of view, is the harvest in weight for each 

Age 
FIG. 9 . Age distribution of the Norwegian cod landings for the years 1 9 4 4 - 1 9 5 3 

(Rollefsen, 1 9 5 4 ) . Black: the strong year-class 1 9 3 7 . 

year. Due to differences in the magnitude of the year-classes, the average 
life span and, at the same time, the average fish size differ from year to 
year in the spawning stock of the Lofoten cod. When the abundant 
year-class of 1937 showed up, the spawning stock was rejuvenated. Then 
it grew older, together with the dominating year-class, until a new, richer 
year-class again rejuvenated the stock. In a "young" stock, primarily 
small specimens are caught (Fig. 11) . 

In order to find the biological causes for fluctuations in the magnitude 



1. BIOLOGY OF SEAFISH PRODUCTION 21 

of individual year classes in the Lofoten cod, its life history must be 
analyzed. Each young female cod lays, during the spawning period in 
February/March, several million eggs, from which the larvae hatch in 
April and May. Wiborg (1957) estimated that living in the region of 

A g e 

FIG. 10. Age distribution in the stock of Norwegian herring, showing the out
standing importance of a single year class (1904) for the fishery (Graham, 1956, 
after Hjort, 1926). 

Lofoten, in May, are more than 2 χ 1 0 1 2 eggs and larvae from the cod. 
During the following quarter of the year, the larvae live a pelagic life, 
when they drift far to the north or northeast in the Norwegian Current, 
an offshoot of the Gulf Stream system. At the end of this pelagic phase, 
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i.e., when the young cod turn to a life close to the bottom, they have 
reached the Barents Sea near Bear Island, at Spitsbergen, or Hope Island. 
According to recent Soviet studies (Maslov, 1956), whether or not a rich 
year-class will develop has already been determined at the end of the 
first year of life. 

60 60 100 120 cm 
Total length 

FIG. 1 1 . Changes in the length composition of the Lofoten cod (Rollefsen, 1 9 5 4 ) . 

The fluctuations in the number of cod eggs, differing from year to 
year with the spawning stock, seem to have no influence on the year-
class density. This is determined by the transportation and feeding con
ditions that the eggs and larvae encounter. Possibly the number of 
enemies also plays a role. Wiborg (1957) studied the effect of several 
factors; a prolongation of the spawning and hatching periods brought 
about a widespread distribution of the fry, which reduced the competi
tion for food. A relocation of the spawning grounds to the north and a 
rapid transportation of the larvae had the advantages that these larvae 
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attained feeding grounds located farther to the north and the east and 
no longer had to resort to a life close to the bottom in the less fertile 
parts of the Barents Sea. Corlett (1948) mentions as another favorable 
effect the abundance of plankton in the waters south of Bear Island. 
These conditions are due largely to the hydrographic situation there. Off 
the Lofotens, the Norwegian Current is split into two branches, the West 
Spitsbergen Current going northward and the North Cape Current north
easterly. The strength of the West Spitsbergen Current depends not 
only on how strong the southerly winds are in this region but also on the 
inflow of Atlantic water through the Faeroe-Shetland Channel. Thus, 
Hill and Lee (1958) found a relationship between the prevalence of 
southerly winds at Bear Island from April to May and the subsequent 
abundance of those cod year-classes which in the respective years were 
in the larval stage. 

