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Preface

The production of this book was initiated by Gunnar Sztersdal in the mid-1990s.
He suggested that we should write overviews covering the development in
research and fisheries management throughout the 20" century of Norwegian
spring-spawning herring and Northeast Arctic cod (also called Arcto-Norwegian
cod and Arctic cod in the literature). Being the two most important commercial
fish stocks for Norwegian and northeast Atlantic fisheries, these stocks were also
among the first large marine stocks that were subjects to systematic research and
monitoring. There exist almost unbroken time series of annual data on biologi-
cal characteristics of the specimens in the catches from the beginning of the
20™ century, for each of them; data that have been of major importance for the
development of the advisory — and management system established during the
most recent two-three decades. In addition, considerable amounts of knowledge
has been gained by comparing the time series of stock characteristics with the
100 years long series of temperatures in the Barents Sea observed by the Polar
Research Institute of Marine Fisheries and Oceanography (PINRO).

At the time Setersdal proposed the writing of the book, both stocks were
recovering from historically low levels. Stock sizes and yields were increasing
largely due to effective fisheries regulations in the immediate past decade. As
Director of the Institute of Marine Research (IMR) from 1970 to 1986, Satersdal
had strongly contributed to the research and management system generating these
regulations. His idea was to have the book completed by the turn of the century
when the Norwegian Directorate of Fisheries and the International Council
for the Exploration of the Sea (ICES) celebrated their 100 years anniversaries.
However, by his death in 1997 only two chapters (2 and 8) were written, and
the work came to a stand still for many years.

I thank my colleagues (authors and co-authors), which have functioned
as an editorial board. Special thanks to Karen Gjertsen for her work with the
illustrations, Vibeke Kristiansen for typewriting, Ingunn Bakketeig and Elen Hals
for quality assurance and corrections, Hugh Allen for language improvements.
Harald E. Torresen has done the technical editing and layout.

Bergen, June 2008
Odd Nakken






A CHAPTER 1

Introduction

Odd Nakken

I.1 Fisheries and yields

Northeast Arctic cod and Norwegian spring-spawning herring have been the
major target species in Norwegian fisheries throughout known history, and
prior to 1960 catches of these two stocks made up 80 percent or more of annual
Norwegian landings of fish. Until the mid-20™ century, Norwegian fisheries were
largely coastal and seasonal. They were based on the influxes of spawners of both
species into near-shore waters in winter—spring as well as on the occurrence of
feeding concentrations of immature fish later in the year; in April-June young
cod feeding on spawning capelin along the coast of Finnmark and young herring,
known as “fat herring”, in summer and early autumn feeding on zooplankton in
the fjords all along the coast. The fisheries for spawning cod have been off the
counties from Mare and northwards, Lofoten being the most important fishing
district, while the bulk of the spawning herring has been caught from Mere
and southwards along the coast (Figure 1.1). In “Konungs Skuggsjaa” (“The
King’s Mirror”), a book written in about 1230, a father tells his son why fish
are abundant in near-shore waters in early spring: “The fish come into coastal
waters in late winter — early spring and spawn their roe so that the fry will have
the long warm summer to gain strength in order to survive the next winter”.
The interest the authorities took in the cod and herring fisheries almost a mil-
lennium ago is shown by the facts that the king built lodges in Lofoten around
1120-1130 for the cod fishermen, and that the old Frostating law included rules
on how to preserve herring.

A substantial increase in catches of both cod and herring took place during
the 19% century; from about 50 000 to 200 000 tonnes of cod and from a few to
about 60 000 tonnes of herring (Qiestad 1994). Catches continued to increase
during the 20" century (Figure 1.2) until the stock of herring collapsed in the
1960s, while cod stocks suffered a major decline in the 1980s due to overfishing
in the preceding decades (Hylen 1993). Improvements in fishing technology and
rapidly growing international fishing fleets exploiting both cod and herring were
the main factors behind the growth in catches up to the 1950s. The warming of
the ocean water masses in the decades prior to World War II (1939-1945) also
favoured production in both stocks in these years (Figure 1.2). Severe restrictions
on fisheries — for herring there was a ban on fishing for several years — helped
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Figure 1.1 Counties, fishing districts and towns.

both stocks to recover towards the end of the century. The main features of this
development are described in Chapters 2—8, but first we shall bring readers up
to date on some important background information.

1.2 Research; institutions, tasks, support and cooperation
Both cod and herring fisheries have always been subject to large fluctuations.
Rollefsen (1966), who summarized the history of Norwegian fisheries research,
wrote: “To the extent we are able to trace the Norwegian fisheries back through
the ages we read of years when the fish approached the coast in great numbers,
but more often of years when the herring and cod fisheries were failures”. The
large fluctuations in catches, and their effects on the economy of the country,
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Figure 1.2

The development in
the 20" century of;
Upper: Temperature
at depths of 0-200
m in the Barents Sea
on the Kola Section.
Middle: Catch and
spawning stock biomass
of Norwegian spring-
spawning herring.
Bottom: Catch, total
stock and spawning
stock biomass of
Northeast Arctic cod.

stimulated the authorities to establish research programmes for both species in
about 1860 (Rollefsen 1966; Solhaug and Satersdal 1972), and these programmes
led in 1900 to the establishment of the Norwegian research and management
institution, the Direction of Fisheries, which in 1906 became the Directorate of
Fisheries. Under the Directorate, fisheries research was organized in a special
section which in 1947 was named the Institute of Marine Research (IMR),
which since 1989 has been administratively separated from the Directorate of
Fisheries.

During the first half of the 20" century, the main purpose of IMR’s research
was to provide answers to the question: Why do fish catches vary? And then,
to advise on how, when and where to fish in order to improve yields. Along
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with the development of tools for assessing the impacts of fisheries on fish
stocks and the acknowledgement that many stocks suffered from overfishing,
including Northeast Arctic cod and Norwegian spring-spawning herring, fish
stock assessments and advice regarding various regulation measures, including
annual fishing quotas, became increasingly important. Throughout the century,
cooperation within the International Council for the Exploration of the Sea
(ICES) has been of great importance for the development of Norwegian fisheries
science. Where the results achieved for the two stocks considered in this book
are concerned, the cooperation with Icelandic and Russian scientists has been
of immense value.

Until the end of World War I (1914-1918), Norwegian fisheries science was
rather generously supported by the government. After the war, the situation
changed (Rollefsen 1966). The nations that had been at war now fished their
own fish in the North Sea where stocks had grown substantially during war-
time, and the demand for Norwegian fish products sank. “Who wants marine
research under such conditions?”, quotes Rollefsen. However, in 1927, the
Fishing Industry Research Fund was established, and ““it must be said to the
credit of those who had this Fund created that it has played a most important
part in establishing Norwegian Fisheries research in the prominent position it
now holds” as Rollefsen put it. Since World War II, fisheries science has again
received generous support in Norway. The scientific and technical staff at IMR
was strengthened substantially during the immediate post-war decade. In the
1950s, the institute brought two new and well-equipped oceangoing research
vessels into use, in 1960, the staff of the institute moved into a large new building,
and throughout the 1960s and 1970s, new research groups were established and
new research vessels built in order to meet the growing demands for knowledge
of marine resources and their environment. At the end of the century, IMR’s
research profile included most aspects of importance for the production from
commercial fish stocks as well as from Norwegian marine aquaculture.

In the early 1970s, the capacity for doing fisheries science in Norway
was also considerably strengthened through the establishment of several
new research institutions: The Institute of Fisheries Technology Research in
Tromse with its Fish-Capture Division situated in Bergen, and the Norwegian
College of Fisheries Science in Tromse, with its Institute of Fisheries Biology
also situated in Bergen (since 1980 as part of the University of Bergen). Both
of these institutions were located in Bergen in order to facilitate cooperation
with the Institute of Marine Research; a cooperation that has been most fruit-
ful where Norwegian fisheries science and education are concerned. Funding
was substantially increased through the establishment of the Fishery Research
Council in 1972.

1.3 Fishing limits and ownership of stocks
The importance placed on protection of her coastal fisheries, particularly the cod
fisheries in the north (Finnmark, Lofoten), led Norway to claim a four nautical
mile territorial limit (rather than the conventional three nautical miles) as early
as the 19" century. Baseline positions for the fishing limits were selected so
that important traditional fishing grounds became territorial waters in order to
prevent foreign fishing vessels from operating there. When the international trawl
fishery developed in the Barents Sea area early in the 20" century, Great Britain,
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Figure 1.3 Fishing limits established in 1977.

then the leading trawling nation, disputed the Norwegian territorial claim. After
long negotiations, the dispute was settled in 1951 by the International Court of
Justice in The Hague, which approved Norway’s claims.

In 1961, a 12 nautical mile fishing limit was established. Even so, Norwegian
authorities felt that further protective measures of coastal fisheries were needed,
and in 1973, several seasonal “no trawling zones” were established outside the
12 mile limit of northern Norway. This was an interim measure pending the
establishment of a 50 nautical mile exclusive zone which by then had become
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a public demand in the northern counties. However, Norway claimed a 200
nautical miles economic zone effective from January 1977, in accordance with
the extended coastal state jurisdiction under the Law of the Sea regime (Figure
1.3). In June that same year, a 200 nautical mile “fishery protection zone” was
established around the Svalbard Islands in order to control fishing activity on
the important nursery and feeding grounds for cod in that area. The Svalbard
protection zone differs from an exclusive fishing zone in its requirement to treat
all signatories of the Svalbard Treaty equitably. Norwegian authority in this zone
is challenged by other states. Russia (USSR) did not recognize the protection
zone, but practical arrangements between the two countries for orderly fishing
in the zone have proved to be possible.

The boundary between exclusively Norwegian and Russian waters in the
Barents Sea is not agreed. Norway claims an equidistant line from the coasts
while Russia claims an “Arctic sector” with a western boundary along the
31°30’E meridian. As a practical solution a “grey zone” was established in
1978, pending a solution of the boundary issue. Within the grey zone each party
has jurisdiction over its own fleet, and, within a joint framework, may licence
fishing by third parties.

An area in the central Barents Sea, known as the Loophole, is outside the
200 nautical mile zones of both Norway and Russia. At times, particularly in
warm periods, fishable concentrations of cod are found here. In the mid 1990s,
Icelandic vessels caught substantial quantities in the area and thus forced Nor-
way and Russia to accept that Iceland should have a share of the annual total
allowable catch (TAC) for Northeast Arctic cod. Part of the Norwegian Sea is
also outside national waters, and at times, catches of herring in excess of the
agreed TAC have been taken there.

Many fish stocks are transboundary, including Northeast Arctic cod and
Norwegian spring-spawning herring, and the new coastal state jurisdiction made
it necessary to establish shared ownership of the stocks and a system for sharing
the total TAC. In 1975, Norway and Russia established a forum for cooperation
and negotiations regarding fisheries management in the Barents Sea area, the
Mixed Norwegian-Russian Fishery Commission. For Northeast Arctic cod,
agreement was reached on allocating fifty percent ownership to each of the
two countries. For herring, which are distributed throughout large parts of the
Norwegian and Barents Seas, Norway, the EU, the Faroes, Iceland and Russia
annually agree on the TAC and its allocation to individual countries, but have
not yet reached agreement on stock ownership on a permanent basis.

1.4 Overview
In this book we describe the development of the fisheries and stocks of Norwe-
gian spring-spawning herring and Northeast Arctic cod during the 20" century,
including the impact of environmental factors and fisheries on this develop-
ment, and the measures that have been recommended and introduced in order
to conserve stocks and maintain yields at reasonably high levels. Research in
fisheries acoustics and fish-capture technology has contributed significantly
to the results obtained in the second half of the century, and we have therefore
included descriptions of developments in these two fields.

Chapter 2 deals with the efforts and influences on fisheries science of Nor-
wegian scientists early in the century, in three main fields:
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+ Their utilization of research surveys to describe the life history of stocks.

 Their discovery of the large variations in year-class strength, and their struggle
to establish an international (ICES) database of stock age compositions; i.e.
catch at age figures for each fish stock, data which many years later became
the “backbone” of analytical stock assessment.

* Their contributions to the understanding of the effects of fishing and the
formulation of a theory of fishing.

Chapter 3 summarizes the technological developments in the cod and herring
fisheries and in gear and vessel technology; developments that made fishing
so efficient that due to absent and/or ineffective management, the stock of
herring was in a state of collapse for 2025 years, while the cod stock was at an
extremely low level for about a decade (Figure 1.2).

Chapters 4 and 5 present and evaluate current information on trends and
fluctuations in fisheries, biological characteristics and stock biomass for the
two stocks. The observation and sampling systems that have been developed
and used to monitoring stocks are described, and the management measures
which have been recommended and introduced are outlined.

Chapter 6 is a description of the methodology employed and results obtained
in the Barents Sea 0-group survey. This survey set a standard for the conduct
of acoustic surveys for measuring fish abundance. It has been carried out every
year since 1965 and has provided an early indicator of the strength of cod and
herring year-classes as well as of many other fish species; data that have been
used in numerous studies of fish recruitment.

The ability to find fish and study their distribution and behaviour and to
measure their abundance was greatly improved when acoustic instruments came
into use in the mid-1930s. During the second half of the century, Norwegian
scientists and engineers were at the forefront of improvements in acoustic
instrumentation and methodologies for fisheries science; developments that are
dealt with in Chapter 7, as well as in Chapters 3, 6 and 8. The echo integration
technique, which has become a standard method for measuring fish density and
abundance, was invented by Norwegian scientists and used by them on 0-group
fish in the Barents Sea in the early 1960s.

Chapter 8 deals with studies of fish-capture technology and fish behaviour
related to capture and abundance estimation. In Norway, this type of research
enjoyed growing support in the 1970s, since when continuous efforts have
been made to enhance fish capture technology in the commercial fisheries,
to diminish by-catch of undersized fish and non-target species, and to reduce
bias and improve the accuracy of surveys and abundance estimates made from
research vessels.
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A CHAPTER 2

From fisheries research to
fisheries science, 1900-1940:

Tracing the footsteps of Johan Hjort
in Bergen and the ICES!

Gunnar Satersdal

2.1 Introduction

A few years after the Norwegian Parliament had created a new government
organization; the Direction of Fisheries in Bergen in 1900, this institution had
developed into a centre for comprehensive programmes of investigations of the
basis of fisheries, fish stocks and their physical environment. Its studies were
directed mainly at problems in the great Norwegian fisheries for Arctic cod and
spring-spawning herring, but were soon extended to other stocks. The results
often proved to be of great general interest.

The period 1900 to about 1914 has been termed the golden age of Norwegian
fishery investigations (Rollefsen 1962). To an unusual degree the advances made
in this golden age can be ascribed to the innovative ideas and the dynamic per-
sonality of one scientist, Johan Hjort (Schwach 2002). European fishery research
at this time was undergoing an important process of internationalization, and
Hjort became a central figure in that process. His steps thus lead us through the
main events in the early development of both Norwegian and European fishery
research, as well as those of the creation and early history of the International
Council for the Exploration of the Sea (ICES).

One of the main practical objectives of ICES; to function as an advisory body
for the regulation of fisheries, would prove to be a long-term goal that would not
be reached until the 1930s. This slow progress no doubt reflects that of fishery
science, with the first true insights into the reaction of fish stocks to exploitation
dating from the mid-30s. But much happened in the meantime and we shall try
to describe this eventful period for fisheries research step by step.

2.2 Early objectives and programmes of the Bergen institution

Research surveys

In his proposal to the Home Office in 1899 for the building of a research steamer
for Norwegian fishery research, Hjort’s main argument was the need to extend
fishery research beyond coastal waters (Hjort 1899). There was hardly any
information on the location of the large masses of cod and herring after they

1) Asomewhat shorter version of this article is published in ICES Marine Science Symposia,
215:515-522.2002.
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left the coast following spawning. There was a clear need for an expansion of

the Norwegian fisheries which were still mainly coastal, and the potential was

indicated by the growth in the previous decade of the trawler fleets of Great

Britain and Germany which had left the crowed North Sea grounds for better

conditions around Iceland, Spitsbergen and even in Norwegian coastal waters.

In broad terms, the objectives were to describe all aspects of the natural history

of the cod and the herring, study their environment, and explore conditions for

expansion of the fisheries to offshore and distant-water grounds (Hjort 1909).
The choice of the type of vessel was unconventional and undoubtedly of

great significance for the success of the programmes. Hjort recommended

that she should be built “exactly like one of the modern fishing steamers ...,
and make use of all the fishing appliances of the present day in the service of

science” (Hjort 1909).

This simple principle of using a vessel which, in experiments, could
simulate commercial fishing would greatly enhance the value of the observa-
tions obtained and is today recognized in the design of most modern fishery
research vessels. However, at the time it was a new idea. Discussing the work
done with the MS “Michael Sars” in the period 1900-1908, Hjort (1909) said:
“So far as I know she is the first to be built like one of these fishing steamers
which has experimented with all modern methods of ocean research. Now there
are several vessels like her, and it seems to be recognized that they denote a
great step forward.”

Commissioned in July 1900 after only a year spent on planning and building,
at 226 GRT the “Michael Sars” was not a large vessel by modern standards, about
half the size of the present “Michael Sars”, the smallest of the current fleet of
the Institute of Marine Research. She was deployed in surveys which covered
the Skagerrak, the northern North Sea, the Norwegian Sea and the southwest
Barents Sea. The work was intense, and cruises were made in all seasons of
the year in spite of unfavourable weather conditions in the winter, which were
even worse than had been expected.

The inauguration cruise to the Norwegian Sea, Iceland, Jan Mayen and
Bear Island focused on the pelagic system over the deep-sea areas, at depths
in excess of 400 m (Hjort 1901). A remarkable finding of this first survey was
the wide distribution of drifting juvenile fish in the warm Atlantic water, and
Hjort discussed the possibility of obtaining estimates of their abundance. Some
60 years would pass before this approach was made use of in the important
0-group surveys started by Dragesund and collaborators off northern Norway
(see Chapter 6).

The “Michael Sars” surveys were in support of a general research programme
with the following elements (Hjort 1909):

* General ocean research, consisting of hydrography and plankton investiga-
tions.

+ Investigations into the natural history of fishes (the chief scientific task).
For these objectives the surveys were directed towards the various stages of
the fish: eggs and larvae to chart the spawning grounds; pelagic and bottom
stages of the post-larvae and juveniles, and adults. The systematic collection
and analysis of these data would help to describe the distribution, migrations
and movements of the fish and thereby help identify the stocks as well as
provide information on size and growth.
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The fishery research vessel “Michael Sars”.

+ Fishery experiments to test the potential of offshore grounds for an expansion
of the Norwegian fisheries.

The tools and gear used were hydrographic instruments, Hensen nets for vertical
plankton hauls, larger plankton nets (up to 7 m in diameter) for towed hauls at
various depths for post-larval stages, a 120-foot bottom trawl, longlines and
drift nets.

The novelty of these survey programmes of the Bergen institution lay in
their broad and ambitious approach. They were directed at all stages of the
fishes; eggs and larvae, pelagic and demersal juveniles and adults. Catches of
adult fish were comparable to commercial catches both in terms of catch rates
and size compositions. Relevant commercial data could thus be included in the
analyses. The surveys also covered wide ocean areas which encompassed the
distributions of nearly all stages of the fish stocks on the Norwegian shelf.

The results were reported with little delay by Hjort and his co-authors. The
first survey is dealt with in Hjort (1901), the first four years of work in Hjort
(1905) and the period 1900-1908 in Hjort (1909). The final report of ICES Com-
mittee A (ICES 1909a), described the results of the Bergen investigations together
with those of the other cooperating countries. Finally the survey results formed
important parts of the database for the now classical “Fluctuations in the Great
Fisheries of Northern Europe” (Hjort 1914).

This period of intensive studies by the Bergen institution from 1900 until the
outbreak of World War I produced great advances in our knowledge of the seas
around Norway and their resources. The main effort was directed towards Arctic
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cod and Norwegian spring-spawning herring, and the progress made in revealing
the life histories of these two stocks is reviewed in Chapters 4 and 5.

In 1914, the “Michael Sars” was requisitioned to safeguard Norwegian
neutrality. She was never again used for fisheries research, and the Bergen
institution lost its most important tool for studying these two highly migratory
stocks. Thus, Norway’s studies of cod and herring did not continue the remark-
able progress of the first “golden age”. Not until the 1950s would the Institute
of Marine Research be able to resume the once successful investigations by
means of wide-ranging surveys.

Stock age compositions

In addition to the descriptions of the life histories of fish, Hjort and his col-
laborators made a fundamental contribution to fishery science, through their
utilization of representative age compositions of stocks as a tool to study stock
fluctuations, stock identity and vital stock processes.

Examples of the use of structures in scales, otoliths and bones for age deter-
mination of both fresh water and sea fishes were well known by the turn of the
century. The first use of this method by the Bergen group was apparently made
by Hjort’s assistant Hjalmar Broch, who in 1904—1906 made a special study of
European herring races, primarily employing Heincke’s method (Broch 1908).
He compared scales of herring from a number of different localities and found
distinct structures which he assumed were the result of seasonal variations in
growth. Dahl (1907) and Lea (1910) continued the studies of herring scales,
and Lea, over a period of 1520 years, became deeply involved in investigating
them, especially their use for estimating age and growth and as a certificate of
origin (Ruud 1971). Age determination by scales was soon also used for other
species, especially cod and haddock.