Populations of bottom fish repeatedly suffer large losses when their 
fry are carried out into the deep seas where they are not able to turn to 
a bottom life toward the end of the pelagic phase. A negative correlation 
was found between the sizes of the respective year-classes for the had
dock population on George's Bank off the northeast coast of the United 
States and the strength and frequency of offshore winds which transport 
the fry from the bank into the current passing farther out (Walford, 
1938; Chase, 1955). Similar observations on the influence of sea currents, 
determined by meteorological factors, on the survival rate of fry were 
made also in the North Sea and on the Icelandic shelf. From year to year, 
changes occur, especially in shelf areas, in temperature, salinity, tur
bidity, in the content of organic matter, phytoplankton as well as zoo-
plankton. Consequently, fish larvae encounter quite different conditions, 
e.g., of temperature and food availability from year to year. High water 
temperatures promote a rapid development of the embryo and a rapid 
growth of the larvae. This reduces the highly risky pelagic phase of life, 
but diminishes the chances for wide dispersal. Also, the size of the plank
ton crop depends, among other things, on the temperature of the water. 
An early warming up in the spring or an inflow of warm oceanic water 
may have an appreciable effect on the growth of the larvae. Further
more, the time for the spawning, which is partly influenced by hydro-
graphic factors, also affects the survival rate of the fry. Shelbourne (1957) 
found that plaice larvae which had hatched later, at a time when the 
plankton supply was abundant, grew very well. On the other hand, plaice 
larvae which hatch early, when food is scarce, are in poor condition. 
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Recent observations in the aquarium and at sea showed the importance 
of suitable and adequate food supply for the survival of very young 
herring larvae. 

That high water temperatures in individual cases also may have an 
unfavorable influence on the fry, was shown in studies by Ketchen (1956) 
with the lemon sole off the Canadian Pacific Coast. The spawning 
grounds of this fish species are located in the southern part of Hecate 
Strait and in Queen Charlotte Sound. The young fish, however, find flat, 
sandy areas for their first year's development in the area north of Queen 
Charlotte Islands. Only if the water temperature is sufficiently low does 
the pelagic phase become so extended that the larvae arrive at the young 
fish grounds with the north-bound current. 

When comparing the age composition of fish populations of the same 
species in different oceans, and similarly that of various species in the 
same ocean region, conformities are found which point to the large in
fluence created by general meteorological conditions and to the environ
mental requirements of larvae belonging to different fish species. So, for 
instance, the 1950 year-class of the haddock was very strong off Iceland, 
in the North Sea, and also at Newfoundland. In that year, there was an 
abundance of coalfish fry off Iceland and the Norwegian coast. Also in 
all major cod populations (with the exception of that at Newfoundland) 
from the west coast of Greenland to the coast off Murmansk a strong 
year-class appeared. In the North Sea, 1955 was a very good year for 
fish fry. Such diverse species as haddock, cod, whiting, and plaice, showed 
extremely high frequencies in this year-class. 

Another cause for fluctuations in the size of the fish population is 
epidemic disease, and parasites on the fish as well as on the food or
ganisms. Many diseases are limited to certain species and to minor re
gions; others have a worldwide spread. Why epidemics show up only at 
certain times and reappear in cycles is, as yet, an unsolved mystery (Wal-
ford, 1958). See further Chapter 16 (Volume I I ) by Oppenheimer. 

Besides short-range fluctuations in the renewal numbers, changes in 
the growth rate may cause considerable variations in these catches. 
During the years 1950-1954, North Sea herring grew very fast: 3-year-old 
specimens were found to have an average body length which in pre
vious years had been found only in 4-year-old specimens. At the same 
time, the herring reached sexual maturity one year earlier. This accelera
tion in growth brought about profound changes in the herring stocks of 
the North Sea and important changes in the catches of individual fishing 
nations. 
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Strong year-classes often grow more slowly than less numerous ones. 
Possibly the food supply is insufficient in such cases to support satis
factorily a great density of young fish stock. This means that the great 
numerical abundance of a rich year-class is partly counterbalanced by a 
lower average weight. Variations in the growth and maturing rates, as 
well as in the relationship between population density and growth (this 
latter controlled by the food supply and the water temperature), consti
tute some of the most complicated problems in the biology of fisheries. 

2. Long-Range Fluctuations 

Long-range fluctuations, of the nature exhibited by the Norwegian 
cod fisheries, are known in many other fish populations. The classic ex
ample is from the Swedish herring fisheries. Adjacent to the coasts of 
the Swedish provinces of Scania and of Bohuslän herring fishing was con
ducted as early as the tenth century. These fish stayed in between the 
skerries during winter time and were readily caught. Sometimes there 
was a succession of 30 to 60-year periods when rich catches prevailed, 
but they were followed by other periods of 50-80 years when hardly a 
herring appeared to come close to the coast. The flourishing and the 
decline of the Swedish herring fisheries not only determined the pros
perity of coastal inhabitants but had, in the Middle Ages, far-flung 
economic and political repercussions. The last of the nine good periods, 
which can be traced in the historical documents to the last millennium, 
ended around 1906. Since that time very few herring have been caught 
close to the coasts. In contrast to earlier centuries, fishermen nowadays 
leave the coastal area and go out to sea and fish with the aid of large 
craft and better nets. In recent decades more catches have been landed 
in this way. This might indicate also that during earlier periods of poor 
coastal herring catches, some fish which in the summer live in the North 
Sea, gather offshore during the winter but do not go inshore. These dif
ferences in behavior are presumably not the only explanations for the 
fluctuations which seem to be connected with changes in the Norwegian 
stock of herring. 

Climatic changes, which have frequently occurred since the latest 
glacial period, are given as an explanation for most long-range fluctua
tions in the stock size, although the lack of extended hydrographic ob
servation series for lengthy periods of time has made it difficult to prove 
such relationships, with the exception of a few specific cases (Bell and 
Pruter, 1958). 

We have ample and reliable information about the latest climatic 
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change, which since about 1920 has created a trend of increase in the 
average annual temperature and in precipitation in vast areas of the 
globe. Due to the close relationship between conditions of the atmos
phere, sea currents, and water temperatures, this climatic change has 
also affected the sea. In the far north, mild winters became more com
mon; in the temperate zones especially, high summer temperatures were 
encountered (Smed, 1949). We seem to have passed the peak of this 
warming-up a few years back. Both directly and indirectly, the warming 
of northern waters has influenced the fish stocks. Heat-loving species ap
peared which hitherto were unknown in these regions, and cold-loving 
species withdrew toward the north. Strong year-classes developed in 
species favored by these climatic changes. Dense populations spread to 
adjacent seas. At the same time, the migrational habits of some fishes 
underwent changes, too. 

According to thorough statistical studies by Lundbeck (1957 and 
earlier), southern fish species such as the common sole and turbot were 
reduced in numbers in the North Sea up to about the year 1910, 
but after that time they began to increase. Northern species such as the 
common cod and skipjack, on the other hand, and deep-sea fishes such as 
the hake and the ling, reached their peak around 1910. In recent years 
tuna, horse mackerel, sardines and other warm-water species have mi
grated in great numbers during warm summers from the English Channel 
into the North Sea. The considerable fluctuations in the catch of mackerel 
and lobster off the east coast of the United States are more difficult to 
relate to climatic changes. 

In the thirties, the distribution pattern for fish changed radically in 
the waters stretching from Greenland to the coast of Murmansk: among 
others, ling appeared off Greenland. This species had not been caught 
earlier in these waters. Herring and halibut extended their distribution 
area toward the north, while arctic fish species such as the Greenland 
halibut (a turbot) and Gadus ogac (Täning, 1949) withdrew from the 
ocean regions which had gradually warmed up. In the same way, the 
capelin disappeared from the southern coast of Iceland. In the last few 
years, a reverse trend is discernible. The Greenland halibut and Gadus 
ogac are pushing southward again and the distribution limit for the cod 
at Western Greenland also appears to be moving southward. 