The first and most remarkable results of these investigations, which included
a very large number of samples from the North Sea and the Skagerrak up to
the Barents Sea, were that the age groups for some species, e.g. haddock and
herring, showed similar characteristic patterns in samples over very large areas
(Hjort 1907). It was thus possible to describe the fish stocks of certain areas by
age “censuses”. The dimensions of the year-class fluctuations showed them to be
significant natural phenomena, unrelated to the fisheries. The prospects of being
able to put whole fish stocks into age-class systems reminded Hjort of human
population studies, and he suggested, in a lecture at the 1907 ICES meeting, that
fishery biologists might find it useful to think in such terms (Hjort 1908).

Some of the data for the stock age composition studies were from the
programme of ICES Committee A. Although this cooperative exercise ceased
in 1908, the work of the Bergen group continued with material and data from
Norwegian herring and Arctic cod. These observations gave Hjort and his group
sets of age compositions for both of these stocks which, in a most convincing
way, demonstrated the validity of the method and its practical application.
The year-class of 1904 was unusually abundant in both stocks, an observation
which was repeated year after year (Lea 1929). This series not only confirmed
that the age determination must have been correct in a very high proportion
of the cases, but also that the system of sampling had given meaningful and
repeatable results. Samples of age compositions of juvenile fat herring and
adult winter herring also demonstrated meaningful passages of strong and weak
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year-classes. A further type of information regarding the herring stock was that
where it had spent juvenile life stages could be identified from the evidence of
slow or rapid growth laid down in the patterns of rings of the scales, making
them certificates of origin.

In his “Fluctuations in the Great Fisheries of Northern Europe”, Hjort (1914)
delivered a message, saying: “By large-scale stock age compositions one can
identify stocks, classify them by age, measure their growth and make predic-
tions of changes in their fishable biomass”. He also suggested that these types
of data could be used in some form of vital statistics similar to those used in
human population studies. This was a clear and powerful communication, but
its reception was disappointing.

Sinclair and Solemdal (1987) found that Hjort’s introduction of the age
compositions of stocks was significant in the development of population
thinking among European fishery scientists, and that most of them had adopted
that concept by 1920. However, this appears to be a rather limited utilization
of the tools offered by Hjort’s findings. As we shall see below, as we follow
the development of fishery science within the ICES community, a considerable
delay seems to have occurred between Hjort’s presentations in 1908—1914 of
what we may term his breakthrough in fishery biology and its acceptance and
actual employment by other European fishery scientists, especially the British.
In 1929 and 1930, ICES called two special meetings on year-class fluctuations
(ICES 1930a, 1930b) where the subject was approached almost as if the concept
was a new one. There was thus a delay of 15-20 years in the reaction of the
community of fishery scientists, at least as represented by ICES, to Hjort’s
spectacular findings.

2.3 The creation and early history of ICES

Since Hjort was a keen supporter of ICES and an active operator in its affairs
from the start, we can still follow his footsteps for a broad description of its
activities, in particular of the Council’s role in matters relating to fisheries
research and fisheries.

At the first preparatory conference in Stockholm in 1900, detailed recom-
mendations concerning international hydrographical studies were presented,
while plans for biological research were only referred to in general terms. This
may have reflected the priorities at the time of some of the influential founding
fathers such as Otto Petterson and Fridtjof Nansen. The records show, however,
that the British delegation was instructed to assign most importance to practi-
cal fisheries research, as was demonstrated by the wording of the introductory
paragraph to the list of resolutions.

This paragraph was repeated in the preamble to the recommendations for
cooperative investigations which appear in the report of the second preparatory
meeting held in Kristiania in 1901 (ICES 1901), and it must indeed be said to
give high priority to fisheries research:

“Considering that a rational exploitation of the seas should rest as far as
possible on scientific enquiry, and considering that international cooperation
is the best way of arriving at satisfactory results in this direction, especially
if in the execution of the investigations it be left constantly in view that the
primary objective is to promote and improve fisheries through international
agreements ...”.
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For the second preparatory conference in Kristiania, Hjort contributed a
conference document (ICES 1901) that described two main problem areas: 1) the
possible overfishing of local stocks, and 2) the causes of the periodic occurrence
of migrating fish. These were to be the research objectives to be dealt with by
the ICES Committees A and B. His proposals and plans for the international
investigations were a description of the survey programme already started by the
Bergen institution, which specified special studies of the various stages of the
fish: egg, larvae and post-larvae by means of plankton surveys, special young
fish surveys with research vessels, while for the adult stages a combination of
commercial statistics and experimental fishing would have to be used.

A further demonstration of Hjort’s attempts to have his new approach to
fisheries research adopted in the coming international collaborative studies is
demonstrated by recommendation D of the Protocol of the Kristiania Conference:
“The Conference considers it absolutely indispensable that each of the countries
concerned should provide a steamer specially constructed for scientific fishery
researches”. Hjort’s enthusiasm for survey methods in fishery research no doubt
stemmed from the promising results of the start of the “Michael Sars” opera-
tions. This methodical approach is interesting in a historical perspective since
programmes based on surveys came to be the most important element of IMR’s
resources research from 1950 onwards. By that time, however, the prominent use
of this expensive research method was hardly a choice by tradition, but rather
related to the special characteristics of Norway’s cod and herring resources,
stocks which migrated over large expanses of the sea.

At the inaugural meeting of ICES in Copenhagen in 1902, Hjort announced
that according to the proceedings of the Norwegian Storting, the grant-in-aid for
the international study of the sea was made for the express purpose of obtaining
practical results, and that he believed this was the case also for the contributions
of some other countries. In view of these limitations it appeared to be neces-
sary to concentrate attention on a few important problems of practical interest.
These were later adopted in nearly identical form as the terms of reference for
Committees A and B, and are thus worth quoting:

1. The migrations of cod and herring and the influence of these migrations on
the fisheries, especially in the northern part of the North Sea, and also the
biology of these and other allied species.

2. The question of overfishing, particularly in the southern North Sea, and in
connection with this, the special study of flatfish.

The committees were to conduct their investigations over a three-year period
(later extended to five years) and then report back to the Council.

In the process of the creation of the International Council for the Exploration
of the Sea several nations had, as noted above, stated their views that practical
fisheries research should be the Council’s first priority. The preamble must be
interpreted as describing a regional body for cooperation in fishery research and
for providing advice on the regulation of international fisheries. With three-mile
territorial limits also representing the limits of coastal state jurisdiction over
fisheries, in practice all main sea fisheries were international. The reports of
the Committees were doubtless keenly anticipated, but we can now see that 30
to 50 years, depending on the standards set for advice, would pass before ICES
would start to function in an advisory capacity with respect to the regulation of
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Johan Hjort on board “Michael Sars”in 1902.

fisheries. This was obviously caused by the slow progress of the understanding of
the nature of fish populations and their reaction to exploitation in the period.

The most important achievement of ICES in these early years was the organi-
zation of the cooperative international investigations through the Committees,
later called Commissions.

Hjort was elected chairman of Committee A which had representatives from
the UK, Sweden, Denmark, Russia and the Netherlands. At its first meeting in
1902 (ICES 1903), he proposed that work in the North Sea should be undertaken
on the lines of investigations made on the Norwegian coastal banks; viz. fishing
surveys on the banks in summer and winter, combined in winter with plankton
surveys for eggs and/or larvae. In this way the migrations and movements of the
adult fish between winter and summer would be shown, as well as the locations
of the spawning grounds. Special survey efforts would have to be aimed at the
young stages. In a progress report in 1905 (ICES 1905), Hjort refers to particu-
larly good material on the young stages of Gadoids in the North Sea obtained
from research vessel surveys, with German and Danish vessels operating in the
southern North Sea and “Michael Sars” in the northern part.

2.4 The introduction of stock age compositions in ICES

There was some uncertainty regarding how long the Committees were to func-
tion. Originally set at three years, they were extended to five years, but in 1907
proposals were made for further extensions. By this time the Bergen group had
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produced the first stock-age compositions, and Hjort proposed to the members
of his Committee that even if there were no binding tasks in the coming year,
the main objective of future investigations should be annual age censuses of
the principal food fish in particular regions (ICES 1907). Similarly, for the last
meeting of the Committee, which took place in 1908, mainly for discussion of the
final report, Hjort had circulated in advance a document containing a proposal
for a programme of future work (ICES 1909b). For Gadoids he recommended
the continuation of the present programme, including egg surveys, but if funds
were scarce, that attention should concentrate on age sampling of fish on the
largest possible scale. For herring too he recommended systematic collection
of material for age and growth studies, but also pointed to the possibility of
studying the distribution of different populations of herring by using similar
methods.

Committee A accepted the Bergen Group’s combined survey programme as
a basis for its work in the North Sea, and as soon as the stock-age composition
breakthrough was made in 1907, Hjort did his best to have also that approach
adopted in the North Sea. For financial reasons, however, the cooperative
investigations were not continued. In the introduction to his 1914 opus, Hjort
stated that at the time he had very much regretted the discontinuation of the work
of Committee A in 1908 and still did so. This represented a lost opportunity to
test his approach in other areas and for other stocks.

The 1909 Committee A report was a very comprehensive document that
contained a wealth of new information on the Gadoids from the North Sea and
other parts of the North Atlantic (ICES 1909a). In the summary, Hjort discusses
“Some practical fisheries questions in the light of the results obtained”. There
was evidence of distinct year-class fluctuations in the North Sea haddock, and
Hjort again made a strong plea for future representative statistics that should
include length measurements and age determinations in the data collected. It had
been demonstrated that commercial size-classes (used for analysis by statisti-
cians) contained several age groups, and it was thus impossible to demonstrate
any regularity whatsoever in the changes or fluctuations of these classes, while
the study of age groups could lead to factual insights into the question of the
relation of fisheries to the stock of fish. This was no more than the truth, but it
must have sounded like very plain language to the ears of D’ Arcy Thompson,
who used commercial data in his contribution to the report.

The part of the report of interest for possible fishery regulations deals with
by-catches of undersized fish. Hjort found that “It is permissible to think that
in taking the young fish before they have reached any mentionable value, the
fishermen are treating the annual natural increase in an uneconomical manner”.
The discards in the cod and haddock fisheries were substantial, and it was
concluded that large quantities of cod and haddock were taken at sizes which
had only very small market value. The answer to the question of whether these
Gadoid stocks were overfished would have to await further investigations.

Progress reports on the herring investigations begun in 1909 were soon avail-
able (Hjort 1910; Lea 1910) and were submitted for discussion at the Council
meeting in 1910. Lea’s paper was a serious treatise on the scale method, but
D’ Arcy Thompson criticized the age and growth investigations on the grounds
that the number of rings were subject to individual variation. When Hjort reported
on further progress in the herring investigations at the 1912 Council meeting
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(Hjortand Lea 1911), Thompson again regarded age determination based on the
number of scale rings as hypothetical. The full confrontation came at the 1913
Council meeting (ICES 1913). In response to lectures to the Council by Hjort
and Lea, Thompson stated that he considered the method of age determination
by scales to be //in proves//merely provisional, and could therefore not agree
with the views of Hjort’s lecture. Hjort then declared that no programme for
herring research could be drawn up before this question was settled.

This dispute over the herring scales lasted more than 10 years. According
to Wendt (1972), it was probably the first serious rift in the Council since its
inception. With a perspective today of more than half a century’s general use
of the methods disputed by Thompson, it is difficult to understand the position
he maintained for so long, especially since there is no documentation in his
name to substantiate it. One cannot avoid the conclusion that Thompson must
have needed a good portion of academic arrogance to be able to persist in his
error for such a long time.

The dispute is now only of historical interest as an incident in the develop-
ment of fisheries research. Lea claimed the dispute set back herring research
several years (Wendt 1972). However, it is likely that the effects were wider
and longer lasting. As noted above, there was a remarkable lack of response to
Hjort’s repeated “messages” over the years 1907—1914 of the importance of stock
age compositions. Although Hjort seems to have carried the rest of the ICES
representatives in the herring scale dispute, Thompson had been British delegate
to ICES since 1902 and had great prestige and influence in Britain where several
scientists supported his stance. And in the period between the two world wars,
the Lowestoft and Aberdeen laboratories were about to take over as leading
European institutions in fisheries research after the Bergen group.

The herring scale dispute was settled by a joint practical exercise in Kristiania
in 1923, after which British herring scientists adopted the scale method. D’ Arcy
Thompson’s final year as British delegate was 1925. A new generation of Brit-
ish fishery scientists took an interest in stock age compositions and population
theories in the advancement of a fishery science.

2.5 Towards understanding the effects of fishing
Recalling that the purpose of this review is to trace the progress of fishery science
for a better understanding of the history of our studies of the stocks of Arctic cod
and Norwegian herring and their international role, the account of this period
has largely been based on and restricted to ICES events and documentation.
As mentioned above, the 1929 ICES special meeting on “Fluctuations in the
abundance of the various year-classes of food fishes” (ICES 1930a) must be
seen as the first reaction by European fishery scientists to Hjort’s messages of
20 years earlier. In his introductory address to the meeting, Hjort welcomed the
great interest shown by the submission of 19 papers and noted the great advance
made from the position 30 years earlier when scientists worked at species level.
He foresaw that systematic international observations of year-class fluctuations
would shed new light on many questions concerning fish production. One in-
novative contribution which demonstrated one of the most important future uses
of'age determination was Lea’s “Mortality in the tribe of Norwegian herring”.
The emphatic statement from one of Hjort’s old disciples, Oscar Sund, that age
determination in the Arctic cod is “utterly unreliable except for the earlier age
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groups” created some confusion. We may wonder why, in the course of some
25 years of studying this stock, Sund stubbornly kept to scales and did not try
the otoliths that had proved so useful in other fish. In an analysis of fluctuations
in the trawl fishery for North Sea cod, D’ Arcy Thompson seemed to be unsure
whether they were caused by year-class fluctuations, while Harold Thompson
was certain that the very large variations in the abundance of North Sea haddock
were caused by fluctuations in the original brood strengths.

A follow-up meeting on the same subject was called in 1930 to discuss the
reports prepared by special council nominees to the 1929 meeting, indicating
the main results brought out by papers read at the 1929 meeting (ICES 1930b).
In a preface, E.S. Russell pointed out the main problems to be addressed: the
validity of the method, the organization of regular cooperative studies of the
fluctuations, and investigations of their causes. In his notes for the meeting,
Michael Graham, the reporter for cod, maintained doubts about the age deter-
mination of older fish, referring to Sund and others. He saw the importance
of early observations of brood strength for forecasting stock fluctuations, and
recommended continued assessment of smallest marketable size groups and
observations of pelagic fry — an early recommendation for 0-group surveys.
As the reporter for herring, Lea stressed that further racial studies were needed
as a basis for reliable stock fluctuation estimates. He called for standardiza-
tion of methods and foresaw particular problems in obtaining representative
sampling from seasonal fisheries. On the causes of fluctuations he referred to
Hjort’s hypothesis.

The two meetings once again drew attention to the phenomenon of year-
class fluctuations, and drew out some new data, but apart from Lea’s mortality
estimates, did not reveal any advances in methods or thinking. Apparently little
had happened in this field for about 20 years, although Norway continued studies
in support of the original work of the Bergen group, with several herring papers
by Lea in the 1920s. Particularly elegant was the paper “The herring scale as
a certificate of origin” (Lea 1929) which demonstrated his idea of the scale as
the identity card of the herring. There is no doubt that Lea emerged as the most
distinguished scientist of the Bergen group after Hjort.

A few years after the ICES special meetings on year-class fluctuations, another
important contribution to the subject came from Norway; Rollefsen’s paper
“The otoliths of the cod”, in which he showed that the problem of estimating
the age composition of the stock of skrei could be solved and that estimates
could be made of the spawning class composition of the stock (Rollefsen 1933).
This was a great methodical advance that must have comforted Hjort and may
even have removed Michael Graham’s lingering doubts.

In 1932, ICES called a special meeting on “The Effect upon the Stock of
Fish of Capture of Undersized Fish” (ICES 1932) The nine papers presented did
not contain any clear assessments of the effects, but after a discussion it was
concluded that the existing rate of capture of younger age groups of haddock
was extremely undesirable and that considerable savings could be made by
adopting larger trawl meshes. For plaice it was considered that an unrestricted
fishery on the nursery grounds was a danger to the maintenance of a marketable
stock and was likely to be followed by a decline in yield.

Without actual assessments, the position of ICES was not strong. Hjort made
a special contribution to this meeting which seems to have described how most
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fishery scientists must have felt at the time: the small fish question was as old
as the knowledge that the catches of the North Sea trawlers largely consisted of
undersized fish. This problem had been intensively studied, and proposals for
“avoiding the enormous waste”; size limits, closed areas and savings trawls had
been submitted. However, until then, these had aroused only academic interest,
partly owing to practical difficulties, and partly because of the resistance shown
by the fishing industry and governments to accepting any limitations on their
unrestricted freedom of action.

There had also been opposition on theoretical grounds that the growth of
North Sea fish was inversely related to the number of fish. This “thinning theory”
was closely connected with old biological theory and experience dating back
to Malthus and Justus von Liebig, who showed that populations are dependent
on “means of subsistence”. Modern marine biological research had also shown
a tendency to assume that a population always utilizes existing means of
subsistence and was, therefore, always proportional to these.

Hjort showed examples of Norwegian herring with 30-fold changes in year-
class abundance but with no change in growth rate. Iceland haddock and plaice
in Danish waters also showed about the same growth rate for year-classes of
different sizes. He concluded that he was unable to abandon the leading idea
which had guided ICES from the beginning; that the enormous destruction of
young fish in the trawl fisheries should be prevented. This was the state of the
art in the early 1930s. No convincing assessments of the effects on stocks of the
capture of undersized fish had been made, nor had it been clearly demonstrated
that these captures endangered the stocks or caused declines in yields. But there
was an obvious risk that this might be the case, and the meeting followed what
today would be called the precautionary principle of management advice. This
was sensible, but it was not the basis of a strong case which could persuade
governments and industry.

The 1934 special ICES meeting on “Size limits for Fish and Regulation of
the Meshes of Fishing Nets” (ICES 1934), addressed the practical questions
of how to limit the capture of undersized fish, the need for which had by now
been agreed. The by-catch of undersized fish had been perceived as the main
“overfishing” problem since the start of Committee B. This was an unfortunate
limitation of the concept of overfishing, inherited from more than 30 years of
discussing the problems of the plaice fisheries. The two special ICES meetings
that dealt with this problem led to the 1937 London Conference, which focused
the attention of the fishery regulatory authorities on mesh size and landing size
for fish, attention which was maintained well into the 1950s, although Britain
attempted to start discussions of limitations on catch effort immediately after
World War 11.

2.6 Formulation of a theory of fishing

Parallel to these efforts on fishery regulation, which as noted above seem to
have had their basis in the use of the precautionary principle, several important
contributions were made towards the formulation of a theory of fishing. E.S.
Russell (1931) formulated the parameters of an arithmetic function which
described yield as a function of recruitment, growth and natural and fishing
mortalities. This identified the important processes, but the practical usefulness
of the function was limited by the partial interdependence of the parameters. In
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their paper “The optimum catch”, Hjort ez al. (1933) referred to the effects of the
War on the North Sea stock of plaice, and postulated that it is perfectly possible
for an intelligent community to create an industry based on an optimum catch.
That Europe had not done so was due to the lack of restrictions on the fishing
industry. In the theoretical part of the paper, an analogy was drawn between a
stock in the sea and a population of yeast cells in a closed vessel. The rate of
increase is initially small, attains a maximum, and then decreases to zero. On
this basis it is possible to estimate theoretical curves representing the dynamics
of stock and regeneration and thus to deduce whether the stock will support the
catch. These are sigmoid curves, and the point of inflection indicates where the
regeneration is highest and, in theory, where the maximum or optimum catch
would be obtained.

Graham (1935), after reviewing recent advances in the theory of fishing from
Russell, Hjort, Jahn and Ottestad, and others, made use of the theoretical basis in
assessments of North Sea roundfish and showed, via three different approaches,
that a reduced fishing effort would maintain or even give higher yields. Graham’s
rough estimate of total production indicated that the maximum yield from these
fisheries would be about 15% higher than recent levels and would be taken with
75% of the current effort. This was the first presentation in an ICES document
of an estimate of the effect of changes in effort on yield.

Graham formulated his “Great Law of Fishing” which describes in general
terms the relationship between yield and unrestricted fishing effort: “Because
of increased fishing effort resulting from improved efficiency and addition of
capital, industrial fisheries will, if left to themselves, move in a self defeating
process towards a marginal state”. The sigmoid curve was the more general form
of this law, and in a later paper Graham (1939) demonstrated how an S-shaped
curve describing the dynamic relationship between yield and effort could be
derived graphically on the basis of simple biological arguments. There were
problems in applying the curve to actual fisheries, but the rough estimates of the
state of the stocks of North Sea groundfish presented in 1935 were again quoted.
Some of Graham’s general conclusions based on the model are important in
that they show the attitude of a leading British scientist to fishery regulations
at the time:

» There will be no permanent profit unless the rate of fishing is controlled.
» There can be only temporary prosperity until international agreement is
reached to prevent the rate of fishing from increasing.

This may well be the background for British attempts to introduce effort regula-
tion immediately after World War 11. Under Graham, the Fisheries Research
Laboratory in Lowestoft became a leading institution in fish population dynamics
in the decades following the War.