In 1919 after a period of eighty years when almost no cod were caught 
off the west coast of Greenland, cod coming from Iceland penetrated 
these waters. In 1931 they reached their maximum distribution area 
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toward the north at 72° north latitude. Although the statistics for land
ings by Greenland fishermen do not take into account the increase in the 
number of vessels, they do, however, allow certain conclusions to be 
drawn as to the increase in the stock density (Fig. 12) . The total landings 
of cod on this western coast amounted to less than 1000 metric tons prior 
to 1920, as against 300,000 metric tons in recent years. Markings and fish-
fry studies have thrown light upon the life cycle of this cod. In the form 

—ι 1 1 1 1 1 

1925 30 35 40 45 50 
FIG. 12. Annual landings of cod caught by Greenlandic fishing boats (Hansen, 

1954). 

of larvae and young fish, the cod were brought in with the warm Irminger 
Current from southern Iceland. In the waters off western Greenland 
they grew for about nine years, and then most of them migrated back to 
Iceland to spawn. Gradually more and more of the mature cod stayed in 
the northern part of the Greenland waters and spawned in the vicinity 
of their grazing grounds. Here, a rather independent spawning stock was 
formed, while a great number of cod still moved to Iceland. Also, off the 
east coast of Greenland, rather unfavorable from the climatic point of 
view, cod larvae seem to have found satisfactory living conditions, so 
that here a population of very slowly growing cod has developed. At 
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Iceland, the spawning grounds have been extended to the cold waters 
off the north coast. 

Long-range variations of the catches have also been observed in the 
fisheries on the Japanese and East Siberian waters and have been related 
to the prevalence of cold and warm water masses (Swetowidow, 1952; 
Hatanaka, 1952). The overlapping of fluctuations in the population 
density and the availability of the fish is even stronger here than in the 
Atlantic fishing areas (see Section II, B ,2) . 

It would, however, be an oversimplification if the short- and long-
range fluctuations of the catches were related exclusively to the direct 
influence of water temperatures and sea currents. Climatic changes, too, 
have a strong impact on plankton growth and the bottom fauna, which 
undoubtedly greatly influence the distribution and size of the fish stocks. 

Variations in population magnitude of the Indian sardine, Sardinella 
longiceps, have an obvious relationship to the cyclic fluctuations in the 
availability of its most important food, a certain diatom (Nair and Subrah-
manyan, 1955). There are indications that the rapid growth of the North 
Sea herring (see Section III , B , l ) in recent years is due to a rich supply 
of copepods. Diseases as causes for fluctuations have already been men
tioned. Variations of the stock can only rarely be attributed to one single 
environmental factor, as in the course of a fish's life, its environmental 
requirements, both the living and the nonliving, undergo changes. 
Plaice, in the larval stage feed on Zooplankton, and initially also some 
diatoms and flagellates. When, in the vicinity of the coast, it changes to a 
life on the bottom, it looks for small worms and amphipods in large 
quantities. Later, mussels and larger worms play a more important part 
as food. At the same time, it pushes farther toward deeper sea regions 
with quite other biocoenoses as well as different conditions as to light, 
temperature, and salinity. 

The most thorough analyses of the relationships between the hydro-
graphic conditions, the supply of feeding organisms, and fluctuations in 
the catches of one pelagic fishery were started in 1949 by the California 
Cooperative Oceanic Fisheries Investigations. In the twenties and 
thirties, the California sardine fisheries developed rapidly, and in the 
first part of the forties, the yields were satisfactory. Then suddenly they 
underwent a rapid decline, in spite of the fact that fishing was intensified 
(Fig. 13) . The catastrophe reached its peak around 1952. In recent 
years, the landed quantities have increased, although part of the vessels 
go in for the fishing of other species, such as anchovies, jack mackerel, and 
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Pacific mackerel. According to Clark and Marr (1955) , the sizes of the 
individual year-classes for renewal varied between a maximum of 7.2 
billion and minimum of 0.01 billion specimens. In the turbulent regions 
of the current close to the coast (see Section II , A,2), there are two 
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FIG. 13. Total landings and size of year-classes in the Californian sardine fishery 
(following the statistics of Clark and Marr, 1955). 