2.7 The role of ICES as an advisory body

The resolutions for the creation of the Council were already showing that it
regarded advice to the member governments as one of its primary functions.
It was probably expected that such advice would follow the conclusions of the
cooperative biological programmes organized under the Committees A and
B. To some extent this was the case. Committee A, which dealt with stocks of
fluctuating fisheries, could inform the governments and industries concerned
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that varying recruitment was the main cause of their good and bad years, and
that predictions of the fluctuations could be made, an advance of great practical
consequence.

For the “overfishing” Committee B, which mainly dealt with the effects of
the high by-catches of undersized plaice, it was much more difficult to draw
conclusions and submit advice, mainly because the necessary insight and un-
derstanding of the effects of fishing on stocks were not yet available. However,
the conclusion of the final plaice report in 1912 was that a lower limit of 25-26
cm was extremely desirable in order to avoid the useless destruction of young
plaice, and in 1913 the Council advised member governments accordingly.
This initiative was lost in the war, but it seems doubtful whether it would have
resulted in an effective international fishery regulation measure, as this would
have needed a special international convention.

After World War I, the Council’s Plaice Committee recommended the
closure of inshore waters along the southern and eastern North Sea to trawling
as a more practical measure for the protection of young plaice. This and other
measures were discussed for a long time, as attempts were made to allocate the
assumed losses of catch caused by the regulations among the different nations.
This difficult and largely political task should not have been part of the remit
of an advisory body.

We are therefore forced to conclude that the Council did not function as an
advisory body on fisheries regulation until the special meetings in the early 1930s,
especially that in 1934, on minimum landing sizes and trawl-mesh regulations.
The efficacy of the latter in preventing the destruction of undersized fish was
discussed. Claims that the cod-end meshes close during towing were refuted
by Davies (ICES 1934) who deduced this from experiments with a special cover
net that could be closed during fishing operations. Consequently there was no
need for savings gear with rigid or semi-rigid meshes. Davies’ contribution on
mesh experiments was important, in that it incorporated a review of previous
work going back to experiments with fine meshed covers as early as 1906 and
included a wide-ranging discussion of the various methods that had been used:
alternating hauls, covers, trouser trawls.

Iversen (ICES 1934) also contributed to the mesh discussion, confirming that
the meshes remain open during towing. He estimated the size of fish which can
escape through an open mesh, and he stressed the need for wider meshes in the
Barents Sea since the minimum size of marketed fish taken by distance-water
trawlers was higher there than in the North Sea.

The conclusions of the meetings took the form of advice to all countries
fishing in the waters investigated by ICES. The recommendations were partly
general, to prevent waste, to prevent the capture of young fish below the size at
which they could be sold at a remunerative price, and to regulate trawl meshes
in fisheries where young fish were captured. However, for the minimum size
of trawl meshes and minimum landing size of fish, specific recommendations
were submitted.

Britain had already in 1933 legislated for the regulation of trawl mesh size,
stipulating a minimum of 70 mm in the North Sea. The ICES meeting recom-
mended the general adoption of that mesh size for the North Sea, but 105 mm
for the north-eastern area. Minimum landing sizes were adopted by various
countries. It seems clear that Britain had now taken a clear lead in efforts to
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regulate fisheries in international waters, and the response of the governments
to ICES’ submission of advice on the protection of undersized fish took the form
of an international conference of government representatives in London in 1937.
The records of the Conference show that there was considerable resistance to
mesh regulations in many delegations. France withdrew from the Conference
so that agreement could be reached on a recommendation for a “Convention for
the regulation of meshes of fishing nets and size limits for fish”. This specified
the measures advised by ICES and also included an article on the setting up of
a Permanent Commission in London which would consult ICES on the need to
extend or alter the provisions of the convention. The outbreak of World War 11
halted the process of ratification of the convention.

2.8 Summary review of the development in the period

From a general state of ignorance of the life history of the stocks and their
response to exploitation at the start of the 20 century, the identity and distri-
bution of the main stocks inhabiting the North-East Atlantic were described
through a step-wise development over 40 years. Towards the end of that period
some members of the scientific community had gained the first insights into the
dynamics of exploited fish stocks.

During the first part of the period, investigations of the two main Norwegian
stocks, the Arctic cod and the spring-spawning herring, pointed the way to
general progress by the successful use of methods and through important general
findings. Hjort and his group in Bergen were the leading fishery research institu-
tion in Europe until World War I, and with his stock-age composition concept,
Hjort was on the verge of achieving deeper insights into the complexities of
exploited fish stocks.

European fishery research then entered the doldrums for 15-20 years, caused
in part by the unfortunate herring scale dispute which appears to have produced a
failure of confidence in Hjort’s approach and in age determination in general, at
least among the British. However, a new generation of British scientists played
a leading role in the development of fishery science in the 1930s, and based on
Hjorts earlier findings and results of investigations of North Sea stocks, the first
theories of the effects of fishing on the stocks were developed.

Over the entire 40-year period, ICES functioned as an important forum for
research cooperation. However, its intended function — that of providing advice
on the regulation of international fisheries — did not materialize until the early
1930s, when advice based on a precautionary principle for management was
submitted, dealing with the protection of undersized fish in trawl fisheries. The
effects of fishing on stocks were not regarded as urgent problems in the Norwe-
gian fisheries in the 1920s and 1930s, with the exception of whales. However,
the protection of undersized fish was regarded as important for Arctic cod too,
given the growing distant-water trawl fisheries in the Barents Sea.

In other respects, Norwegian studies of cod and herring did not continue the
remarkable progress of the first “golden” period. This was because the Bergen
institution had lost the most important component of research from that period,
the surveys performed by ocean-going research vessels. In contrast to the situ-
ation in the North Sea, the main Norwegian stocks were highly migratory fish,
and survey systems, which covered their entire ranges of distribution, were
necessary for full descriptions and evaluations of the stocks.
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The differences in the main research interests of Norway and the North Sea
countries may also have been a reason for the loss of the role of leading insti-
tution from Bergen to Lowestoft. The attention of many scientists was drawn
to the North Sea groundfish stocks which were assumed to be heavily fished,
and it was the experience with these stocks which led the British to take such
a strong interest in theories of fishing. Their findings and the further develop-
ment of fishery science represented a general advancement of knowledge and
understanding which would affect all future fishery research, including that on
Arctic cod and Norwegian spring-spawning herring.
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A CHAPTER 3

Technological developments
in Norwegian fisheries

Steinar Olsen

At the beginning of the 20" century, traditional fishing gears such as hook and
line, longlines and gillnets, were generally used in the cod fisheries, and by and
large this situation persisted until World War I1. British vessels, and later also
some from other nations, fished with otter trawls in the Barents Sea, first for
plaice, later mostly for cod. Norwegian fisheries for cod and other groundfish
gradually also expanded to offshore banks and to the Bear Island and Spitsbergen
fishing grounds. From 1926 on, a few small, Norwegian motor trawlers also
joined the offshore cod fisheries, as did a handful of steam trawlers from the
early 1930s. Danish seining, introduced for catching plaice early in the century,
was also used for cod fishing from the mid-1920s on.

Although by the start of the 20" century, steam-engined vessels had already
been operating for some time in the Norwegian fisheries, they never came to
play a similar role as in Britain and other fishing nations around the North Sea.
In Norway, the major mechanization break-through, not only with regard to
vessel propulsion, but subsequently also to gear and catch handling, came with

Figure 3.1 Traditional open, 8-oared rowing/sailing boat converted to a decked fishing vessel
with motor (see Johansen, 1999).
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the rapid motorization of the fishing fleet, which took off during the first decade
of the century (Figure 3.1).

This development was financially supported by grants given directly to
individual fishermen by the NGO “Selskabet for de Norske Fiskeriers Fremme”,
which thereby came to play a significant role in promoting the change. During the
first half of the 20" century gradual improvements and innovations in fish-capture
technology were mainly generated by the fishing industry itself. After World
War 11, however, government funds were provided for goal-oriented research
and activities to test new inventions, and these funds played a significant role
in the technological development of the Norwegian fisheries.

Mechanized gear handling with power-driven gurdies for hauling longlines,
gillnets, seine and other ropes, etc., expanded quickly soon after the introduction
of motor propulsion. Another important novelty that greatly improved operations
and working conditions on the fishing vessels was electric light. According to
fishing skipper Johannes Olsen (personal communication), longline and gillnet
fishing on the coast of Finnmark during the darkest and stormiest winter months
had been extremely difficult and scarcely profitable before reliable electric buoy
lights became available in the 1920s.

The herring fisheries were traditionally pursued with gillnets set on the
bottom. From the end of the 19" century onwards, herring gillnets were also
operated as driftnets near the surface; this also facilitated offshore fishing.
Large shore (beach) seines operated from open boats were used to impound
near-shore herring schools. As early as 1876, an American type purse seine was
unsuccessfully tested in the herring fishery in Rogaland, and in the Oslofjord
area, purse seines of a type used on the west coast of Sweden were introduced
before the turn of the century. However, the breakthrough in the Norwegian
herring fisheries for this versatile and highly efficient fishing method did not
come until an American-made purse seine had proved to be successful at Iceland
and on the west coast of Norway in 1904.

Just as in the cod fisheries, new innovations and better operational practices
were tested and introduced in the herring fisheries in the course of the years.
Thus, herring gillnet hauling soon became mechanized, and various methods
and systems were later introduced for shaking the herring from the nets once
they had been hauled on board. The purse seine, at first carried in a single rowed
net-boat, soon became operated using a pair of seine boats, dories, each carry-
ing half the seine. This made it easier to rapidly surround schools of herring.
Pursing the net, which had been done by hand-operated gurdies, also became
a power-driven process when the dories were motorized.

By their very nature, both beach and purse seine fishing are aimed types
of fish capture, and to locate the herring schools and determine their depth
distribution, the fishing master, the “Bas”, was being rowed around in a small
boat with a submerged lead weight attached to a brass wire below the boat
(Figure 3.2). This method of locating fish concentrations was also utilized in
purse seine fishing for other types of fish, such as large cod in some Finnmark
fjords before the end of World War 11. However, when cod purse seining was
permitted during the Lofoten winter fisheries in 1949-59, echo-sounders had
been introduced.

As early as the 1930s, a few purse seine vessels had installed echo-sounders
to better locate fishing grounds with herring schools, but hydroacoustic instru-
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Figure 3.2 The “Bas” locating fish concentrations by lead and wire.

ments as direct aids in purse seine operations did not come into widespread
use until after World War 11.

The postwar period has witnessed an almost continuous revolution in fish-
capture technology. Rebuilding and modernizing the fishing fleet and the gears
and methods employed was given high priority by the Norwegian government
after the War. Thus, foreign exchange was released and ear-marked for imports
of new strong, non-rotting synthetic fibres suitable for fishing gears, as well as
for importing a limited number of echo-sounders to be distributed to selected
fishing vessels in each coastal county. The National Defence Research Institute
put high priority on the development of an indigenous echo-sounder, and as
early as 1947, SIMRAD, a manufacturer of electronic equipment, was licensed
to develop this further for use in the fisheries and to commence production of
high-performance hydroacoustic instruments for use in commercial fisheries
and fisheries research. This launched a to date unbroken series of cooperative
activities of mutual benefit to IMR and SIMRAD (Sogner 1997).
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Figure 3.3 More efficient hooks, swivel attachments of snoods
and other longline innovations were rapidly adopted.

In the early 1950s, gillnets made of synthetic fibres, mainly nylon, were tried
in the cod fisheries. These trebled or quadrupled catching efficiency (Sectersdal
1959), and by the mid-50s, only synthetic fibres were used for netting as well as
for head- and ground lines in the gillnet fisheries. Plastic rings were then adopted
for floats and iron rings for sinkers, although these subsequently replaced by
ground lines with a lead kernel. The depth of the nets was greatly increased in
bottom fisheries.

In longline fishing, new, less visible, synthetic line materials (e.g. monofila-
ment), swivel attachment of snoods to the mainline, and new types of hook have
all greatly enhanced catching efficiency in all Norwegian long line fisheries
(Figure 3.3).

The invention and introduction of mechanized longline handline and baiting
systems (autoline), especially in larger offshore longline vessels, have greatly
contributed to the conversion of this old, traditional method of fishing into a
high-tech, industrial fishery (Bjordal and Lekkeborg 1996).

In the coastal fisheries with smaller vessels (generally 8 to 14 m OAL) similar
improvements in gillnet and longline fish capture technology were rapidly
introduced. In addition major advances in handline (jigging, trolling) fishing
technology since World War 11 have greatly impacted the development of this
segment of the fishing fleet, and this development has been entirely industry-
driven. These old methods of fishing have been developed into high-efficient,
profitable fisheries carried out from polyester/glass-fibre diesel-powered boats
equipped with radar, GPS and other modern electronic navigation instruments,
remote steering and engine controls on deck, and with one or more high-tech
automatic jigging and/or trolling machines controlled by a data processor
that offers a range of operation programmes (Figure 3.4). The fishing gear is
constructed from monofilament nylon rigged with the appropriate lures for
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Figure 3.4
Modern coastal
multi-purpose
fishing boat.

the particular type of fishing involved. In Scandinavia, these high-efficiency
fish capture machines are mostly manned by a single man to catch whitefish
on the bottom as well as pelagic species such as mackerel in midwater. When
conditions are suitable for hook and line fishing, the average net earnings per
man-day can scarcely be matched in any other fishery.

Danish (Scottish) seining became a common fishing method in the Lofoten
large cod (skrei) fisheries from the 1950s onward. New developments in gear
and methods of operation were gradually being introduced, e.g. rope drums and
power blocks for easy rope and net handling. Lead rope droppers, ground rope
skirts and ropes with steel inlays instead of lead made Danish seining for round
fish possible in localities that were previously considered unsuitable for seine
fishing. Many coastal gillnet vessels, as well as some longliners were converted
to Danish seiners. By 1992, these numbered 300, as against 100 only four years
earlier, and recently some autoliners have also converted to Danish seining.

The introduction of new strong, non-rotting synthetic fibres also revolution-
ized purse seine fishing. Very large nets that were also suitable for efficient
high-seas fishing, could now be made, which previously had been inconceiv-
able because nets of the required size would burst under their own weight in
operation if made from natural fibres. The dories were dispensed with, and
the purse seine net was now operated directly from the main vessel. To handle
such big and heavy purse seines, the American Puretic Power Block was



38 TECHNOLOGICAL DEVELOPMENTS IN NORWEGIAN FISHERIES

Table 3.1 Chronology of major technological developments in fisheries.
19001920 Vessel motorization

Mechanized gear handling

Electric lighting

Herring purse seining
1920-1940 Cod longline and gillnet fishing on offshore banks

Start of demersal offshore trawl fisheries
19451965 Synthetic Fibres

Hydroacoustic fish finding

Highseas “purse seine revolution”

1970-1985 Pelagic trawl development

1975— Evolution and introduction of the modern high-technology glass-
fibre small coastal fishing craft

1985-1995 Development of Danish seining technology facilitating roundfish
seining in locations with rough bottom

introduced in 1957. Soon, Norwegian-made net winches came on the market,
the TRIPLEX becoming the most popular of these. The design of purse seines
had to be modified to allow them to be hauled with a net winch (Hamre and
Nakken 1971), and several modifications have been introduced in the course
of the years (Figure 3.5).

The collapse of the stock of spring-spawning herring around 1970 raised
interest in another major oceanic resource of pelagic fish, the blue whiting.
Efficient large midwater trawls were developed with active input from relevant
industries and research institutes in the Faroes, Iceland and Norway, and a large
high-seas fishery for blue whiting developed in the latter half of the 1970s. The
technology has subsequently been further advanced and employed in the herring
and mackerel fisheries.

The rapid and important developments in Norwegian and world fisheries
were largely facilitated, and often in fact started, by the adaptation of new
technological innovations and improvements, not least those generated by
the vastly intensified research and development efforts for specific military
objectives during World War 11. Thus, while echo-sounders had been installed
in some few fishing vessels in the early 1930s, it was the significant progress in
hydroacoustic technology for anti-submarine warfare that found widespread
application in new and better instruments for fish detection and location soon
after the War. Not only did the new efficient echo-sounders (and later the hori-
zontal ranging sonars) vastly improve the ability to detect mid- and deep-water
concentrations of fish, but they also became indispensable aids in the actual
operation of fishing gear, as well as greatly extending search range and thus
opening up the offshore grounds for rapid and efficient fish location. Similary,
the rapid developments of improved electronic navigation and telecommunica-
tion technology also quickly became standard in the industrialized fisheries.
Equally important was the emergence on the market shortly after World War
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Figure 3.5

1T of strong, non-rotting, synthetic fibres that facilitated the construction of
much larger and stronger fishing nets than had previously been conceivable.
Simultaneously, new developments, especially in hydraulics, were adapted and
employed in novel versatile deck machinery designed to handle and operate the
much larger and heavier fishing gears that were coming into use. Meanwhile,
freezing and cooling systems, such as RSW (refrigerated sea water), made it
possible for fishing vessels to preserve their catch in good condition during long
voyages. In conclusion, therefore, it was largely the almost continuous flow of
technological advancements that governed and intensified developments in the
world’s fisheries during the second half of the 20* century.

Parallel to the spectacular rate of technological innovation in fishing gear
technology and its rapid adoption, technology has also advanced greatly in all
sizes and types of fishing vessel. In fact, the vast development of world fisheries
would have been inconceivable without the parallel — often paired — evolution
of better fishing craft and more efficient fish capture gear and methods. In
Norway the development in fishing vessel design was largely industry-driven,
but the naval architecture research environment in Trondheim has also played
a significant role.

Modern Norwegian purse seiner.
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A CHAPTER 4

Norwegian spring-spawning herring:
history of fisheries, biology and
stock assessment

Olav Dragesund, Ole Johan @stvedt and Reidar Toresen

4.1 Introduction

Compared with other herring stocks, Norwegian spring-spawning herring
are distributed over wider areas, perform more extensive migrations, and are
characterized by a longer life cycle and a greater stock abundance. Figure 4.1
shows the general potential geographical distribution of this stock. This is the
distribution the stock is known to have had during the century of scientific stud-
ies of its distribution. Figure 4.2 shows the geographical distribution and main
migration patterns of adults since 1950. This was a period of great fluctuations
in stock size and significant changes in distribution patterns. The Norwegian
spring-spawning herring live in a more productive zone of the oceans and have
a better food supply than many other herring stocks in the Atlantic and Pacific
Oceans. The habitat of Norwegian spring-spawning herring is influenced by
warm Atlantic water penetrating the Norwegian Sea and the Barents Sea as
well as adjacent Arctic water from the Polar basin. Extensive drift migration of
larvae and fry enables the herring to colonise large areas that are suitable for their

Figure 4.1 P Herring |
Approximate total
known distribution
area of Norwegian
spring-spawning
herring (Holst

et al. 2004).
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Figure 4.2 Main migration patterns of the Norwegian spring-spawning adult
herring during the period 1950-2002. (Holst et al. 2004).
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existence. The adult stock consists of 12—15 age groups, and sexual maturation
takes place within an age range of 3-9 years, depending on abundance. Although
Norwegian spring-spawning herring are long-lived, the spasmodic pattern of
recruitment means that the stock fluctuates on a long-term basis.

In the course of the centuries, Norwegian fishermen have experienced long
periods when herring were easily available along the Norwegian coast. In be-
tween these periods there was scarcity, not only of herring, but also of fish and
other organisms that habitually fed on this rich pelagic resource. The decrease in
abundance through the 1950s has been explained by less favourable conditions
for survival of herring larvae, but in the 1960s the stock collapsed because the
fishery expanded rapidly at the same time as the stock was in a low productive
phase. However, it is likely that the large fluctuations in availability of herring
in earlier periods reflect long-term variability in abundance and that this is a
natural phenomenon for this stock (Dragesund et al. 1997).

Toresen and @Dstvedt (2000) analysed fluctuations in stock size throughout
the 20" century and found two periods of high productivity, one in the first half
of the century and another in its final decade. The development of the spawn-
ing stock biomass in the course of the 20" century is shown in Figure 4.3. The
stock was in a rather poor condition by the end of the 19" century even though
exploitation was very low at the time. The estimated spawning stock biomass
(SSB) in 1907 was 1.6 million metric tonnes. The stock increased in abundance
due to good recruitment, reaching high levels of more than 10 million tonnes
in 1928—1937 and 19421957, with the highest recorded estimate of 16.2 million
tonnes in 1945. It then decreased and collapsed in the late 1960s. Throughout the
1970s, the stock was estimated to be at very low levels, but slowly recovered
again through the 1980s. At that point, the increase in biomass accelerated due
to the recruitment of a few rich year-classes, those of 1983, 1991 and 1992,
attaining levels of 8—10 million tonnes by the late 1990s. Toresen and @stvedt
(2000) found these long-term stock size fluctuations to be natural, as they were
highly correlated with the climate conditions in those parts of the ocean where
the herring live (Figure 4.3).

The collapse of the stock in the 1960s was due to heavy fisheries, whereas
the downward trend in the spawning stock biomass in the 1950s, prior to the
collapse, was found to be driven by the influence of environmental conditions
at recruitment levels. In other words, it is believed that through the 20™ century
we have experienced two herring periods, one starting by the turn of the century

Figure 4.3
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(around 1900) with a period of high abundance through the 1930s and 40s that
ended in the early 1970s. The second period started in the 1980s, with a rising
trend in biomass through the final decades of the 20" century. The peak of the
second period has not yet been reached. The start of the two periods has certain
similarities. They both started with the recruitment of a very strong year-class
while the spawning stock was at a low level of abundance, the 1904 year-class
for the first period and the 1983 year-class for the second. In both periods, these
two year-classes dominated the fishery for a number of years.

Fishermen have experienced these fluctuations in stock size as variations
in availability. During the 1960s, when the stock collapsed, there was a fun-
damental development in fishing gear and technology (see Chapter 3) which
helped fishermen to exploit the stock even while it was falling so dramatically
in abundance. On the other hand, through this period of decreasing stocks, the
scientists developed stock monitoring and analytical assessment methods as
a basis for fishery management. The collapse in the stock also led to a firmer
fisheries management based on results from the assessments. It is therefore
natural to divide the history of research on Norwegian spring-spawning her-
ring through the 20" century into two parts; the first describing the period from
about 1900 to about 1970, and the second the period after the collapse (from
1970-2000). In the period before the collapse, the fishermen saw the role of
the scientists as supervisors, guiding them to the largest concentrations and
thus helping them to take bigger catches. In the early 1950s, only the research
vessel was equipped with sonar. After the collapse, and in the stock rebuild-
ing phase during the 1970s and 80s, the role of the scientists in relation to the
fisheries changed. Their guiding role for the fishermen was not continued and
the scientists now provided fisheries managers with information based on a new
set of criteria, to reduce the fishery sufficiently to enable the stock to be rebuilt
for sustainable fishery management. The scientists also put greater emphasis
on research for the development of better abundance estimation methods and
assessment of fish stocks.

It must be kept in mind that, at the beginning of the 20" century, our
knowledge of the biology of the herring stocks in the Northeast Atlantic was
very limited. Neither the fishermen nor the scientists dealing with the biology
of fish stocks knew about the difference in distribution or migrations of the
various herring stocks in the region; the Norwegian spring-spawning herring,
the Icelandic spring- and summer-spawning herring, or the herring stocks in
the North Sea. Nor was there any knowledge of the reasons for the fluctuations
in the yield of the fisheries. However, Hjort developed very early the idea of
fluctuations in the year-class strength as the main reason for the great fluctua-
tions in fish stock abundance (see Chapter 2). These theories formed a basis
for the research on fish stock biology and dynamics carried out by subsequent
generations of scientists, and led to the analytical assessments and thorough
knowledge of fish stock dynamics of today.

The aim of the present chapter is to provide a synthesis of:

+ the development of the herring fisheries in two periods, from about 1900

and the following 70 years, and from about 1970-2000
* the distribution and migratory pattern of the herring in the same periods
* the progress in knowledge of herring population biology
+ the development of knowledge of stock abundance and management
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4.2 Yield of the herring through the 20t century

The Norwegian spring-spawning herring fisheries are based on fish representing
various stages in the life history and are best treated as three main branches; the
winter herring fishery on the spawning grounds on the Norwegian west coast,
the summer adult herring fishery during the feeding period off the north and
east coast of Iceland, and in recent years, in the Norwegian Sea, and the young
and adolescent herring fishery (0, I and II-IIT group) on the nursery grounds in
the Norwegian fjords and coastal waters. Before the collapse of the stock in the
1960s, the fishermen characterized the herring caught during the winter herring
fishery as “large herring” before the herring spawned, and “spring herring”
while and after they had spawned. The reason for this is that the quality of the
fish fell after spawning. For practical reasons, a specific date was decided on
each year, after which the herring was called “spring herring”, and this was
often the first of February.

Landings of Norwegian spring-spawning herring throughout the period
1907-1997 are shown in Figure 4.4. In the very early part of the 20" century,
total landings were about 200 000 metric tonnes, but soon rose to a level of
about 250 000300 000 metric tonnes. The total quantity increased somewhat
during the first 25 years of the century, to a level of about 400 000 tonnes by
1926. During the following five years, total landings continued to rise, to a
level of about 700 000 tonnes. This level was held until the late 1940s. During
the 1950s, the fisheries expanded, and the total catch reached a level of about
1.3 million tonnes. In the 1960s, the exploitation continued to increase, and
in 1966, the total amount landed was nearly 2 million tonnes. Thereafter, the
catch dropped drastically to less than 100 000 tonnes in 1969. The low level
continued throughout the 1970s. There was a total ban on the herring fishery in
1973—-1975, but even with the ban, small amounts of herring were landed, but
through 1972—-1982 less than 20 000 tonnes were taken annually except in 1977,
when 23 000 tonnes were landed. From 1985 on, the fishery expanded once
again, but remained at a fairly low level of less than 200 000 tonnes until 1994.
Through the 1990s, there was a new increase in the landed quantity, and in 1994
the total amount was 480 000 tonnes. In 1995, 905 000 tonnes were landed, and
in 1996-1998, landings exeeded 1.2 million tonnes.
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4.3 A brief history of the fisheries and their development in

the period 1900-1970

Fishing gear and technique

Before 1900, bottom gillnets and beach seines were the most important fishing
gears for winter herring in Norway. These gears were set close to the shore, often
from small, open boats, and hauled ashore (seines) or into small boats (nets).

At the end of the 19" century, there was a development in fishing gear.
During the final decades of the century, the yield of the herring fisheries had
been poor because the herring were not available close to shore. The fishermen
therefore moved further offshore where herring had been observed, but this
required other types of gear that were fit for operation in open waters. Drift-
net fishing for herring in Norway had been tried several times through the 19™
century without much success. However, at the end of the 19" century, the
drift-net fishery developed and was operated offshore, catching large herring
and gradually becoming more important (Vollan 1971). The fishery for large
herring was very successful because the fish were of better quality than the
spring herring. A drift-net fishery also started off Iceland in the early years of
the 20" century. Drift-nets were also used in the fishery for adolescent herring
in late summer and autumn off the coast of northern Norway. The drift-net
fisheries opened a “new world” to Norwegian herring fishermen. They could
“meet” the herring on its way to the spawning grounds and the period during
which they could fish high-quality pre-spawning large herring was consider-
ably longer. However, bottom nets were still used quite regularly, and about
equal proportions of the herring landings during the winter fishery came from
the two kinds of nets until about 1950. From about 1950, use of the bottom nets
decreased drastically. Beach seines continued in use far into the 20" century,
but were of minor importance after 1950.

Another important type of gear that began to be operated by fishermen during
the early years of the 20 century was purse seine nets. This gear was mainly
used for catching spring herring in the fjords or near the coast. The seine was
set from two smaller boats (dories), each carrying one half of the net. During
the first 30 years of the century, the dories were rowed during the fishing opera-
tion. To operate the gear efficiently, the fishermen were therefore dependent on
fair-weather conditions, or had to operate in inshore waters. At the beginning
of the 1930s, the dories were equipped with motors. This made the work easier,
but the operation of the gear was still dependent on fair-weather conditions,
as the nets were still “dried”, i.e. hauled, by man-power in the dorries (Vollan
1971). The purse seine fishery was therefore often limited by bad weather, while
the drift-net fishery could operate under rougher conditions. Figure 4.5 shows
the operation of the purse seine before the introduction of the power block in
the early 1960s.

The course of the winter herring fishery in the period from 1900-1950 was; a
drift-net fishery offshore when the large herring arrived at the northwest coast
of Norway, and when the herring started to spawn, the fishermen changed to
bottom-set gill-nets on the spawning grounds. The beach seine was also an
important gear in inshore waters until the 1940s.

A purse seine fishery in coastal waters developed through the 1920s and 30s,
mainly for spring herring. Later in the period (in the 1940s and 50s) the fishery
expanded from an inshore fishery, where the fishermen waited for the herring,
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Figure 4.5

The operation of the
purse seine before
the introduction of
the power block in
the early 1960s.
MS “Helganes” of
Vedavdgen operating
the net in 1955.
Photo: Vermund
Rasmussen

to a fishery where the fishermen searched out the resources, not only inshore,
but also in more open waters (Vollan 1971).

During the 1950s, the fishing fleet started to use echo-sounders and sonar
to search for the herring (see Chapter 3). The introduction of ring nets and net-
hauling systems on board the herring purse seiners in the early 1960s, enabled
them to operate nets which were much bigger. Furthermore, the nets were made
of'anew, lighter material, nylon. With the power block, the fishermen were also
able to handle much larger catches. The power block allowed the fleet to operate
in more open waters as they were no longer dependent on the small dories. This
development increased the efficiency of the herring fishery considerably.

The herring fishery during winter (large and spring herring)
The large and spring herring are all sexually mature. The large herring are adult
fish with hard roe and milt (pre-spawning stage), whereas the spring herring
are at the point of spawning (spawning stage) and spent herring. When in the
course of the 20™ century the fishermen gradually became better at catching
the large herring, they began to distinguish between the large and the spring
herring fisheries. However, since there is no sharp boundary between the two
fisheries, the term “winter herring fishery” has also been used.

As pointed out in Chapter 1, the long-term history of this fishery has
shown a marked periodicity in yield, with periods of high catches alternat-
ing with periods of great scarcity. The distribution of herring catches in the
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winter season in various periods is illustrated in Figure 4.6. In practice, the
winter herring fishery did not exist from 1875 to 1882. However, in the late
1880s, the herring again gradually began to visit the spawning grounds off
the southwest coast of Norway. As in the earlier herring period, lasting from
1807 to 1874, the fishery in the first part of the new period was limited to the
old fishing grounds off the southwest coast of Norway, between Stavanger
and Haugesund (Figure 4.6).

Further north along the coast, north of Bergen, there was virtually no fishery
until the turn of the century, apart from an occasional fishery for large herring.
In September 1886, there was a major immigration of pre-spawning herring
between Bergen and Stad. The time of arrival and the kind of herring were
unexpected by the fishermen, who had most experience of the spring herring
fishery. It is likely that these herring were of the same kind as those that had
appeared off northern Norway at the end of the previous period (1871-74). A
rich fishery for this herring took place throughout the autumn and winter of
1886/87. However, the winter herring fishery was almost negligible during the
following years north of Bergen until 1896, when a rich herring fishery took
place in November and December. In the autumn and winter of 1897/98, the
large herring also appeared further north (Sunnmere), and the fishery lasted
from September to January. This indicates that in between the herring periods,
when abundance probably was low, the stock wintered on the coast or in near-
offshore areas. During this period, some herring were available for fishing on
different parts of the coast from autumn to spring.

Since the turn of the century, the large herring appeared regularly every year
north of Stad, mainly in offshore areas, and did not come close to the shore.

Figure 4.6

The distribution of
the catches of herring
in different counties
during the winter
season in different
periods, 1900—1990.



NORWEGIAN SPRING-SPAWNING HERRING: HISTORY OF FISHERIES, BIOLOGY AND STOCK ASSESSMENT 49

Thus, after 1900 and for the following 50 years, herring were caught during
winter from the south-western coast of Norway to the More—Trondelag area,
and in some years even further north (Nordland). During this period, the winter
herring fishery had two seasons, one based on large herring (pre-spawning
stage) caught in an area south and north of Stad, and the other on spring herring
(spawning stage), mainly caught south of Bergen, although some spring herring
were also caught in the large herring district.

The geographical distribution of the spring herring fishery on the southwest
coast of Norway was relatively constant up to 1950, whereas the large herring
fishery in the same period fluctuated very much. When the large herring, after
several years of absence (since 1871-74 in northern Norway), reappeared in
coastal waters at the beginning of the last century, a fishery started on the Mere
coast and Trendelag, indicating that this area was a core region for the spawning
stock. Between 1920 and 1950 the most important large herring fishery took place
somewhat further south (between Bergen and Stad), suggesting that when the
stock is large, the herring expand their spawning grounds along the coast.

The time of the first catches of large herring in coastal waters has also fluc-
tuated, as indicated in Figure 4.7. The herring appeared as early as September
during the first years (1900-1905) off the Trondelag/Mere coast. Gradually,
the large herring began to arrive later in the autumn, and by the end of the
1920s, somewhat further south around Stad. During the years 1920 to 1940, the
herring arrived in December/January and in the mid-1940s in the second half
of January. There seems to be a relationship between the time of arrival of the
large herring and the size of the spawning stock. High stock levels result in
expansion of the feeding area — and probably this in turn will influence the time
and place of arrival at the coast. When the stock is at a low level, the herring
appear early in the autumn, while if the stock is large, their arrival on the coast
is late (January—February). This behaviour is probably related to the location of
the wintering of the stock. When abundance is low, the herring tend to winter
closer to the coast and in fjords along the Norwegian coast, while if the stock
is large, it will winter in the Norwegian Sea.
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The most important fishing grounds are the Mere coast, the area between Stad
and Bergen, and off the southwest coast (Stavanger—Haugesund). Throughout
the 1930s, the fishing grounds south of Bergen (near Haugesund) were at least
as important as the Mere coast. The grounds off the southwest coast seemed
to be more important in periods when abundance was high. When stocks fell
in the 1950s, the herring gradually disappeared from the spawning grounds off
southwest Norway, and 1959 was the last year these fish were caught on these
grounds in this former herring period.

The stock collapsed in the mid-1960s, and by 1968—1971, catches in the winter
herring fishery were negligible compared to those in earlier years.

Summer and autumn herring fisheries off Iceland and in the Norwegian Sea
Another important adult herring fishery takes place on the feeding grounds
in the Norwegian Sea. The fishery was located for a long time off north and
northeast Iceland. Norwegian herring fisheries off Iceland started with some
small attempts in the 1860s, but developed rather rapidly so that by the 1880s,
some 300—400 vessels with approximately 3000—4000 men were taking part. In
the 19" century the fisheries were carried out close to shore and in the fjords,
because of the primitive, small open fishing boats that were used. The gear was
bottom-set nets (mesh size 2-3 cm) and small beach seines (100-300 m length
and 25-35 m depth).

By the turn of the century, gear and fishing techniques improved, and also off
Iceland the fishermen started to use drift-nets and purse seines, so that a larger
summer herring fishery on adult herring (Nordurlandssild) gradually developed
on the coast of North Iceland. During the first two decades, most of the herring
were caught by Norwegian fishing vessels. It was not until after World War I
that most of the catch was taken by Icelandic vessels (Jakobsson 1980).

However, fishing was also carried out in the fjords, and frequently started
in and outside Isafjorddypet and around Cape North. Later on, the fisheries
were carried out further offshore, northeast of the coast, mainly during the
summer/early autumn.

The exploitation of herring around Iceland was still at a comparatively low
level at the beginning of the 20" century. In the first two decades, the annual total
yield of what is believed to be Norwegian spring-spawning herring was at a level
of about 20 000 tonnes. In the late 1920s, annual catches increased to 60—70 000
tonnes for a 10-year period. This was mainly because of the development of
the fish-meal industry, which made the market for herring substantially larger
than previously. Thereafter the yield increased further, but varied substantially,
for about 20 years.

During the 1960s, the exploitation of herring accelerated because new
technical advances improved the purse seining system in this fishery, first
in Iceland and thereafter in Norway. The new technique made it possible to
extend fishing seawards, and in the late 1950s and throughout the 1960s, the
fishery took place far offshore in the Norwegian Sea, and the season lasted until
October—November (Nakken 1998). The peak in the landings in the mid 1960s
illustrates this feature (Figure 4.4).

Another reason for the increase in the exploitation was the development
of the Soviet drift-net fishery in the Norwegian Sea in the 1950s (Marty and
Fedorov 1963). Initially, this fishery took place during the summer, exploiting
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the areas in the Norwegian Sea between Spitsbergen—Jan Mayen and Iceland.
In the 1950s, an autumn-winter fishery started along the migratory routes of
the pre-spawning herring, from the overwintering areas east of Iceland towards
the spawning grounds at the Norwegian coast. The Soviet drift-net fishing
technique was also improved. During the late 1950s, the vessels taking part in
the fishery were gradually equipped with echo-sounders, which made the sets
more productive.

The drastic change in the migratory pattern of the adult herring stock during
the 1960s greatly influenced the location of the summer and autumn fisheries.
Off Iceland it became negligible and most of the fishery took place off the shelf
west of Bear Island—Spitsbergen. In 1962—1966, there was a sharp increase in
the total yield of this fishery and in 1967 about 1 million tonnes were landed,
after which the fishery collapsed (Figure 4.4).

The abrupt change in availability of herring in Icelandic waters in the late
1960s was a clear sign of the change in the abundance of the stock, leading to
a more limited geographical distribution.

The fishery for young and adolescent herring

In addition to the fishery for adults, a fishery for young and adolescent herring
has taken place on the Norwegian coast and in the fjords, mainly in northern
Norway. This fishery has been based on small herring (“smasild”), i.e. mainly
0- and 1-group fish, and fat herring (“feitsild”), i.e. II-1V group fish (Dragesund
1970). An analysis of the total landings shows that considerable fluctuations
have occurred (Figure 4.4), starting at a level of about 60 000 tonnes during the
first decade of the last century. The level then rose to 110 000—120 000 tonnes in
the following twenty years, with a further increase during the 1930s to 180 000
tonnes. The landings then dropped slightly in the 1940s, followed by a significant
increase from 1950 to 1959, when catches amounted to nearly 250 000 tonnes.
The high level of exploitation continued during the 1960s, and reached a record
of some 550 000 tonnes in 1967 and 400 000 tonnes in 1968, but thereafter the
landings dropped rapidly to less than 50 000 tonnes in 1969 and less than 15 000
tonnes in 1971. Since 1974, catches of young and adolescent herring of this
stock have been insignificant.

Before 1910, when the development of the fish meal industry started, most
catches of young and adolescent fish consisted of fat herring. At that time, most
of the small herring were used for canning, and were landed in southern Norway
where most of the canning companies were located. After the start of the industrial
herring fishery, a gradual increase in the landings of small herring took place,
from a level of 20 000 tonnes in 1900-1910 to some 250 000 tonnes in 1960—61. The
fat herring fishery did not show a similar increase in catches as the small herring.
Landings from this fishery rose from 40 thousand tonnes in 1900—1910 to about
70 000 tonnes in 19501959, with periods of substantially higher yields in these
fisheries in the 1930s and 40s. However, during the 1960s, a significant increase
took place, and this fishery exceeded the small herring fishery with more than 400
000 tonnes in 1968 (Figure 4.4). In the beginning of the last century, most of the
catches were taken by beach seine, when the herring penetrated into the fjords.
However, gradually more herring were caught by purse seine, and from 1964
onwards this technique dominated in the fat herring fishery. The large quantities
taken in 1968 were mainly from offshore waters in the Barents Sea.
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The most important small-herring fisheries occurred in the fjords of northern
Norway from late autumn to early spring. The fishery started with the immigra-
tion of 0-group herring to the fjords and continued throughout the wintering pe-
riod. A peak in the early spring coincided with the emigration of I-group herring
from the fjords. The adolescent herring (fat herring) were usually found offshore
along the Norwegian coast. However, in some years, during the late summer
and early autumn, the herring migrated into the fjords and gave good catches.
Historically, some fjords in northern Norway are well known for their rich fat
herring fishery, e.g. Eidfjord in Vesterdlen and Vestfjorden in Lofoten.

When the purse seine technique was introduced in the fat and small herring
fishery in the 1960s, the fleet extended its operations to more offshore waters,
mainly off Finnmark and Vesteralen/Lofoten. In these areas, the fishery started
in early summer and reached a peak during late summer and early autumn.
Further south along the coast (off Mere and Trendelag), most of the fat herring
were landed in spring and early autumn. The sharp increase in exploitation of
young and adolescent herring during the 1960s, seriously reduced recruitment
to the stock.

Concluding remarks

In this first period of the 20" century, the Norwegian spring-spawning herring
fishery was characterized by the use of passive gears, such as drift nets and
standing nets. Purse seining developed and grew in importance, but the useful-
ness of the method was limited because the fishermen were dependent on fair
weather and in-shore conditions. The exploitation of the stock increased slowly
through the first half of the century, and is believed to have had a rather small
impact on the dynamics of the stock prior to 1950. During the 1950s and 60s,
the fishery developed significantly in terms of both gear and fishing techniques
that made the fishermen much more effective. From the mid 1960s, Norwegian
spring-spawning herring were fished all over their area of distribution. The
exploitation increased drastically and had a severe impact on the status of
the stock. Its collapse led to a change in perception at the Institute of Marine
Research regarding how rapidly a fishery could affect the status and dynamics
of a fish stock.

4.4 Distribution and migration
Our understanding of distribution and abundance of herring in the northeast
Atlantic region has developed greatly through the past 100 years. It is not
possible to deal fully with the detailed history of these studies. However, the
results of the investigations clearly show that there are persistent differences
between some of the biological characters, such as the morphology and ecology
of reasonably well defined groups of herring living in the northeast Atlantic.
In the 19" century, the stock concept was not known, and neither the fishermen
nor the scientists who were dealing with marine biology, possessed scientific
knowledge of the fluctuation in fish stocks, or of whether the variability in
availability of the fish could be ascribed to differences in stock levels or to
changes in geographical distribution.

For centuries, however, the Atlanto-Scandian herring were the basis for
herring fisheries, and in Norway scientific herring studies have been carried out
since 1857 (Boeck 1871). Boeck brought together many historical facts about
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the Norwegian herring fishery. He believed that the fishery was periodic and
that herring occurred in periods of high abundance alternating with periods
of extreme scarcity. By the end of the 1860s, the yield of “spring herring” had
decreased seriously, and during the next three decades, only small catches were
taken along the west coast of Norway. Boeck’s opinion that the herring would
gradually leave their usual spawning grounds at the end of a herring period,
created great anxiety among fishermen.