large spawning grounds for the sardine, one of them in the Southern 
California countercurrent at Point Conception, the other off the peninsula 
of Baja California in the large current eddy at Punta Eugenio. The 
northern spawning ground has almost lost its importance since the middle 
forties, and migrations of the sardine to the feeding grounds off the 
central position of the California coast have also stopped. The size of the 



30 G O T T H I L F H E M P E L 

catches off the coast of Baja California do not seem to have decreased 
as much. They are, however, located outside the operating area of Cali-
fornian fisheries south of the United States border with Mexico. Although 
there are no continuous hydrographic surveys from the period of the 
decline, meteorological data indicate that in the years of rich sardine 
catches, the spawning months were relatively warm, while in the latest 
decade northerly winds and a strong upwelling have prevailed (Reid 
et al., 1958). Surprisingly enough, a rich supply of Zooplankton has an 
adverse effect on the growth of the sardine fry. Probably this is explained 
by the mass appearance of such predators and food competitors as 
arrow worms and salps. Besides, prevailing northerly winds seem to 
prevent the sardine from pursuing its migratory movements to good 
northern spawning and feeding grounds. 

The question is often raised if environmental changes really are the 
exclusive causes for the decline of the California sardine fisheries or if 
the stock has been endangered by overfishing. So far, however, there is 
no clear evidence that the catching of the spawning populations has had 
an influence upon the density of the year-classes which will later recruit 
these fisheries (see Section III, B ,2) . 

3. Means to Reduce Catch Variations 

The essential environmental factors such as temperature, salinity, cur
rents, and upwelling are, so far, not within the reach of our technical and 
economic possibilities. Only in ocean bays can the basic production be 
enhanced by means of artificial fertilizing and thus indirectly increase 
fish yields. Only when we have accumulated more exact knowledge 
about those factors, which in each individual region are limiting the 
basic production, may effective fertilization on a large scale be feasible 
(Walford and Revelle, 1954). Through the transplantation of young fish 
from regions which are poor in food to sparsely populated areas which 
have an excess of feeding capacity, local increases in catches have been 
attained. Artificial fertilization and rearing of young salmon is an im
portant prerequisite for the survival of salmon fisheries in many parts of 
the world. About 4 0 % of all salmon caught in the Baltic during the very 
recent years are "products" of hatcheries. 

By means of scientific studies, fluctuations in catches may, however, 
be reduced to a certain degree. Differences in availability can be effi
ciently counteracted through the development of appropriate searching 
devices and the construction of fishing gear which are more suited to 
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the behavior of fish than those used to date. Also, the present use of nets 
and hooks could be better adapted to changing reactions of the fish in 
the course of the year and of the day. It is fruitless to use nets during 
the daytime since fish will see them, or to use hooks to catch haddock 
at spawning time or in cold water since fish then have no appetite for 
bait. The dependence of fish on their environment, both the living and 
the nonliving, explains the importance of systematic oceanographic and 
biological research (e.g., counts of plankton and bottom organisms) as 
a basis for forecasting the current distribution of the fish shoals and 
possible new catching grounds. 

Both to the fisheries and the fish industry, predictions regarding fluc
tuations in stock density are of great value. To be able to give a fairly 
accurate picture of the future development of the stock, more intensive, 
continuous studies of the composition of the fish population are required. 
Predictions covering a few years can be made based upon the density of 
individual year-classes in young fish populations, i.e., the appearance of 
1-year-old haddock and cod in the catches of research vessels. Such pre
dictions are later made more exact through investigations of the age 
composition of the spawning population. In the few cases where there 
is a numerical correlation between the size of the spawning population 
and the degree of renewal as, e.g., in regard to salmon, and probably 
haddock also, and in the highly reduced spawning population of the 
Californian sardine, predictions of yield can be extended over more 
than one generation of fishes. 

IV. The Maximum Yield of Fishery 

A. T H E B I O L O G I C A L E Q U I L I B R I U M O F H A R V E S T A N D P R O D U C T I O N 

It is one of the most complicated tasks of the fishery biologist to find 
an answer to the question: "How far can we develop fisheries without 
jeopardizing the fish populations and how can we find the most favorable 
equilibrium between the productive potential of the stock and the re
moval through fishing?" Up to a certain limit, the fish population is able 
to fill in the gaps created by fishing through renewal and through growth 
of the individual specimens. The problem is to know this limit and at 
the same time utilize the production potential of the population as far as 
possible. It would be desirable, if we could, to catch all specimens at 
the time when, with rather low feed requirements, their growth in weight 
is the largest, and prior to a stage when too great a number are killed by 
natural enemies or die of old age. 



32 G O T T H I L F H E M P E L 

How an equilibrium is attained between fishing intensity and fish 
production is theoretically illustrated by the following typical example: 
Into a certain region in which so far no cod have lived, a few specimens 
migrate. They find good living conditions, grow, and multiply rapidly. 
The larger the cod population gets, the scarcer becomes the food for the 
individual specimen and the higher the number of enemies gradually 
becomes. Old cod specimens eat their own young fish, and other rapacious 
fishes also have multiplied. The weight of the cod population climbs up-

3 A 5 
Units of time 

FIG. 14. Sigmoid curve of the theoretical increase of population size. Below, num
ber of individuals added at given time units (Clarke, 1954). 

ward at a slower rate, still increasing, until finally a saturation point is 
reached where there is no more living space for a further augmented 
stock (Fig. 14) . An equilibrium is maintained between the creative forces 
of recruitment and weight increase, on one side, and the natural losses, 
on the other. Such a virgin population is very dense, but, owing to the 
competition for food, the fish grow slowly and as the major part of the 
stock consists of old specimens, the conversion of food into fish flesh is 
poor. These conditions improve when the population becomes subject to 
fishing. The population gets thinner, and the average age of the speci
mens goes down. This sparser population has a decidedly higher pro-



1. B I O L O G Y O F S E A F I S H P R O D U C T I O N 33 

ductivity due to lessened competition for food and its better utilization 
for growth. The number of natural enemies is also reduced, and the prob
ability of natural deaths becomes smaller. With increasing intensity of 
fishing, productivity is augmented still further, up to an optimal point 
determined by the hereditary qualities of the fish and environmental 
conditions. Even if fishing is intensified beyond this point, a new equi
librium is finally reached between harvest and production. However, the 

FIG. 15. The yield of American Pacific halibut fisheries (following the statistics 
of Bell et al, 1952). 

additional productive potential of the population at this stage is ex
tremely small because the fish are caught before they reach their optimal 
weight. Jeopardizing the total number of recruits by too sharp a re
duction of the spawning stock is mainly to be feared with species which 
lay few eggs, such as the salmon, or with species which do not reach 
sexual maturity until very late, e.g., the halibut. More serious is the risk 
that in too sparse a population, the number of specimens becomes in
adequate for consuming the available food supply and converting it into 
fish flesh. 
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By gradual intensification of fishing, an equilibrium between popula
tion and yield will develop at each stage. An increase in harvest through 
a larger fishing effort persists as long as optimal productivity is not at
tained. If this stage is passed, catches soon decline. A distinction must 
be made between temporary maximum catches and maximum sustainable 
yield, which theoretically can be maintained permanently through op
timal productivity of the stock. Temporary maximum catches may be 
obtained during the initial fishing of a virgin population, and later at 
each increase in the fishing effort. Under these circumstances, more is 
removed from the population than is momentarily produced; a surplus 
of old specimens, especially, is caught before a new equilibrium develops. 