Later, Sars (1879) succeeded in drawing a fairly correct picture of the life
history of the Norwegian spring-spawning herring. He could not accept the
general view held at the time that herring were stationary and after spawning
lived in deeper water just outside the coast, close to the spawning grounds. He
believed that after spawning, the “spring herring” lived in the surface layers
of the open sea between Scotland, Norway and Iceland, feeding mainly on
copepods, and attaining maturity at an age of about six years. The spawning area
was thought to be off the Norwegian coast between Stavanger and Kristansund,
from which the larvae were spread northwards by the currents. Instead of many
small herring populations located along the coast, Sars believed there were
only two: the “spring herring” in southern Norway and the “large herring” in
northern Norway.

The “large herring” caught in northern Norway in 1868—1874 approached
the coast at Vesteralen and Lofoten and penetrated farther into the fjords in the
autumn (October), and could be taken by beach seine. Both Boeck and Sars
described this herring to be of the same size as the “spring herring”, but in
much better condition. In December, the “large herring” were in pre-spawning
condition. Sars (1879) originally regarded this herring as a special tribe, whose
spawning grounds were not known. Later he concluded that the connection
between the “spring herring” and “large herring” fisheries was closer than he
had previously believed.

During fieldwork carried out by Sars (1879) in the summer of 1872, many
0-group herring were found in the “spring herring” area, but almost no “spring
herring” were caught. The observations led Sars to believe that the herring had
spawned in the area, farther offshore than usual. He thought that they would
probably soon return to the old spawning grounds, and questioned whether
herring periods really did exist in the Norwegian herring fisheries, finding
it unlikely that there should be any connection between the “spring herring”
and the herring responsible for the great herring fishery in Bohuslidn, Sweden
(Sars 1879).

Sars also offered an explanation for the poor catch of “spring herring” at the
end of the 19" century. He pointed out that one of the historical facts Boeck had
brought to light was that a “Norwegian” herring period ends when the herring
arrive at the coast later each year, and that this might be a result of the distance
the herring have to cover during their spawning migration. If the distance is great,
the herring will arrive late, the season will be short, and the catch accordingly
poor, but if the herring had only a short distance to cover, they will arrive early,
the season will be long, and the availability of herring better.

Hjort performed surveys of Norwegian waters and the Norwegian Sea at
the beginning of the 20" century with RV “Michael Sars”, and formed ideas
about the migrations of the herring. Even though he initially seems to have
held the idea that the variation in availability of herring was due to migrations
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Figure 4.8

The migration

cycle of Norwegian
spring-spawning
herring as described
by Lea (1929b).

and not variations in abundance, he soon formulated ideas about variations in
abundance of the different year-classes as reasons for differences in stock size
(Hjort 1914). In 1907, Hjort and his colleagues established reading of herring
and cod ages as a standard procedure to follow the strength of the different
year-classes of the most important fish stocks. For Norwegian spring-spawning
herring, scales were found to be most reliable for age determination, and after
some years of studying herring scales and their characteristics, it was found that
they could tell us a lot more than merely the age of the fish. They also provided
information on growth, maturity, and where the herring had spent the immature
part of its life, as described by Lea (1929a) in his paper on the herring scale as
a certificate of origin.

Johansen (1919) found certain similarities between the herring off Iceland

and those in Norwegian waters, and he suggested to call them Atlanto-Scandian
spring herring, a term that later was changed to Atlanto-Scandian herring when
the Icelandic summer-spawning herring was included.
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Figure 4.8 (cont.)

Understanding of the geographical distribution based on studies of scales

Through the first decades of the 20™ century, techniques for ageing herring scales
were developed (Broch 1906; Dahl 1907), and this helped the scientists, not only
to follow cohorts of the herring stock, but also, by studying the characteristics of
the annuli, enabled them to describe where the herring had spent its first years
of'life. Lea (1929a) performed detailed studies of the structure of herring scales,
and found certain characteristics in the scale (size, colour and width of the an-
nuli) that depended on where the herring had been during the different phases
of its life-cycle. On the basis of these studies, Lea (1929b) produced detailed
descriptions of the migration and distribution of the Norwegian spring-spawning

herring, and formulated ideas of an oceanic stage based on scale structure.
Lea described the following migration cycle (Figure 4.8);

A. Arrival of the spawning herring at the spawning grounds in two main groups:
first, the older spawners, and then the recruit-spawners, during the season

January—April.
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. Dispersal of the year’s fry along the entire coast.

. Sojourn off the coast in the herring’s second year of life.

. Departure from the coast, and transition to the oceanic stage, in their third
year of life, of the herring which have lived along the southern part of the
western coast.

E. Departure from the coast and transition to the oceanic stage, mainly in their
fourth year of life, of the herring which have lived further north along the
coast.

F. Oceanic stage. Duration according to circumstances, from one to three years,
age of herring between two and six, possibly seven years.

G. Abandonment of the oceanic stage, after sexual development, by the herring
which will become sexually mature in the forthcoming spawning season.

H. Annual migration of the adult herring between its spawning grounds and its

summer haunts.

o0Ow

Lea (1929b) found that the zones of the scales (the winter rings and the sum-
mer rings) had certain characteristics depending on where the herring were
spawned and where they had spent their early life (on the coast or offshore).
The basis for the system was that young herring in coastal areas of northern
Norway have sharp winter rings (2—6 rings) and slow growth, and are classified
as northern type (N). Herring that grow up on the south-west coast have more
diffuse winter rings, 1-2 rings, seldom 3, and faster growth; these are classified
as southern type (S). An important finding was the oceanic stage (Lea 1929b).
When the young herring leave the coastal areas, they migrate westwards into
the central part of the Norwegian Sea. Here they spend one or two, or seldom
three years, before they mature and join the spawning stock. He demonstrated
that the development from fat herring to adult herring took place through an
intermediate oceanic stage before they appeared on the spawning grounds. Lea

Figure 4.9
Norwegian spring-
spawning herring scale,
described by Lea (1929a)

as a certificate of origin.
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(1929a) and Runnstrem (1936) showed that the onset of maturation in Norwegian
spring herring causes visible changes in the ring structure of the scale. From
the late 1920s to 1970 not only the age of the fish, but also age at maturity, was
recorded (Beverton ef al. 2004).

After spawning, the herring moved northwards to feed in the Norwegian
Sea, and in May—June were observed at the latitude of Lofoten and were
sometimes caught near the coast. In July, they were observed off Bear Island,
and in August-September, as far north as off Spitsbergen. In October, the her-
ring were on their way south again on a level with Lofoten, and in the winter
months further to the south. This description was based on observations made
on the coast of Lofoten, and from material acquired during expeditions in the
northeastern part of the Norwegian Sea, west of Bear Island and Spitsbergen.
The herring scale analysis enabled Lea to confirm that these herring belong to
the Norwegian spring-spawning stock.

The migratory pattern and the oceanic stage, indicated by Lea (1929b), seem
to be in accordance with Russian investigations during the 1930s (Marty and
Fedorov 1963). These observations showed that adult herring were distributed
in the central and north-eastern parts of the Norwegian Sea during the feeding
period.

Understanding of the geographical distribution based on tagging experiments

At the time at which Lea published his observations of the migration route of
the adult herring, he was not aware of the feeding migration to the western part
of the Norwegian Sea and to the area off north and north-western Iceland. Arni
Fridriksson, in 1935, was of the opinion that the herring caught during the sum-
mer off the north coast of Iceland were at least partly identical to the Norwegian
winter herring. He found it desirable to carry out tagging experiments in order
to prove or disprove the theory of long-distance migration (Fridriksson 1944). A
joint project involving Icelandic and Norwegian fishery scientists was organized
just after the World War 11, and between 1948 and 1950, a total of 42 054 herring
were tagged (Fridriksson and Aasen 1950, 1952). The experiments proved that, at
that time, the Norwegian spring spawners migrated to Iceland during the summer
and returned to the Norwegian coast to spawn during the winter. However, the
migration routes between these two areas were not known in detail.

Joint surveys in the Norwegian Sea

The 1948 Statutory Meeting of the ICES recommended that countries interested
in the exploitation of this stock should adhere to a common plan of investiga-
tions to be coordinated by the Chairman of the Northwest Area Committee. In
adhering to this recommendation, Denmark, Iceland, Norway, Scotland and
Sweden carried out research in the area in 1949 (Jakobsson and @stvedt 1999).
The recommendation from 1948 can be regarded as the first ICES initiative for
joint international herring surveys. At the 1951 ICES meeting in Amsterdam,
Denmark, Iceland and Norway agreed to cooperate in an extended herring
research programme to cover the Norwegian and Iceland Seas. Beginning in
1957, the USSR also participated in this programme. The surveys, which were
carried out during the summer, took place annually until 1970. Joint meetings
of scientists participating in the surveys were held at the end of June every
year (Jakobsson and @stvedt 1999). These investigations gave a fairly good
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indication of the summer distribution of Atlanto-Scandian herring in relation
to temperature and plankton distribution (@stvedt 1965).

Understanding of the geographical distribution based on acoustic surveys

During the 1950s and 60s, the Norwegian herring scientist Finn Devold carried
out annual acoustic surveys in the Norwegian Sea during summer and winter,
and he showed that small herring of the rich 1950 year-class were distributed far
offshore in the Norwegian Sea (Figure 4.10). He suggested that only a part of
the total 0-group population entered the Norwegian fjords. The RV “G.O. Sars”,
led by Devold, mapped the distribution of the herring as they migrated from
their over-wintering areas east of Iceland towards the Norwegian coast to the
spawning grounds. The Norwegian herring scientists at the time had a very
good relationship with the fishermen, as Devold appeared to be herding the
herring towards the Norwegian coast. Over the radio, the scientists guided the
fishermen to the richest concentrations of herring. Based on the results of these
surveys, Devold (1953) produced maps of herring distribution in the Norwegian
Sea throughout a whole year (Figure 4.11).

In 1959 and during the 1960s, Dragesund (1970) carried out studies of the
distribution and abundance of young and adolescent herring on the Norwegian
coast and in the Barents Sea. Dragesund described where the young herring
were distributed at various stages. He found that in the autumn, the 0-group of
Norwegian spring-spawning herring was always to be found in the fjords of

Finn Devold

Finn Devold (1902—1977), the leading herring
scientist in Norway through the 1950s and 60s,
had a special theory regarding the distribution
of the Norwegian spring-spawning herring

and how the distribution changed throughout
the herring periods (Devold 1963). He was
strongly of the opinion that in the course of

a herring period, they gradually spawn further
and further north along the Norwegian coast.
The herring also occur on the coast gradually
later in the winter season and start spawning
later as the herring period develops.Accord-
ing to Devold, by the end of a herring period,
small numbers of herring spawn off the coast
of Northern Norway. By that time, the stock
is in a phase of low abundance and consists of
a mixture of small immature and large herring.
After a year or two of very low spawning activ-
ity, the herring, according to the theory, start
to migrate to the Bohuslin coast and spawn
off the west coast of Sweden. Devold tried

to justify the theory through a temperature-
related shift in maturation, which, year by

year, caused the herring to migrate further
south in order to find suitable spawning
temperatures. This hypothesis was strongly
contested by a number of scientists, among
them Hegglund, in Sweden, who had sampled
and analysed the remains of herring from the
Bohusldn coast from previous production.
He found that these remains originated from
North Sea herring and therefore did not
believe in Devold’s theories (Haglund 1959).

In retrospect, the Bohusldn herring have
been verified as being of North Sea origin.
Corten (1999) proposed a mechanism for
the Bohuslan herring periods, which fits
well with the understanding that the North
Sea herring overwintered at the Bohuslin
coast when the Norwegian spring-spawning
herring were low in abundance (between
the herring periods). However, Devold was
probably right in his observations of the
Norwegian spring spawners migrating further
north as the herring period progressed.
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western Norway and off northern Norway. When rich year-classes occurred,
they were also distributed offshore, mainly in the Barents Sea, but also in the
area west of Bear Island and Spitsbergen. The 0-group herring entering the
fjords during the autumn, remained in the fjords the following winter and
spring, and then gradually emigrated and mixed with young herring offshore.
The young and adolescent herring, which were distributed offshore and in the
Barents Sea, remained there for one to four years, depending on their rate of
growth, and then migrated westwards, either south along the Norwegian coast
or further westwards into the Norwegian Sea (Dragesund 1970b) to join the
adult stock. Dragesund carried out tagging experiments of adolescent herring
off the northwest coast of northern Norway, suggesting this migration route.
Later studies confirmed this distribution cycle. The young and adolescent her-
ring are spread, ranging from the fjords of northern Norway to the open ocean
of the Norwegian Sea and the Barents Sea, and their distribution varies with
the strength of the different year-classes. In 1970, Dragesund described the
geographical distribution of 0-group herring for year-classes of different sizes.
Examples are shown in Figure 4.12.

4.5 Stock composition and growth

Stock units

The name “Atlanto-Scandian spring herring” was introduced by Johansen (1919)
to describe most of the spring-spawning herring found along the Norwegian
coast, on the northeastern edge of the North Sea, in the Norwegian Sea off
Iceland and off the Faroes. The methods for stock separation were considerably
improved by the use of scales and growth. The use of herring scales for growth
and stock structure studies and as a “certificate of origin”, was fully described
by Lea (1929). The studies of stock structure in the 1920s and 30s carried out
by Lea and by Runnstrem, were fundamental in terms of establishing our
knowledge of the biology of Norwegian spring-spawning herring. However,
a full understanding of the stock composition of the Atlanto-Scandian herring
was not in place before the results of the tagging experiments in the early 1950s
made the division between the Norwegian spring-spawners and the Icelandic
summer- and winter-spawners clear.

Runnstrem (1936, 1941) continued Lea’s studies, and further described the
structure and growth of the herring stock, depending on the migration and
geographical distribution of the various age groups.

The two Icelandic herring stocks, the summer-spawners and spring-spawn-
ers, belong to the Atlanto-Scandian herring group together with the Norwegian
spring-spawners (Johansen 1919). Detailed investigations have shown that
the Icelandic summer-spawners differ considerably from the spring-spawners
in a number of morphological and physiological characters (Johansen 1926;
Fridriksson 1944, 1958; Liamin 1959; Einarsson 1951). Smaller differences have
been observed in the characters between the Norwegian and Icelandic spring-
spawners, and the Icelandic spring-spawners were difficult to distinguish from
the southern growth type of Norwegian spring-spawning herring (Jakobsson
et al. 1996). On the basis of growth and age at first maturation, @stvedt (1958)
concluded that it is evident that the Norwegian spring-spawning herring are
homogeneous as regards racial characters. He further concluded that it is evident
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that the northern and the southern growth types cannot be defined as different
races, and that the northern type dominates rich year-classes. Seliverstova (1970)
related the presence of northern and southern growth types to the strength of the
1950 and 59 year-classes, and found that the northern growth type dominated in
the more abundant 1950 year-class. She also related maturation of certain age
groups in the spawning stock in 1959 to hydrological conditions.

Extensive tagging experiments, carried out on a national basis together with
the acoustic investigations carried out both in Norwegian and Icelandic waters,
and studies of the genetics in various herring stocks in the Northeast Atlantic,
have confirmed the structure of the three Atlanto-Scandian herring stocks.

The general idea of herring biology through the first decades of the last
century, was that herring which were distributed in different areas was of the
same origin. The stock concept was not developed, and growth and differences
in geographical distribution were not well understood. However, through the
studies of scales and the development of research on growth through studies
of'scales, the understanding of different herring stocks and components within
stocks developed. The sampling of the Norwegian spring-spawning herring,
which was initiated in the early years of the 20" century, and the studies of
scales and otoliths by Broch and Dahl (Broch 1906; Dahl 1907), soon gave
results. Hjort and Lea (1911) discovered the new world of demography applied
to fishery biology, and made studies on length frequencies and growth types
of different age groups along the Norwegian coast. In “The Fluctuations in
the Great Fisheries of Northern Europe”, Hjort (1914) delivered the following
message: “By large-scale stock age compositions one can identify stocks,
classify them by age, measure their growth, and make predictions of changes
in their fishable biomass”. Documentation from these early years confirms that
scientists were already aware of central structural features of the Norwegian
spring-spawning herring. However, because of the disagreement between British
and Norwegian scientists regarding the use of scales and otoliths to determine
age, it was not until 1923 that the question was settled and the usefulness of
scales and otoliths was accepted in the ICES community (Chapter 2), and used
in studies of North Sea herring.

Growth and maturation

Growth and recruitment are important fields of research for fisheries science,
leading directly into fish stock dynamics and advice on fisheries management and
understanding of the general biology. The studies by Lea (1929) on the growth of
herring studied by the patterns of the zones of the fish scales have already been
mentioned. Runnstrem (1936) continued these studies and described the northern
and southern growth types of the Norwegian spring-spawning herring.

At the ICES Statutory Meeting in 1964, Ostvedt (1964) presented a paper on
the long-term changes in growth and maturation of Norwegian spring-spawning
herring. The paper analyses the long-term changes of the mean length for differ-
ent age groups. One of its conclusions is that the mean length at age has tended
to increase through the period 1908—1963. The increase in mean length can be
traced from the youngest age groups in different growth types of herring (N or S).
Increases in growth were also observed in the North Sea herring stocks (Cush-
ing and Burd (1957), and could have been caused by common environmental
factors. It has been shown that there was a rise in temperature in the Northeast
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Atlantic through this period (Toresen and @stvedt 2000). The general increase
in exploitation in the course of the century may also have affected growth rates.
It has also been shown that growth in the Norwegian spring-spawning herring
stock is density-dependent, and that maturation is dependent on growth (Toresen
1990; Toresen and @stvedt 2002), and as exploitation has increased, the density
of the stock has decreased. During the summer season, growth is dependent on
the temperature conditions in the Norwegian Sea (Holst 1996).

Recruitment

Recruitment studies were started long before stock management was introduced
in the herring fisheries. Recruitment studies were carried out in order to obtain
an idea of the incoming year-classes and how the fishery would develop in the
coming years. A basic question in the study of the Norwegian spring-spawning
herring has been which factors influence the year-class strength. This stock has
large variations in year-class strength, and several scientists have been occupied
with the question (Hjort 1914; Dragesund 1970a; Dragesund and Nakken 1973;
Toresen and @stvedt 2000). Dragesund (1970a) considers the following factors to
be most important in determining year-class strength: 1) the extent of the spawn-
ing area, 2) the duration of the main spawning season, 3) the rate of dispersal
of larvae from the spawning grounds, and 4) the coincidence in time between
the availability of suitable food and hatching of herring larvae. Dragesund and
Nakken (1973) concluded that the results may indicate a relationship between
the parent stock size and subsequent abundance of the resulting year-class when
favourable conditions for spawning and hatching exist. However, they point out
that in most years, year-class strength was determined by factors other than the
size of the spawning stock. Toresen and @stvedt (2000) found that recruitment
was related to temperature conditions in the inflowing Atlantic water through
the Kola section (Figure 4.13), and that at low temperatures, the probability
of good recruitment is very low, while at higher temperatures, both rich and
poor year-classes occur. The underlying mechanism in the correlation between
temperature and recruitment is as yet unclear. There may be both direct and
indirect effects. Higher temperature has been found to positively affect growth
in fish larvae (Fiksen and Folkvord 1999). Higher temperature has also been
found to positively affect the production of zooplankton populations on which
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the herring feed (Aksnes and Blindheim 1996). However, the pattern of the
relationship between recruitment and temperature (poor recruitment at low
temperatures and both high and poor recruitment at high temperatures) indicates
that the indirect effects are stronger, since high temperature is necessary but
not sufficient for good recruitment (Toresen and @stvedt 2000). This feature
has also been found in Northeast Arctic cod (Sundby 1994).

4.6 Exploitation, advice and management

In the first half of the last century, scientists dealing with fish and fish stocks were
mainly occupied with biological research and studies related to the distribution
and migration of the fish. The stock concept was poorly developed, and so was
the idea that the fisheries could make any impact on the abundance of fish. In
addition, by 1950, fish abundance estimation and mapping were only at a very
early stage of development, nor was analytical fish stock assessment highly
developed. Therefore, knowledge-based advice from the scientific community
for Norwegian spring-spawning herring was not yet sufficient to allow such
management of the fisheries, as could reduce the exploitation of this stock if
that should be necessary.

Fisheries management as we know it today, with a quota regulation system
based on annual assessments and allowable catches, has come into force in the
course of the past 30 years. Before about 1970, fisheries management was nearly
absent in the Norwegian fisheries. During the 1960s, assessment of fish stocks
was still an emerging science, and regular assessments of fish stocks started to
come into effect during the late 1960s and the 1970s.

The first important milestone for the development of fish stock assessment
was the understanding of year-classes as units that vary individually in abundance
(Hjort 1914). This understanding was based on the discovery of the possibility
of determining the age of fish by otoliths or scales (Smitt 1895; Hoffbauer 1898),
and Smitt was probably the first to notice a connection between the scales of
herring and their age (Dahl 1907). Heincke informed Hjort of these findings,
whereafter Broch and Hjort visited Heincke’s institute in Helgoland, Germany
(Schwach 2000). The use of age determination as a standard technique in fish
sampling started with the reading of herring scales, and regular sampling of
herring scales started at the Institute of Marine Research (IMR) in Bergen in
1907. Broch was one of the pioneers of herring scale studies, and was the first
to realise that the scales contained information on the annual growth of the
fish and that there were systematic differences in the zones of the scales from
different races of herring. When Hjort studied Broch’s report on his findings in
1906 he said: “Oh damn it, Broch! You probably don’t understand the scope of
what you just have found out” (Schwach 2000). Hjort was probably right. These
findings opened up demographic thinking in the assessment of fish stocks, and
have been a central approach to any fish stock assessment ever since.

However, as early as in 1924, Lea published a note on the exploitation of
“small herring”. Fishermen harvesting the somewhat older “fat herring” were
worried about catches of small herring and asked whether the “small herring”
fishery was influencing the yield of “fat herring” in subsequent years. Lea
concluded that it was unlikely that catches in the fat herring fishery would rise
if the small herring fishery were regulated. Although both Lea (1924) and later
Devold (1963) did not find any connection between catches of small herring
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and subsequent yields of the fat herring fishery, and thus could not recommend
regulation of the 0-group herring fishery, many Norwegian fishermen have
maintained that the exploitation of small herring affected both the fat herring
fishery and the fishery of adult herring.

In 1929, ICES organized a special meeting on “Fluctuations in the abundance
of the various year-classes of food fishes” (ICES 1930). In relation to herring
research, one contribution was quite innovative and demonstrated one of the
most important future uses of age determination: Lea’s “Mortality in the tribe
of Norwegian herring” (Lea 1930). This was the second important milestone
towards analytical assessments for the Norwegian spring-spawning herring. He
based his estimates on the presence of the different year-classes, year after year,
in samples from the stock. He found that the presence of given year-classes in
the samples from the spawning grounds decreased at a certain rate. He found
that this rate (total mortality rate of 0.21) varied only a little between 1907 and
1926 (Figure 4.14). The exploitation of the stock was at a low level during this
period (Toresen and Ostvedt 2000), and the assumption that natural mortality
is low (less than 0.2) for the adult part of the stock, and is also relatively stable,
seems to be valid.

The serious declines in some of the most important European herring fisheries
during the 1950s, especially those of the Norwegian west coast and in the North
Sea, caused fisheries scientists to pay attention to the potential importance of
man-made factors as major determinants. ICES, acting on a recommendation
from its Herring Committee (1960), therefore held a Herring Symposium in
1961 in order to bring out all the available knowledge about the subject. The
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meeting did agree that recruitment had failed, but there was disagreement
regarding the causes of that failure. Marty and Federov (1963) held the view
that the juvenile fishery should be reduced in order to improve recruitment. This
was heavily debated and strongly opposed by Norwegian scientists. Another
paper presented at the symposium, on the state of the Atlanto-Scandian herring
(Dragesund and Jakobsson 1963), was based on herring tagging returns since
1948, and was a joint project by Norway and Iceland. Their estimate of the stock
of about 20 million tonnes of adult herring in 1952 was high, probably because
it was based on the very early tagging experiments, in which tagging mortality
may have been much higher than in later years when more experience had been
gained in handling the herring. Comparing these stock estimates from 1953 to
1959 with the results of the most recent population analysis (ICES 2001), it is
clear that the results from the tagging experiments at the time reflected well
the decline in the stock during 1953—1959, and CPUE data indicated the same
(Dstvedt 1963). The tagging results overestimated the stock size during the
three first years, but in 1956, the estimates were equal, while the tagging results
gave somewhat lower stock size estimates and a sharper decline in 1957—1959.
However, the results of the tagging experiments do not necessarily reflect the
changes in abundance of the spawning stock as well as the stock analysis done
by the ICES working group where additional information is used. The results
of the tagging may have represented only the available stock of herring in the
adult fisheries off the north coast of Iceland and the west coast of Norway
during the winter season. Comparison of the abundance of five-year-old and
older herring estimated from the stock analysis in the ICES working group with
that calculated from the tagging experiments, shows an even closer agreement
than comparison with the spawning stock. Thus, as early as 1961, the decline
in the stock during the 1950s was clearly illustrated in the paper presented by
Dragesund and Jakobsson (1963) (Figure 4.15).

In accordance with the recommendations of the Herring Symposium in 1961
and endorsed by the 1961 and 1962 ICES annual meetings, it was decided to
establish an assessment working group for Atlanto-Scandian herring. The first
meeting of the group was in 1963, with the following terms of reference:

“In view of the recent serious decline in the fisheries based on the Norwegian
spring-spawning tribe and of the complexity of the scientific problems involved,
the Symposium recommends that a Working Group be set up, composed of
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representatives from all countries with fisheries based on this tribe, to examine
all available data relating to the elucidation of its causes, including the part
played by the fisheries for juvenile, pre-recruit herring” (ICES 1963).

These terms of references clearly indicate that early in the 1960s, there was
a sense among the scientific community that the exploitation of juvenile and
pre-recruit herring could be important for the decline in the stock.

Although the early ICES working groups dealing with the assessment of
the Atlanto-Scandian herring (ICES 1963, 1964, 1965a) were preoccupied with
biology, estimates of stock size and how the stock decreased in abundance
throughout the 1950s were presented. Comparisons of the results of the tagging
and acoustic data with those of the stock analysis in the ICES working group
up to and including 1964, show that the estimates presented by the early work-
ing groups on stock abundance were very close to those obtained by the most
recent results of the analysis for five-year-old and older herring. Similarly, the
working groups presented fishing mortalities for the 1950s and the early 1960s
(ICES 1964) that were almost identical to those obtained from the recent analyses
for 1953—1958. It is thus clear that the early ICES Atlanto-Scandian Working
Group that met in 1963—1965 estimated the stock and the rate of exploitation
realistically, although the fishing mortality appears to have been temporarily
overestimated.

The severe reduction in stock abundance observed during the late 1950s
and the early 1960s was correctly regarded as being due to a series of weak
year-classes (1951-1958) recruiting to the adult stock. Whether this was due
to the juvenile fishery was much debated at the time. Norwegian scientists
disagreed among themselves on this point. However, the disagreement was
not fully reflected in the Working Group reports. The 1964 Working Group
report concluded that:

“while the recent fishery and stock decline could definitely be attributed to
a sustained failure in recruitment, it was not possible from current evidence
to determine the part played by the fishery for ‘small’ and ‘fat’ herring as a
governing factor in it. However, the Soviet representatives expressed the view
that this fishery has influenced the level of recruitment in recent years.”

In the report of the ad hoc Assessment Group on Herring and Herring Fisher-
ies in the North-Eastern Atlantic (ICES 1965b), the scientists concluded that the
primary cause of failure of year-classes at the time to provide good recruitment
was natural. It was probably on the basis of this report that the ICES Liaison
Committee concluded that (ICES 1966):

“The exploitation of the adult Norwegian spring-spawners is probably still
at a level where no benefit for total landings can be expected by any regulatory
measure. The decrease in catch from 1957 to 1963 was caused by the sequence
of poor year-classes from 1951 to 1958. The primary cause of the failure of any
of these year-classes to provide good recruitment has been natural.”

An interesting question is whether the state of the art of fish stock assessment
was good enough in the 1960s to have been capable of preventing the collapse
of the Norwegian spring-spawning herring stock. No analytical assessment
(VPA) had been made for the stock, but it had been evaluated in ICES working
groups. Setersdal (1980) reviewed the stock collapse and wrote:

“Historically, the collapse of the Atlanto-Scandian herring stock was the
first serious one in the northeast Atlantic and it also represents by far the largest
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loss of fishable biomass in the area. However, until 1970 the stock was dealt
with only once by the Liaison Committee. A large stock decline was recorded
in a 1965 assessment, but apparently scientists firmly held the view that this
was all due to natural stock variations, and they advised that exploitation was
still at a level where no benefit for total landings could be expected from any
regulatory measure.”

Seatersdal concluded that the scientists had poorly recorded the stock events,
and that the responsibility for the lack of any attempts at management of the
fishery during the period of the stock collapse lay entirely with the scientists.
However, fisheries research in terms of monitoring the stock abundance and
assessing the annual changes in abundance, did not develop as fast as develop-
ments in fishing technology, and therefore, the collapse of the stock came as a
surprise for both fishermen, managers and scientists.

Even though some scientists were sceptical about the intensification of
fishing throughout the 1960s, Satersdal’s conclusion was probably right.
The state of the art at the time, in terms of assessment methods and stock
diagnosis, was not ready for active fisheries management involving restric-
tions on the fisheries.

The development of fish stock diagnostics was at too early a stage for firm
and concurrent advice on management in the present situation.

4.7 The period 1970-2000: management and stock recovery

The collapse of the Norwegian spring-spawning herring stock influenced
research, advice and management. In retrospect, it has been concluded that
the decline of the stock through the 1950s could not have been avoided, and
the severe reduction in abundance at the time was mainly due to reduced
recruitment. However, the collapse of the stock, which was mainly caused by
the escalation of exploitation in the 1960s, could have been avoided if proper
management measures had been implemented. However, it is important to bear
in mind that the rise in exploitation was a result of the revolution in fishing
techniques and gear technology, and the effect of these developments was
difficult to foresee.

The period 19702000 represented a complete change in the fishery and
management of the stock. Both abundance and availability were drastically
reduced, and its geographical distribution was significantly changed compared
to what was known about the distribution before the stock collapsed. In the
early 1970s, herring were virtually absent, and only very small quantities were
observed. The spawning grounds were at a few specific grounds off Mere,
and the herring no longer migrated offshore and into the Norwegian Sea for
feeding during the summer months. The herring stayed near the coast during
the summer and autumn and wintered in a few fjords, off Mere and northern
Norway. This all-year coastal distribution lasted throughout the 1970s and until
the 1983 year-class migrated out of the Barents Sea as three-year-olds. In the
late 1980s, the maturing parts of this year-class resumed feeding migrations
into the Norwegian Sea after spawning. Since then, the mature herring have
made feeding migrations in the Norwegian Sea during summer. However, these
migrations have not been as far west as before the stock collapsed, and for a
long period, in the autumn, the herring migrated back to the Norwegian coast
where they wintered in fjords in northern Norway.
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From 1970 on, there was a virtually complete halt in the fishery for about 15
years, and the fishermen, scientists and fishery managers faced new challenges
to manage the fishery in a way for the spawning stock to rebuild itself as rapidly
as possible. The fishing industry wished to reopen the fishery at an earlier stage,
mainly because the herring were observed at the coast all year around. There
was a lack of herring on the market because the North Sea herring stock had
also collapsed in the late 1970s. It was therefore a difficult task for scientists and
managers to convince the fishing industry that in order to rebuild the stock, fish-
ing would have to be kept at a very low level, preferably with a fishing mortality
of less than 0.05. There was a deep concern among the herring scientists that
the fishery had been too intensive in the early 1970s. The role of the scientists
had completely changed, from being guides to the highest concentrations of
fish before the stock collapsed, to being conservers and advising the protection
of the few herring left in the rebuilding period.

Main fishing fleets and exploitation

Throughout the 1970s and the early 1980s, there was very low exploitation
of Norwegian spring-spawning herring. In 1973 and 1974, less than 10 000
tonnes were landed, and in the whole period 1975-1983, only small amounts
of herring were landed by drift net and small purse seiners. The herring went
to human consumption and bait. In the mid-1980s, when the abundance of the
strong 1983 year-class was verified, a herring fishery on the Norwegian coast
was reopened. Since then, there have been two main fisheries for herring: a)
one that primarily exploited the mature adult herring during winter and spring,
mainly by purse seiners, and b) a fishery for the same part of the population as
fishery a, but carried out in the Norwegian Sea while the herring occupy their
summer feeding areas.

In 1984-2000, the fishery expanded, and large purse seiners were allowed to
exploit the stock. The fishery now takes place all year round, with a concentra-
tion of fishing on the spawning grounds and feeding grounds (Norwegian Sea)
during the summer. Some smaller purse seiners and trawlers exploit the stock
in the overwintering area. The drift net fishery ended in the late 1970s.

During the rebuilding phase, herring fisheries were kept at the lowest
possible level and then allowed to slowly develop; purse seiners are cur-
rently the most important component of the herring fleet. Some trawlers from
European countries and Russia harvest the stock in the Norwegian Sea during
the summer.

During the late 1970s, the quantities landed were very low. Landings increased
somewhat after 1985, and the mean fishing mortality rate (ages 5—12) increased
t0 0.8 in 1983, 0.4 in 1985, and 1.0 in 1986. Figure 4.16 shows landings and fish-
ing mortality of Norwegian spring-spawning herring in 1970—2003. Landings
subsequently fell to less than 100 000 tonnes in 1990 and 1991, while spawning
stock biomass increased and fishing mortality decreased to low levels again by
1991. Throughout the 1990s, landings rose from 480 000 tonnes in 1994 to more
than 1.2 million tonnes in 1996—1998. Since 1991, fishing mortality has been
low and less than 0.15 (ICES 2004).

Landings of small and fat herring were insignificant after 1974. However,
despite decreased catches after 1968, fishing mortality on the juvenile component
remained high until 1973 (Toresen and @stvedt 2000). The exploitation of young
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herring has been prohibited since 1977 due to a minimum size regulation of 25
cm, which has been strictly enforced.

Distribution and migration; changes compared to the pattern prior to the collapse
Our current understanding of the geographical distribution of the herring stock
is a verification of what was believed to be the general distribution of the stock
early in the last century (Lea 1929). Based on acoustic surveys in the different
areas through the year, it has been confirmed that there are spawning sites along
the west coast of Norway, but the importance of the various grounds varies and
is dependent on the abundance of the stock and probably also on where the
herring spend the winter. It has been confirmed that the herring spread into the
Norwegian Sea after spawning and concentrate in the most productive areas.
The locations of these depend on the hydrographical situation (the strength of
the northeast-flowing warm and south-flowing cold currents). The young and
adolescent herring spread through the Norwegian fjords and into the Barents
Sea, and after a few years migrate westwards to mingle with the spawning
stock, either for a short period in the open ocean or off the Norwegian coast.
Based on scale studies, Lea (1929) concluded that the young herring must have
an oceanic stage. However, he did not know about the Barents Sea distribution
of the youngest age groups. Our knowledge of the whereabouts of the various
age groups of the herring is more detailed today, very much due to the use of
acoustic methods to survey herring in different regions. Acoustic estimates of
the herring stock have been made since about 1980, first as annual surveys of
the spawning grounds, but later also in the overwintering areas in Vestfjorden,
Ofoten and Tysfjorden, and in the feeding areas in the Norwegian Sea. Since
1995, the herring surveys in the Norwegian Sea, where abundance estimates
of herring are made, have been international and coordinated through ICES.
Acoustic surveys have been the main method used for abundance estimation
and stock mapping during the final decades of the 20" century.

Spawning grounds

There has been a long-term change in the importance of the different spawning
sites throughout the 20" century. Some of these changes may be related to the
collapse of the stock during the late 1960s and 70s, others to the influence of

Figur 4.16
Landings and
fishing mortality
of Norwegian
spring-spbawning
herring since 1970
(ICES 2004).
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environmental factors. In the first half of the last century, there were two core
areas for spawning: one off Karmey on the southwest coast of Norway, and
the other off Mere on the northwest coast. Between these core areas spawning
was sparse, but further north along the coast there were also important sites
for spawning.

In the 1950s, when the stock decreased in abundance the importance of the
southern spawning sites decreased, and spawning shifted northwards. The
grounds further north near Mare gradually became more important, and by 1960
spawning on the grounds south of Bergen was negligible. Through the period
1960—1988 there were no herring spawning on the southern grounds off Karmey
(Dragesund 1970; Rettingen 1989). However, since 1989, a small component
of'the stock has resumed spawning on the southern spawning grounds (Johan-
nessen et al. 1995).

Shifts in spawning sites and times of spawning have been observed earlier for
this stock (Runnstrem 1941) and this has been related to the size of the spawning
stock and the great fluctuations in abundance (Devold 1963). The mechanisms
that govern the choice of spawning sites are not yet known. Slotte and Fiksen
(2000) put forward a theory that the choice of spawning site is related to the
condition of the individual herring, and that the choice of spawning site is a
trade-off between reaching the optimum spawning site and the use of energy
to reach that site. If too much energy is used up, resorption of eggs may oc-
cur, which will not be beneficial for the spawning and survival of larvae. The
distance from the over-wintering area to the spawning grounds may therefore
play an important role.

Environmental causes of the choice of spawning sites are not well known.
However, Runnstrem (1941) pointed at the importance of hydrographical
conditions on the spawning grounds, while Setre et al. (2001) discussed the
quality of spawning sites of Norwegian spring-spawning herring and came to
the conclusion that sites where the bottom topography makes the water-masses
around the site form eddies or retention of the water, are the most important
sites. However, the mechanism that decides between main spawning areas is
still not known.

During the rebuilding period, the core areas at the More coast were the most
important spawning grounds, but spawning was also observed further north,
for example on the Sklinna coast in northern Norway. As the stock increased
in abundance, the spawning area increased, and by the end of the 20" century,
the stock was observed to spawn at the following grounds at the More coast,
at the Sklinna bank area, at Halten and off Lofoten. The grounds off the Mere
coast were the most important. A small part of the spawning stock spawned on
the grounds outside Karmgy on the southwest coast of Norway.

Feeding area

Between 1968 and 1988, when the spawning stock was small (less than about 3
million tonnes), the herring did not leave the Norwegian coast for feeding, but
remained in coastal waters. Thereafter, when the spawning stock had grown to
more than about 3—4 million tonnes, they migrated into the Norwegian Sea for
feeding during the summer. In a historic perspective, there have been shifts in
the migration pattern through the periods when the herring have migrated into
the Norwegian Sea (Jakobsson and @stvedt 1999). The general rule (1907-1965),
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however, was that the stock spread in the frontal areas in the Norwegian Sea
and migrated to the north coast of Iceland in late summer, where there was an
extensive fishery (Fridriksson and Aasen 1950; Devold 1963).

During the period when the stock was in very low abundance, between
1970 and 1986, the herring fed in coastal waters off Mere and northern Norway
during the summer, and we have no indications that the stock migrated to the
Norwegian Sea for feeding.

' ' ' ' ' ' < Figure 4.17
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feeding season in 2000 as assessed

& : by the ICES Planning group for pelagic

? surveys in the Norwegian Sea at its

meeting in Torshavn in August 2000.

a) Blue arrows denote migration in

April and red arrows migration in

June.The distribution indicated by

isolines are distributions as measured

by the International survey in May.

Maodified after Holst et al. (2000).

b) Red arrows denote migrations

in July and blue arrows migra-

tions in September.The distribution

indicated by isolines are distribu-

tions as measured by the RV “G.O.

Sars” in August 2000. Modified

after Holst et al. (2000).

T

75°N

T

70°N -

65°N

L
75°N >C§z
0

T

70°N |

65°N




NORWEGIAN SPRING-SPAWNING HERRING: HISTORY OF FISHERIES, BIOLOGY AND STOCK ASSESSMENT 73

After the recovery of the stock in the early 1990s, the herring resumed the
migrations into the Norwegian Sea, but has not migrated as far west as Iceland.
Since 1995, annual international surveys in the Norwegian Sea in May have
mapped the distribution and estimated the abundance of the herring in this area.
Figure 4.17 shows the distribution of the herring in the early feeding season
in 2000.

We may ask why, in the feeding season, the adult herring did not migrate to
Icelandic waters in the 1980s and 1990s as they did prior to the collapse of the
stock. One theory is that the herring avoided crossing the frontal area between
the cold Arctic water-masses and the warmer Atlantic water-masses. Although
there are examples of the herring crossing the frontal area, it seems to be a general
rule that most of the herring prefer the warmer side of the front and do not cross
to the colder side (Jakobsson and @stvedt 1999). During the last decades of the
20™ century, the front was found further to the east than previously (Blindheim
2004). Environmental changes may therefore explain why the herring did not
migrate to Icelandic waters after the recovery of the stock.

Over-wintering areas

During the recovery period through the 1970s, the spawning stock stayed close
to the Norwegian coast and over-wintered in certain fjords, such as Vinjefjorden
in Mare and in Gratangen in northern Norway. This distribution pattern con-
tinued throughout 1975-1986. After the recovery of the stock in the late 1980s,
when the 1983 year-class recruited, the spawning stock over-wintered in a few
specific fjords in northern Norway; Vestfjorden, Ofotfjorden and Tysfjorden.
After feeding in the Norwegian Sea, the stock returned, during the past decade,
to the Norwegian coast in September and entered these fjords somewhat later.
Figure 4.18 shows echo-registrations of herring during day as recorded by the
RV “Michael Sars” on 17 January 1992. In early January, the herring left the
fjords and started the migration southwards along the Norwegian coast and
towards the spawning grounds.

There was a sharp change in the over-wintering area after the collapse of
the stock. In the period 1950-1967, the stock wintered every year in a rather
small area some 200 nm east of Iceland. Then, when the stock was very low,
the over-wintering area shifted to the fjords along the west coast of Norway. In
the late 1980s, the fish continued to wintering in the fjords even after the stock
had migrated into the Norwegian Sea to feed during the summer. The recovered
stock did not spend the winter months in the same fjords as the remainder of
the “old” stock had done. This stock wintered in a few specific fjords on the
Maore coast and in the north of Norway.

Assessment of the stock in the period 1970-2000

In this period, two main methods were central for the monitoring of the devel-
opment of the Norwegian spring-spawning herring stock; acoustic abundance
estimation and tagging experiments.