B. T H E O P T I M U M F I S H I N G 

The biological optimum differs highly for individual fish populations. 
It depends, above all, upon the level of natural mortality and the in
dividual growth of each fish species. Herring-type fishes and Pacific 
halibuts will be used as examples in this discussion. For herring, the 
number of natural enemies is particularly large. Haddock, cod, and coal-
fish gorge on the eggs which are attached to the sea bottom in large 
clumps. The eggs of the Pacific herring species, which spawn off the 
coast, are eaten also by seagulls. Many herring larvae become the prey 
of plankton-eating fish—also herring—as well as of arrow worms and the 
larvae of jellyfish; others starve to death. Hourston (1958) estimated for 
small herring populations in Barclay Sound that from 400 billion fer
tilized eggs about 0.7 billion young fish develop, i.e., only 0.2%. The 
shoals of adult herring are continuously chased b y large rapacious fishes, 
d o l p h i n s , a n d sea b i r d s . Due to the high m o r t a l i t y T a t e , m a n y h e r r i n g 

populations are composed exclusively of relatively few age groups. Their 
growth is very rapid during their first years of life and slows down early. 
The greatest yield of the stock is probably attainable only with herring 
and related species through intensive fishing and a correspondingly low 
average age of the specimens caught. 

It is a different case with the Pacific halibut. This was thoroughly 
studied by the International Pacific Halibut Commission (among others, 
Dunlop, 1955, and Thompson, 1952). Except during youth, the number 
of natural enemies of the halibut is small. The age of the halibut caught 
off the Pacific coast of Canada is 7-11 years in the south; off the Alaska 
coast, it is 11-17 years. These specimens are still growing fairly rapidly 
—they reach sexual maturity at 9 to 12 years of age. The halibut is much 
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more susceptible to overfishing than herring. Its maximum sustainable 
yield is at a high average age. Thus, the Pacific halibut is the best ex
ample of the use of protective measures to increase an overfished stock. 

Since 1888, the halibut population south of Cape Spencer on the north
west Pacific coast has been subject to fishing. In the beginning, the slowly 
intensified fishery increased its annual harvest from the large reservoir 
of a virgin population (Fig. 15) . When one fishing area was depleted, 
the fishing vessels searched for another one. In 1912, there were no 
additional catching grounds for fishing to be found within a reasonable 
distance. From this stage on, catches constantly declined, although fishing 
was intensified three times in the ensuing two decades. In 1930, the 
population was down to 20 -35% of the stock in 1912, and the average 
age was so low that in the south only a few young females reached sexual 
maturity. The population was obviously overfished, and any further in
tensification of this fishery would inevitably in the long run lead to a still 
greater predominance of small, less valuable specimens and a simul
taneous reduction of the total harvest. In order to reverse this highly 
uneconomic situation, an agreement was made between United States 
and Canada to undertake protective measures. The maximum number of 
specimens to be taken each year was limited. The young fish were saved 
by prohibiting the use of certain specified fishing gear or small-meshed 
nets. Furthermore, the landing of young fish was not allowed, and a re
newal and revival of the stock was thereby achieved. In spite of the fact 
that through these measures the fishing efforts were reduced to one-half 
or even one-third, the annual catch doubled, the stock density increased 
considerably, and the composition of the catches with regard to size 
again became more favorable from an economic point of view. 

Some critical observers are assuming that decrease and increase of 
the Pacific stocks were not caused merely by overfishing in relation to 
protection but have been influenced also by the environmental changes. 
It is not yet possible to determine when, through these protective meas
ures, the most productive state is reached. For this, more biological 
studies are needed of the dependence of growth and recruitment on the 
age composition of the stock. 

Mostly the fishery biologist is not able to analyze immediately with 
sufficient accuracy whether a fish population has been overfished. A de
cline in yields in spite of increased fishing intensity is not necessarily an 
indication of overfishing. The cause may also be natural changes in 
population density or in the availability of the fish. In this case, pro-
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tective measures, which are indispensable to remedy damages through 
overfishing, would be costly and futile and would lead to a reduced 
harvest. 