Acoustic abundance estimation

In the early 1980s, acoustic abundance estimation and mapping of the distribution
of herring became the most important methods for monitoring the development
of the herring stock. Through surveys on the spawning grounds during the winter
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Figure 4.18
Echo-registrations
of herring during
daytime as
recorded by the
RV “Michael Sars”,
17 January 1992.

and spring, the development and geographical distribution of the spawning
stock were followed closely through the years of recovery. In the late autumn,
acoustic surveys were carried out in fjords and coastal waters in order to assess
the level of the coastal component of recruitment to the stock. When the rich
1983 year-class recruited to the spawning stock in 1988, it overwintered in a
few fjords in northern Norway, Ofotfjorden and Tysfjorden. From then on, an
acoustic abundance index of the spawning stock has been obtained when the
stock has been located in these fjords in December and January. It is assumed
that throughout the 1990s, most of the spawning stock was to be found in this
specific area, and a number of in situ acoustic experiments were carried out to
improve the acoustic abundance estimation method.

After a further increase in biomass in the mid-1990s, the spawning stock
started to migrate into the Norwegian Sea for feeding migration after spawning.
From 1995 on, an international coordinated acoustic survey was performed in
the Norwegian Sea in order to estimate spawning stock biomass and map its
geographical distribution in May—June (Figure 4.17). In some years a survey
was also carried out by Norway in August for further studies of the geographical
distribution. The series of abundance estimates from the coordinated acoustic
survey in early summer has given the most consistent results for assessment

purpose.
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Tagging experiments

From 1975 on, the state of the adult stock of Norwegian spring-spawning herring
has been assessed by tuning the Virtual Population Analyses (VPA) against stock
estimates obtained from tagging. Both the tagging project and the model used
to process the data have been described in working documents and reports of
the Atlanto-Scandian Herring and Capelin Working Group (ICES 1984, 1986).

The tagging project using internal steel tags was initiated in 1975, since
when herring have been tagged and released annually at various sites on the
west coast in April-May. Before 1982, the herring were caught by purse seine,
towed to the shore and kept in keep nets before tagging. Since 1982 they have
been brailed from the seine to tanks on board the seiner and tagged and released
from the tanks. The tagged herring are released in batches and under various
conditions, and mortality due to tagging is expected to be variable.

The tagged herring are recovered by screening herring catches using a
specially designed internal tag detector. The efficiency of the detector is tested
by mixing tagged herring with the catch before screening.

The recoveries used for stock assessment are all obtained from winter catches
of spawners and pre-spawners. The commercial herring winter fishery was
prohibited until 1984, but experimental fishing for tag recovery was allowed
during the winter between 1977 and 1983. The commercial winter fishery was
opened in 1984, and in subsequent years both commercial and experimental
catches have been screened for tags. The herring stock has developed in two
separate units, and the data on releases and corresponding recoveries are sepa-
rately processed by the two stock components. Tagging is carried out during the
feeding season, and in areas where shoals from both components are found. It
has therefore been difficult to allocate the releases to components when released.
The tagged herring are released in batches of 2 000-10 000 individuals, and the
allocation of the batches to components is made on the basis of the recoveries,
i.e., the position and the age-composition of the catches from which the bulk
of the recoveries are retained. The boundary between the spawning grounds of
the two components runs at about 63°N.

Analytical assessments

In 1978, the first cohort analysis (VPA) of Norwegian spring-spawning herring
was carried out (Dragesund and Ulltang 1978), covering the period of 1950-1971.
This was a turning point for assessments of Atlanto-Scandian herring. From
then on, analytical analyses have been performed annually by the assessment
working group dealing with Norwegian spring-spawning herring, and it has
become routine to carry out VPAs (ICES 1983; ICES 2000). In the ICES symposium
1978: The Assessment and Management of Pelagic Fish Stocks, Dragesund,
Hamre and Ulltang (1980) made a comprehensive contribution to the biology
and population dynamics of Norwegian spring-spawning herring. Their paper
offers a description of the changes and the causes underlying the distribution
and abundance of the stock from 1950 to 1978. The paper includes simulations of
possible developments of the stock on the basis of various conservation strate-
gies through the 1960s, when the stock collapsed. One such strategy simulated
the likely effects of closing the small-herring fishery (0- and 1-year-olds) from
1960 onwards. Fishing mortality for older age groups was set equal to the VPA
values. According to this simulation, the spawning stock biomass would not
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collapse. It would reach a minimum level of about 1.6 million tonnes in 1970,
compared to the estimate of 60 000 tonnes produced by the VPA at the time. The
simulation also indicated that the total yield of adult herring through the 1960s
would have been substantially higher if the exploitation of 0- and 1-year-old
fish had been prohibited.

An estimate of the stock trajectory of Norwegian spring-spawning herring
throughout the 20™ century, and its relation to environmental data, was made by
Toresen and @stvedt (2000), who analysed stock size fluctuations for the period
1907—-1998. In general, the analytical assessments produced by the VPAs and
their later derivatives reveal inconsistencies in the data employed (for example
catch data), which have made scientists more aware of their quality and vari-
ability. The use of analytical assessments has helped the scientists working on
fish population dynamics to understand how the structural features in a stock
vary and interact.

Since the beginning of the 1970s, the Norwegian spring-spawning herring
has annually been assessed by the Atlanto-Scandian herring assessment work-
ing group in ICES. The analytical assessments found that the spawning stock
slowly recovered to a level of about 600 000 tonnes in 1983. This is a very low
level for this stock, and far below levels at which it is expected to produce rich
year-classes. The time series show that when this stock has a biomass below
2.5 million tonnes, it has a very low chance of producing rich year-classes.
Therefore, it was a surprise when the stock produced a very rich year-class in
1983. There must have been outstandingly good environmental conditions for
the survival of fish larvae that year, because the Northeast Atlantic cod stock also
produced a very rich year-class. As 0-group, the herring spread in the Barents
Sea, and the year-class was recorded as being the most abundant year-class
in the history of that survey (starting in 1965). The year-class recruited to the
spawning stock in 1987-1989, and raised the spawning stock to a level of about
4 million tonnes in 1989.

In 1991 and 1992 recruitment was successful, and by the end of the 1990s,
the stock had increased to about 10 million tonnes when these year-classes fully
recruited to the spawning stock (ICES 2003).

Management in the rebuilding phase

In 1977, coastal states acquired greater influence over their “own” resources. The
implementation of the 200-mile exclusive economic zones (EEZs) confirmed
their ownership of resources and made it much easier to implement regulatory
measures. The size of the international areas containing large fishery resources
decreased drastically, and the need for multilateral agreements suddenly became
more important.

Norwegian spring-spawning herring were located within the Norwegian EEZ
from 1970 onwards (Institute of Marine Research 1995). The stock was at low
levels of abundance (ICES 1999) and was found only in inshore waters along
the Norwegian coast (Dragesund et al. 1997). The management of the stock was
therefore regarded by Norwegian authorities as a national matter. The goal of
management was to rebuild the spawning stock as rapidly as possible to a level
above the Minimum Biological Acceptable Level (MBAL) of 2.5 million tonnes.
The fishery was therefore strictly regulated, with a minimum landing size of
25 cm (from 1977 on) and the lowest possible catch of adult herring through
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1976—1980. Through 1972—1982, less than 20 000 tonnes of herring a year were
landed, except in 1977. Throughout the late 1970s and early 1980s, there was a
“struggle” between the scientists at the Institute of Marine Research in Bergen
(as advisors) on the one hand, and the fishing industry on the other, concerning
how much herring could be harvested. The fishermen found herring on the coast
all year round, and availability was occasionally relatively good. However, in
1979, the Institute produced an abundance estimate of the spawning stock, based
on tagging experiment data. This estimate showed that the stock was still at a
very low level, and served as a basis for the continuation of the strict regulations
(ICES 1979; Hamre 1990). ICES therefore continued its advice for zero catches
(begun in the 1970s) until 1984. After 1980 the fishery was expanded somewhat.
After intense pressure from the Norwegian fishing industry, the authorities
agreed on small annual quotas, limited to a maximum yield corresponding to
a fishing mortality rate of not more than 0.05.

In 1984, when the strength of the 1983-year-class was known, the purse sein-
ers were allocated a small quota on the spawning grounds, which was a turning
point. From 1987 onwards, the USSR was allocated quotas of about 10% of the
total set by Norway, but allocated to the USSR in the Joint Norwegian-USSR
Fisheries Commission. This was done reluctantly by the Norwegian authorities
and after a demonstration fishery of some 27 000 tonnes of juvenile herring car-
ried out by the Soviet fleet in the Barents Sea in 1986. USSR thereafter joined
in the management of the stock. By the early 1990s, the spawning stock was
increasing (ICES 1999) and started to migrate into the Norwegian Sea during the
summer. Accordingly, the stock again became a “hot” issue in the new NEAFC
(North-East Atlantic Fisheries Commission). The organisation had always
discussed the herring stock at its annual meetings, but when it again appeared
in international waters and more nations expressed an interest in it, NEAFC
suddenly had to play a more active role.

In 1995, an international scientific working group with participation from
Iceland, Russia, the Faroe Islands and Norway was established to assess the
zonal attachment of Norwegian spring-spawning herring. A report from the group
(Anon. 1995) was completed in 1995. On the basis of the results received from the
Working Group, NEAFC agreed in 1996 to set a TAC (total allowable catch) for
the stock and to allocate this TAC among the five coastal states: Iceland, Faroe
Islands, Russia, Norway and the European Union. For 1997, NEAFC decided on
an additional catch limit in international waters in the Norwegian Sea. The five
coastal states that had made the agreement on the TAC, as well as Poland, were
given the right to fish this extra quota. In 1999, the five coastal states agreed
on a long-term management regime for Norwegian spring-spawning herring,
implementing the precautionary principle. In 2001, this management plan was
further developed, and its main elements are to 1) maintain a level of spawning
stock biomass (SSB) greater than the critical level of 2.5 million tonnes (B, ),
2) to restrict fishing on the basis of a TAC consistent with a fishing mortality
rate of less than 0.125 for the relevant age groups, and 3) should the SSB fall
below a reference point of 5 million tonnes (B,,), to adapt fishing mortality
rate in the light of scientific estimates of the conditions in order to ensure rapid
recovery of the SSB to a level in excess of 5 million tonnes. The basis for such
an adaptation should be at least a linear reduction in the fishing mortality rate
from 0.125 at B, t00.05atB, .
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The ecological role of herring in the Northeast Atlantic

The Norwegian spring-spawning herring plays a key role in ecosystems in the
Northeast Atlantic Ocean. The adult stock feeds on plankton, mainly copepods,
in the Norwegian Sea and transforms energy from the plankton organisms into
gonads. The gonads are spent during spawning along the Norwegian coast in
February/March each year. The weight of the gonads equals about 25% of the
weight of an individual herring. Hence, if the spawning stock is 6 million metric
tonnes, the total weight of the spent gonad products will be about 1,5 million
tonnes. These products, at first in the form of fertilized eggs, and thereafter
larvae and juvenile fish, enrich the ecosystems along the Norwegian coast
and the Barents Sea in the form of huge quantities of food particles. Some of
this biomass will end up as a new year-class of herring, but most of it will be
important food for fish and other animals living along the coast of Norway. After
hatching, the herring larvae drift with the Norwegian coastal current and end up
in the Barents Sea as juveniles in the late summer of the year they were born.
Here they spend the first three or four years of their life before they migrate
westwards and into the Norwegian Sea to join the adults.

Throughout the 1980s, an ecological comprehension of the interactions
between the main fish stocks in the Northeast Atlantic arose. In the Barents
Sea, it was found that young herring and capelin interact. When Norwegian
spring-spawning herring produce rich year-classes they occupy the Barents Sea,
and they spend their first three or four years in the area. In the southern part of
the Barents Sea the distribution of small herring overlaps the distribution of
capelin larvae. This overlap highly affects the survival of capelin fry because
the young herring feed on the larvae. When young herring are present in the
sea, capelin recruitment nearly collapses. The interactions between young
herring and capelin larvae are confirmed by the time series of acoustic biomass
estimates of capelin in the area, which show a severe drop in the capelin stock
whenever herring are also there. Field studies have shown that young herring
feed on capelin larvae. Gjosater and Bogstad (1998) estimated the effects of
the presence of herring on the stock-recruitment relationship of Barents Sea
capelin and found a significantly better fit when the years when young herring
were present are excluded.

When herring are present and influence the capelin stock, the whole
Barents Sea ecosystem is affected because there is a rather close relationship
between the abundance of capelin and the condition of Northeast Arctic cod.
The condition of cod directly influences its spawning efficiency, and thus
the population dynamics of the most important predator in the area (Barros
et al. 1998). Hamre and Hatlebakk (1998) described these relationships and
developed a model in which oceanographic conditions play a major role in
the dynamics of the Barents Sea system. According to the model, when winter
temperature is high on the Norwegian coast, there is a higher probability of
production of rich year-classes of herring (Toresen and Jstvedt 2000). Fluctua-
tions in temperature occur at intervals of around 8—12 years, and the dynamics
of the ocean and its living resources are therefore affected periodically. The
Norwegian spring-spawning herring is therefore looked upon as a key species
in the Northeast Atlantic, affecting the abundance and dynamics of several
stocks and their interactions.
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A CHAPTER 5

Northeast Arctic cod:
fisheries, life history, stock
fluctuations and management

Arvid Hylen, Odd Nakken and Kjell Nedreaas

5.1 Introduction

The stock of Northeast Arctic cod is potentially the largest cod stock in the
world. Its nursery and feeding areas are in the Barents Sea and Svalbard waters
(Figure 5.1). Mature fish undertake spawning migrations southward along the
coast of Norway where important fisheries for spawning cod have taken place
for centuries in February—March; what are known as the “skrei” fisheries. The
main spawning area is Lofoten. Immature fish make seasonal east-west and north
—south migrations in the Barents Sea that are related to the cooling and warming
of the water masses and the distribution of prey. At the age of 3—5 years (40—50
cm in length), when capelin become a major prey item, the immature cod follow
the spawning migrations of capelin to the coasts of Finnmark and Murmansk
where another traditional cod fishery takes place, the spring-cod or capelin-cod
fishery, in April-May. Until about 1920, the bulk of the annual yields came from
these two Norwegian coastal fisheries. Between 1920 and 1940, international

Figure 5.1

Northeast Arctic cod.
Distribution and migrations
(Michalsen, K. (red) 2004).
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offshore trawl fisheries developed in the Barents Sea; fisheries which, by the
end of the 1930s, exceeded the total catch of cod in the traditional Norwegian
fisheries. The expansion of the offshore trawl fisheries continued after a period
of low fishing activity during World War 11, and in the 1950s it was obvious that
the large catches of young and immature fish in these fisheries were reducing
yields in the skrei fisheries. Advice on fisheries management has been regularly
offered by ICES since about 1960, including recommendations of a variety of
measures (increased mesh size, closed areas for fishing, reduced effort, catch
quotas) in order to protect small sized fish and reduce the rate of exploitation.
Nevertheless, prior to the establishment of national economic zones (NEZ) in
1977, no effective management measures were ever put into operation for the
fisheries on this stock.

Catches of Northeast Arctic cod have shown large temporal and geographical
variations during the 20" century. Figure 5.2 shows landings, annual estimates
of stock biomass and spawning stock biomass as well as fishing mortality rates
and recruitment. Many authors have contributed to our present understanding
of the causes of the observed fluctuations in catches, stock size and exploitation
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rates, and references are given in Bergstad et al. (1987), Nakken (1994), Sundby
(2000) and Hylen (2002).

In the present chapter we summarize and evaluate the available information
on trends and fluctuations in fisheries, stock size and biological characteristics
for the stock throughout the 20™ century. We describe the development in our
understanding of the causes of these fluctuations as well as the management
measures which have been advised and introduced in order to maintain the yield
from the stock at a high and sustainable level.

5.2 Fisheries and yields

Detailed landing statistics for Northeast Arctic cod have been available since
1864. On the basis of information from export statistics and taxes, Qiestad
(1994) presented figures for annual landings back to 1570. His results show a
major increase in catches during the 19" century from a highly variable level
between 5 000 and 50 000 tonnes prior to 1810 to about 200 000 tonnes at the
end of the century. Qiestad also asked whether the fishery reflected the size of
the stock and concluded that there was reason to believe that the main pattern
of variation in catches reflected actual variations in abundance.

The development of total international landings throughout the 20™ century is
shown in Figure 5.3. Until the mid-1920s, the bulk of the landings was from the
two traditional Norwegian near-shore fisheries; the skrei (spawning cod) fishery
and the spring cod (young cod) fishery. During the 1930s, catches increased
rapidly with the increasing international trawling effort in this area. Trawl
catches ceased during World War 11 when the Barents Sea became a war zone,
but increased rapidly again after the war, with total annual landings reaching
a level of more than 1.3 million tonnes in 1956. Throughout the 1960s and 70s,
landings fluctuated considerably due to fluctuations in the abundance of the
year-classes that became available to the fishery. Annual total fishing quotas
(total allowable catches, TAC) were introduced in 1975, and since 1977, Norway
and Russia have shared the ownership and management responsibility for the
stock (see section on management).

Landings by gear are shown in Figure 5.4. During the first two or three de-
cades of the century, when most of the catch was from the Norwegian fisheries,
nearly all the fish were caught by traditional gears; i.e. handlines, longlines and
gillnets. Since the 1930s, with exception of the war years (1940—1945), 40—90
percent of the landings have been trawl catches. Trawling was not used to any
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extent in the Norwegian cod fisheries before the 1950s. During the pre-war ,\,'og,':,::ast Arctic cod.

decades, when other nations (Great Britain, Germany and USSR) were developing  Landings by gear.
their trawl fisheries in the Barents Sea, there was a considerable resistance to
trawling in Norwegian fishing communities. It was feared that offshore trawl-
ing, which captured large amounts of small and young fish, would reduce the
amount of larger cod approaching the coast in winter—spring and thus lower
the availability of fish to the Norwegian cod fisheries. Because of this, and in
order to avoid gear conflicts between trawling and longlines/gillnets, the use
of trawls in Norwegian territorial waters was forbidden in 1908, and for a long
period landings of trawl-caught fish were prohibited in Norway. Before World
War 11, Norway had only a few (10-11) trawlers engaged in the cod fisheries.
However, after the war, in the 1950s and 60s, a number of trawling licences were
issued to Norwegian fishermen in order to provide the growing fillet industry
with steady supplies of raw materials.

The Norwegian “skrei” fisheries

Of the different Northeast Arctic cod fisheries, the “skrei” (spawning cod) fisher-
ies are the oldest and most important; they are as old as the history of Norway,
and the development of the cod fisheries has very much been linked to the
“skrei”. For hundreds of years, the main fish product exported from Norway was
dried cod (stockfish); i.e. cod fished during the skrei fisheries in winter—spring
along the western and northern coasts, the Lofoten region being the main fish-
ing area. Figure 5.5 shows the percentage landings by gear in the Norwegian
“skrei” fisheries. Handline, longline and gillnets accounted for all catches until
the late 1940s when the purse seine, trawl and Danish seine became important
gears. There is a noticeable relative reduction in longline catches during the
time series. In 1949-1955, the authorities permitted several hundred vessels to
trial purse seine during the skrei fisheries in Lofoten, and for some years in the
1950s, the purse seine catch made up 3040 percent of the Norwegian catch of
skrei. The use of purse seining in the skrei fishery came to an end in 1959. From
Figure 5.5 it appears as if no skrei were caught by trawlers in the most recent
decades. This is an artefact caused by a change in the official fishery statistics
in the late 1970s. Since then, only the catch of mature cod caught in the Lofoten



NORTHEAST ARCTIC COD: FISHERIES, LIFE HISTORY, STOCK FLUCTUATIONS AND MANAGEMENT 87

100
I HANDLINE 2

80

60

%

40

20

The Norwegian "Skrei" fishery by gears

1900

Figure 5.5

The Norwegian
skrei fishery by gear.
The lack of trawl
catches in recent
decades is due to a
change in the official
landing statistics.

Figure 5.6
The Norwegian
skrei fisheries
by area.

LONGLINE

" Handline

¥ Longline

B Gillnet

B Purse seine
# Danish seine
u Trawl

GILLNET

DANISH
SEINE

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

monitoring district in the spawning season have been recorded as skrei, while
in previous decades, spawning Northeast Arctic cod caught along the entire
western and northern coast from Finnmark and southward were reported as skrei.
The Lofoten district is in territorial waters in which trawling is not permitted.
However, the southward migration pattern of the pre-spawning cod is largely
outside the territorial waters in which Norwegian as well as foreign trawlers
fish, and as early as the 1930s, Rollefsen (1938) thought that a substantial part
of the skrei population was caught by foreign trawlers during the spawning
migration. The extension of the fishery limit to 12 nautical miles in 1961 and
the new management system adapted in 1977 greatly reduced foreign trawling
activity along the migration route.

Figure 5.6 shows Norwegian landings of skrei in individual districts dur-
ing the 20" century. Until the 1930s, substantial amounts were caught in areas
south of Lofoten, and in 1912-1915, landings in the More—Trendelag district
exceeded those in Lofoten. South of 62°N, skrei fisheries ceased in the 1920s
due to lack of fish, and in recent decades, catches in the Mare—Trondelag dis-
trict also have been very low. Along with the decline in catches in the southern
districts, there has been an increase in the districts north of Lofoten. Several
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authors have interpreted this as an effect of climate change (see section 5.4).
The cod fisheries attracted many fishermen, and in order to organize fishing so
that gear collisions could be avoided, three regional monitoring services were
established; in Lofoten and in Borgundfjord (in Mere) for the skrei fisheries,
and in Troms—Finnmark during the spring cod fishery.