Attempts are repeatedly made to interpret in mathematical models 
the dynamics of individual fish populations in their dependence on re
cruitment, growth, natural mortality, and removal by fishing. On the basis 
of such mathematical devices, predictions are made regarding the effect 
of protective measures. Thus, the calculations of Beverton and Holt 
(1957) are the basis for international discussions as to the optimal fishing 
intensity for European waters. Schaefer (1957) estimated the maximum 
sustainable yield of the United States yellowfin tuna fishery: 198 million 
lb. per year with a fishing effort of 35,500 catching days by a Class 4 
tuna clipper. 

The reliability of such calculations depends, on one hand, on the 
quality of the statistics as regards landings and fishing efforts, and on 
the other hand, on the reliability of the picture which has been obtained 
of the fishing situation based on catch samples, analyzed as to age com
position and growth. Due to an uneven distribution of young and old 
individuals of rapidly and slowly growing fishes and differences in their 
reaction to various fishing gear, the fishery biologist is faced with the 
highly complicated task of procuring representative profiles of the fish 
population. This requires profound acquaintance with the biology of 
each fish species. 

C. E C O N O M I C A S P E C T S 

In view of the large protein needs of the human race, a greatest 
possible yield should be sought. Commonly, it can nearly be reached 
only through the most intensive fishing efforts. The economy of a fishery 
depends primarily on the harvest per fishing unit. The unit catch de
creases continuously, however—independently of whether the population 
is under- or overfished—with an increase in fishing intensity. It is true 
that, to a certain extent, improvements in the equipment of fishing craft 
with respect to localization instruments and fishing gear, scientific aid 
in locating the fish, and finally through price increases, may compensate 
for economic losses. Increases in fish prices will, however, lead to re
duced demand. In order to be able to compete, other and cheaper species 
may have to be caught. In many cases, an expansion of the fishery is 
already uneconomic, due to too small catches per unit, long before the 
maximum total yield is reached. Thus, for instance, in the yellowfin tuna 
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fishery, no expansion of the fleet can be expected within the near future, 
owing to such economic reasons. 

The eradication of a fish population in the ocean is technically and 
economically impossible, because as soon as it becomes too scarce, fishing 
is given up. Those marine mammals which have been exterminated by 
man, were in most cases in greater jeopardy than the fish not only because 
of the dependence of the young but also because of the small number 
of offspring. In addition, they were easier to catch, and the hunting of 
each individual animal was profitable. 

Unfortunately, the regulating economic factors are not always strong 
enough to prevent overfishing of a population. It is highly complicated 
to reach agreement about protective measures when a great many eco
nomic, political, and social interests are involved. Most fish populations 
are subject to fishing by several nations with the most diverse fishing 
gear and ships. Each of these fleets has its own economic amplitude and 
each market its own claims as to size. The individual fisheries of each 
nation consequently exert quite diverse pressures on the existing fish 
stocks. While the Germans wanted a population of large soles, the French, 
who prefer small ones, could not comply with an international agreement 
on large meshes. Unconditional prohibition of the catching of such young 
food fish as plaice, sole, and whiting, the economic value of which has 
been discussed for a long time (Bückmann, 1935), would lead to anni
hilation of the crab fishery, from which many economically weak fisher
men and their families gain their livelihood. In the catches of shrimpers, 
young fish are inevitably included which cannot be returned to the sea 
in living condition. Protective measures in the North Sea would, further
more, be complicated by the fact that different fish species which would 
each require separate protective measures, are constantly caught together 
in the same nets. If a mesh width of 150 mm. is prescribed for nets, 
which might give nearly maximum sustainable yield in a plaice fishery, 
most whitings and soles would escape the nets. A net adapted to these 
two latter species would, on the other hand, catch large quantities of 
young haddock and cod. It is impossible to achieve in the North Sea at 
the same time a very high equilibrium yield from the populations of 
plaice, haddock, cod, herring, whiting, and sole. An increase in annual 
yields and a simultaneously improved economy are, however, undoubt
edly within reach through a fair degree of cooperation between fish ex
perts and fishery scientists of the various countries involved. 
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