The Lofoten fishery

The largest and best-known of the Norwegian cod fisheries is the Lofoten skrei
fishery, which has accounted for the bulk of the Norwegian catch of skrei for
centuries. In the 1890s, the number of fishermen taking part in this fishery varied
between 24 000 and 32 000 each year, with annual catches between 15 million
and 31 million spawning cod, which gave 8 000—19 000 hectolitres of cod liver
oil. Participation in the fishery as well as catches decreased in the early 20"
century, but reached a new peak in the 1930s, when 22 000-32 000 fishermen
and more than 10 000 vessels were present in Lofoten, catching 53 000-130 000
tonnes a year. The number of fishermen remained at about 15 000—20 000 until
the mid-1950s, but then declined rapidly to about 5 000 in 1970 and to a little
more than 3 000 by the end of the 20™ century.

Even centuries ago, the large numbers of fishing vessels operating in a very
limited area required fishing to be organized according to specific rules, and
a special “Lofoten Act” was passed for this purpose. An important measure
aimed at avoiding gear collisions was the division of the total fishing area into
sub-areas allocated for particular types of gear, as well as fixed setting and
hauling hours for gillnets and longlines so that other gears could safely operate.
During the fishing season, the main services of society, (i.e. law and order,
health, communications) were considerably strengthened in the villages where
the fishermen lived and landed their fish. Particular houses were available for
lodging; a system that was initiated by King Qistein in about 1130. Along with
the modernizing of the fishing vessels and the falling participation in the fishery
during the latter half of the 20™ century, the need for these lodgings decreased
and eventually disappeared.

The spring cod fishery

While the Lofoten fishing season was in late winter and early spring (Febru-
ary—March), the season for the spring cod fishery in Finnmark was somewhat
later (April-June), and many cod fishermen sailed directly from Lofoten to
Finnmark. At certain periods, depending on the abundance of the year-classes,
catches in the Finnmark fishery exceeded those in the Lofoten fishery. A strong
year-class recruits to the Finnmark fishery as 4—6-year-old fish, and thus 2-3
years before it becomes mature and appears in the Lofoten fishery. Hence a
rich fishery of young cod in Finnmark was a hint that an increase in the avail-
ability of fish could be expected in Lofoten within a few years. Large temporal
east—west and shallow—deep water shifts have occurred in the spring cod fishery,
depending on where the capelin schools “decided” to spawn; shifts that have
been linked to changes in sea temperatures (see section 5.4).

5.3 Sampling, age determinations and stock units
Sampling of individual cod from the two large seasonal fisheries for the skrei
and spring cod was initiated during the first decade of the 20™ century and has
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been carried out annually ever since 1913. The age, size, sex and maturity stage
of each fish were determined. Until 1930, age determinations were based on scale
readings, a method that produced unreliable results for fish older than 7-8 years
(see Hylen 2002 for a discussion of the problem). In late 1931, Rollefsen had his
method ready for analysing otoliths (Rollefsen 1933, 1935). The method provided
information both on the age of the fish and age at first spawning, and thus the
number of times that the fish had spawned. Employing this methodology on the
samples taken during the skrei fishery in 1932, Rollefsen (1933) concluded:

1. The skrei may reach maturity from their 6" to the 15" year

2. Most of them reach maturity in their 10" and 11* year

3. Skrei spawn every year after reaching maturity

Rollefsen also estimated that the number in each year-class fell by 3540
percent for each spawning. Since 1932, age determinations have been based
on otolith readings.

For centuries, fishermen have made a distinction between two main types
of cod in Norwegian waters; the coastal cod that inhabit near-shore areas and
fjords all the year round, and the great masses of cod entering coastal waters to
spawn or feed on capelin in late winter and spring. They distinguished between
the two types on the basis of the shape and colour of the fish, as did G.O. Sars
when he drew them (Sars 1879). When Rollefsen studied cod otoliths (Rollefsen
1933, 1935) he found that “The otoliths of these coastal cod differ considerably
in many ways from those of the skrei (Northeast Arctic cod), not only in the
relative width of the zones and their structure, but even in the external form”.
Rollefsen also found that the two groups were characterized by differences in
growth and age at first spawning; the coastal cod grows faster and reach matura-
tion at an earlier age than Northeast Arctic cod; observations which have since
been verified (Godo 1984).

Studies made by British and Russian scientists in the 1950s, revealed diffe-
rences in otolith structure and zone patterns in cod caught at various locations
in the Barents Sea (Trout 1955; Mankevich 1969). However, the separation
into two main groups, coastal and Northeast Arctic cod, was supported by
the genetic studies of Maller (1968, 1969). He suggested that the two groups
were genetically distinct populations. However, Mork et al. (1985) found that
the genetic distance between the various stocks of Atlantic cod was generally
low, and they believed that this was probably a result of gene flow between
stocks. More recent investigations that have compared the results of genetic
studies, tagging experiments and otolith patterns, have led to the conclusion
that the two groups should be regarded as separate stocks (Jakobsen 1987; Dahle
1991), and since the mid 1990s, a separate stock assessment of coastal cod has
been carried out by ICES. Results from quite recent analyses support the use
of otolith shape for separation of Northeast Arctic cod and Norwegian coastal
cod (Stransky et al. 2007).

5.4 Distribution and migrations

Knowledge of the main features of the distribution and migration of the
various stages and size groups of the stock was established between 1878 and
1914. Observations made during the Norwegian North-Atlantic Expedition
of 1876-1878 (see Satre 2004; Rollefsen 1966) enabled G.O. Sars to map cod
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and sampling activity by Norwegian and Russian research vessels in 1900-1903  of the skrei
provided information on drift patterns of eggs and larvae as well as on the (Sars 1879).
seasonal changes in the spatial distribution of the young cod (Solemdal and
Serebryakov 2002; Satersdal, this volume). Large-scale tagging experiments

in 1912-1913 showed that cod tagged off Finnmark made spawning migrations

far south along the Norwegian coast.

Rollefsen (1966) has described G.O. Sars’ discovery of the pattern of cod
migration. In the mid 1860s, when Sars had found the eggs of the cod and seen
its larvae hatch, he concentrated his interest on where the large quantities of
cod spawning in Lofoten in winter/early spring were to be found during the
rest of the year. He was able to provide an answer in the summer of 1878, when
he studied samples of cod fished off Spitzbergen, near 80°N: “Sars examined
the Spitzbergen cod. He found no roe or milt in it, although it was very large.
He found no small fish and no cod fry along the shore. He posed the question:
“Where do the Spitzbergen cod reproduce?” and writes: “Now that our last
expedition has procured us a complete picture of the formation of the ocean
bottom and the other physical and biological conditions in the waters we sailed,
this question appears just as easy as it formerly seemed difficult. There can be
no doubt that the mature individuals go south and appear along our coast as the
well known Lofoten winter cod”. Sars then marked the paths of migration of the
Lofoten cod and the Finnmark cod on his map. While he allows the Lofoten cod
to make its spawning migrations to the Norwegian coast, he holds the immature
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Finnmark cod back in the Barents Sea (Figure 5.7). It was as easy as that. As a
reward for his labours, Sars received a gift from his cod. Skipper Ingebrigtsen
of the sloop “Amalie” of Tromse caught a cod at Spitzbergen that had a fish-
hook in its jaw, with a little piece of snood still attached. The hook was sent
to Sars. The snood was of a quite different type from that used at Spitzbergen,
but the same type as fishermen used in Lofoten and Finnmark. The flesh of the
fish had grown over the hook, which must have been there for a long time. The
cod had surrendered (Rollefsen 1966).

The current map made by Mohn in 1887 based on data from the Norwegian
North-Atlantic Expedition (1876—1878) (see Satre 2004), indicated that eggs and
larvae from the spawning fields at the Norwegian coast would drift northward
and into the Barents Sea, and the observations made with the research vessel
“Michael Sars” during 19001903 showed such a drift pattern; cod eggs were
only observed in near-shore waters, while larvae and larger fry were found more
offshore and further north (Figure 5.8). The “Michael Sars” surveys were coordi-
nated with the work of the Russian research vessel “Andrei Pervozwanny” which
started operations in the Barents Sea in 1899 (Solemdal and Serebryakov 2002).
The knowledge of cod distribution gained from the extensive and coordinated
survey activity in these years, in addition to the results of the tagging experiments
(Figure 5.9) carried out a decade later (1912—1913), were summarized roughly
as follows in the 1914 Annual Report on Norwegian Fisheries: The schools of
cod which each winter/spring spawn at the Norwegian coast belong, to a large
extent, to a single stock which has its feeding and nursery areas in the Barents
Sea and Svalbard waters.

The main spawning fields were in the Lofoten region. However, before 1920,
there were large skrei fisheries all along the western coast, and in some years the

Figure 5.8 The outer limits of the spawning
products of cod. Results from cruises in 1901—1904. Figure 5.9 Main results of cod tagging
| Eggs, Il Larvae, lIl Post-larvae (Hjort 1914). experiments in 1912—1913 (Hjort 1914).
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catches in the Mare region were on a level with landings in Lofoten (Figure 5.6).
At the ICES annual meeting in 1926, Oscar Sund described the distribution area
of'the stock as follows: “As is well known, the cod population of the Norwegian
coast north of Cape Lindesnes (Naze of Norway) is effectively separated from
the cod populations of the other regions except that of the shallow Arctic seas
north and east of Finnmark. These seas form “the grazing grounds”, while the
coastal waters of Norway between the northern and southern extremities of the
country offer the conditions necessary to the propagation of this cod population.
A statistical survey of the northern cod population, which may properly be
termed the Arcto-Norwegian, should therefore include evidence both from the
different parts of the coast and from the northern waters” (Sund 1927). Clearly,
Sund was of the opinion that the great fisheries for pre-spawning and spawning
cod which took place each year in February—March all along the coast, were
mainly based on fish belonging to the stock of Northeast Arctic cod or Arcto-
Norwegian cod, as it was called until the 1970s.

A number of tagging experiments (Dannevig 1951; Trout 1955; Berger
1965), increasing and more wide-ranging fishing activities and in particular
the information obtained from surveys following World War 11 (Maslov 1956;
Baranenkova 1961; Midttun and Satersdal 1956), have verified the main picture
established by Sars, Hjort and Sund and added some important details regard-
ing the distribution of the stock. There seems to be none or little migration of
immature cod between the two main nursery areas, the Bear Island—Svalbard
region and the southeastern part of the Barents Sea. Immature fish feed both
on the bottom and in the midwater layers and make seasonal east—west and
north—south migrations. The amplitude or range of these migrations increases
with age, and at the age of three to five years, when capelin become a major
food item, the cod follow the spawning migrations of capelin to the coasts of
northern Norway and Murmansk. Some older immature fish join the mature
population on its migration towards the spawning fields further south, the so-
called “dummy runs” (Trout 1957; Woodhead 1959). Tagging experiments on
spawners have indicated that the majority of fish return to the same spawning
field for several years in succession (Godo 1984).
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In addition to seasonal displacements, temperature- and climate-related dis-
placements have been observed on both small and large time- and space-scales.
In periods of warm climate in the Barents Sea, the distribution area is extended
towards the north and east, as compared to cold-climate periods, when the fish
tend to concentrate in the south-western parts of the sea. In the 1870s, a rich
fishery occurred during the summer for some years off western Spitsbergen.
The fish disappeared from these banks in the early 1880s, probably because of
an unfavourable ocean climate, and until about 1920 no fishable concentrations
were found on the banks in the Bear Island—Svalbard area (Iversen 1934). During
the warming of the North Atlantic and the Barents Sea in the 1920s and 30s, the
area of distribution of the stock was extended substantially towards the north
and east (Taning 1949), and the banks in the Bear Island—Svalbard area, as well
as those in the eastern part of the sea, near Novaya Zemlja, became important
fishing grounds during summer—autumn. Simultaneously there seem to have
been a change in spawning areas; catches of skrei in the areas south of Lofoten,
which before 1920 had been substantial, gradually decreased during the 1920s
and 30s, while rising in Finnmark. Saetersdal (1960) believed that changes in
ocean climate caused displacements of the entire distribution area for the stock;
in cold periods both feeding areas and spawning fields were shifted towards
the south and west (i.e. towards warmer waters) compared with warm periods.
His opinion was based on the shifts in the fisheries and the findings of Eggvin
(1938), and is supported by more recent studies based on longer time series.
These studies show that while the quantity of spawning cod fished in Lofoten
always makes up a substantial portion of the total Norwegian catch of skrei,
catches north and south of Lofoten have varied with sea temperature. In cold
periods a larger proportion of the spawners have moved to the southern districts
than in warm periods, when spawning to the north of Lofoten has increased
(Godg 2003; Sundby and Nakken 2004). Large short-term shifts in the geo-
graphical distribution, lasting for a few years and closely related to changes in
temperature, have also been observed (see Ottersen et al. 1998 for references).
From 1977-1980, temperatures in the Barents Sea were very low, and the area of
distribution of the immature cod decreased substantially (Nakken and Raknes
1987), a matter which influenced the quality of the stock assessments in those
years (see page 111).

The vertical distribution of the cod also changes with temperature. The depth
of the concentrations of spawning cod varies according to the depth of the transi-
tion layer between the winter-cooled coastal water and the warmer and more
saline Atlantic water below. Spawning cod generally stay within this transition
layer, which may rise and sink very rapidly in the course of a season, due to
changes in air pressure and wind conditions. Before echo-sounders came into
widespread use, fishing gave uneven results due to the vertical shifts of this layer
(Sund 1933; Eggvin 1938), which led to similar shifts in fish distribution.

5.5 Growth and maturation
Both the rate of growth of Northeast Arctic cod and the age at which the fish
become mature have shown large changes over time.

Long-term changes in growth rates are shown in Figure 5.10. The mean length
of first-time spawners at the age of 8—10 years increased during the period after
the Second World War. Short-term variations in growth have been consider-
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able, and particularly noticeable is the great reduction in mean length at age
during the period 1938—1944, when the mean length of all age-groups from 6—-10
years decreased by approximately 8—10 cm. This coincided with a complete
disappearance of spawning capelin off the coast of Finnmark in 1938—1942
(Olsen 1968). Reliable data for weight at age in this period are lacking, but for
65—70 cm long fish, the length reductions are equivalent to a weight reduction
of about 40 percent. A similar reduction in weight of young cod (3—5 years of
age) was detected during the second half of the 1980s (Figure 5.11), when the
weight of five-year-old cod fell by about 50 percent in the course of three years.
Both of these periods occurred in years when the capelin stock was in a poor
state. Towards the end of the 1980s, the cod ate mostly amphipods and gadoid
juveniles (including cod) to compensate for the lack of capelin, and the nutri-
tion value of such a diet is poorer than that of capelin. A large stock of small
herring in the Barents Sea could probably have offset the weight reductions in
cod in 1986-1988 (Hamre 1988), but the stock of small herring (the 1984 and 1985
year-classes) was rapidly eaten, and the growth and condition of cod became
extremely poor. However, when the capelin stock recovered in 1989-1990, cod
growth rates increased rapidly (Figure 5.11). Early in the century too there was
an abrupt decline in cod growth. In his report on the cod fisheries in 1903, Johan
Hjort described a situation similar to that observed in 1987; cod fisheries were
extremely poor because hordes of harp seals invaded the fishing grounds and
scared the fish into deep waters. The cod were so lean that their livers sank in
seawater and thousands of dead seabirds were floating off the Finnmark and
Murman coasts; probably starved due to lack of capelin (Hjort 1903).

Male cod reach maturity at a younger age and smaller size than females. For
Northeast Arctic cod this difference is quite significant. Rollefsen (1937) found
that nearly all six- and seven-year-old spawners were males, while females were
dominant in the spawning stock at ages of 11 years and above. During the 1990s,
the difference in age at 50 percent maturity between females and males was
about one year (Ajiad et al. 1999) and the data indicated that in many years, the
ratio of males to females in the mature part of the cod populations was more
than two to one.
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In Northeast Arctic cod, the average age of maturation has fallen from be-
tween nine and eleven years in the 1950s to around six in the 1990s (Jorgensen
1990; Beverton et al. 1994; Heino et al. 2004), as Figure 5.12 shows. Two
different mechanisms have been advanced as the cause of the decline. First,
density-dependent growth enhancement; i.e. when fishing removes fish from
the stock, the competition among the remaining individuals is reduced so that
they experience better availability of food, better growth and earlier maturation.
In the early to mid-1980s, when the stock, particularly of immature fish, was
at an extremely low level (Figure 5.2), the mean length of first-time spawners
aged six, seven and eight increased rapidly (Figure 5.10).

Second, a genetic change; i.e. intensive fishing catches late-maturing indi-
viduals before they reach maturity so that “the old age maturation genes” are
removed from the stock. However, age and size at maturation in fish, includ-
ing cod, is known from both field and experimental studies to be modified by
environmental conditions, in particular by temperature (Gode and Moksness
1987) in addition to the effects of fishing mentioned above, so that the general
trend towards warming of the Barents Sea ecosystem since the late 1970s may
have contributed to the reduction in age at maturation during the most recent
decades.

Since eggs spawned by older cod are more viable than those from young
spawners (see next section), the reproduction potential of the stock may have
been negatively effected by the development, as shown in Figure 5.12. A better
understanding of the causes and mechanisms which have led to that development
is urgently needed (Heino et al. 2004).

5.6 Recruitment fluctuations and their causes — environment or

parent stock size?

In his summary of the first five years of international cooperation in marine
science under the auspices of ICES, Johan Hjort (1908) wrote: “That we can
thus from the Arctic ocean and even down to the North Sea trace a connection
between the growth and production of fishes and climatic conditions seems
to show that the production of fish is subject to such mighty influences that it
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may be regarded as independent of the interference of man”. The hypothetical
conclusion in this statement regarding the effect of fishing (i.e. the interference
of mankind) has later been shown to be wrong for exploited species and stocks.
However, the general observation, “a connection between the growth and
production of fishes and climatic conditions” was elucidated in Hjort’s classic
work a few years later and became a major topic of study throughout the 20™
century. The view that fishing had no significant effects on recruitment was held
by most scientists until the 1960s. In his paper “What is over-fishing?”, Petersen
(1903) distinguished between different effects of fishing, including reducing the
mature stock so that too few eggs would be produced to maintain recruitment,
and catching undersized fish (too young) with the result that future yields would
be reduced. The first possibility was regarded as very unlikely, while the other
was a matter of great concern in the North Sea fisheries as early as the turn of
the century, and became a major challenge in managing cod fisheries in the
North Atlantic throughout the 20" century.

In their invitation to an ICES meeting in 1948 on “Climatic changes in the
Arctic in relation to plants and animals”, the conveners, Gunnar Rollefsen and
Age Vedel Taning, wrote: “Thus, it is clear that some of the largest fisheries in
the northern hemisphere —e.g. some cod fisheries — during the coming years will
be completely dependent on the course of the present mild period in northern
waters”. The mild period they referred to was the northward penetration of warm
saline water masses in the North Atlantic since 1920, which was particularly
pronounced during the 1930s and was accompanied by northward displacements
of many species of fish as well as greater yields in many fisheries. Obviously,
Rollefsen and Taning were of the opinion that the increased yields of cod during
those decades were at least partly the results of increased biomass production
due to favourable environmental conditions. Their opinion was based on the
results of a number of studies of changes in the North Atlantic ecosystem and
their causes, as well as experimental and field work that had demonstrated a
positive correlation between fish growth and temperature. Figure 5.13 shows the
results of Ottestad (1942), who assumed that cod production, i.e. the yield of the
skrei fishery, would be subject to temporal variations similar to those found for
the growth of trees in the area, and he obtained a remarkably good agreement
between his model results and the actual yield of skrei in Lofoten.
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When he discovered the wide variations in year-class strength, Hjort hypoth-
esized that these were due to annual variations in the availability of suitable food
for the “very earliest stages of larvae and young fry” (Hjort 1914). Following
an idea of G.O. Sars, Rollefsen (1930, 1932) carried out an experiment that led
him to suggest that the destruction of eggs and larvae by storm action might
also be an important factor in the formation of year-classes. Wiborg (1957),
who carried out extensive field studies of newly hatched cod larvae for many
years, thought that a long spawning period and a large spawning area favoured
the development of abundant year-classes. He also suggested that strong north-
erly currents during the drift period of eggs and larvae were of importance.
Thus, the opinion that recruitment to the stock was exclusively determined by
natural causes dominated the discussion, because until the 1960s, there was no
sign of any relationship between the amount of spawners (i.e. the yield of the
skrei fisheries) and the strength of the year-classes they produced. As to the
effects of fishing, scientists were mainly concerned with gross overfishing or
wasteful fishing, i.e. where fisheries remove small and young fish to an extent
that reduces future yields of large valuable fish. Little or no attention was paid
to the problem of recruitment overfishing, i.e. where the fishery reduces the
spawning stock so much that recruitment is negatively affected. During the
1960s, however, opinions began to change. Russian studies had indicated a
relationship between year-class formation and parent stock size and age struc-
ture (see Ponomarenko 1973 for references). Ponomarenko believed that the
quantity of eggs spawned as well as their quality was of importance for larval
survival and year-class formation, since studies had shown that larvae from
repeat spawners (older parents) were more viable than those from first-time
spawners. He hypothesized the following relationship between parent stock
and year-class strength: “A large spawning stock comprising many age groups
will spawn over a larger area and a longer time than a small spawning stock,
so that it becomes more likely that some part of the eggs and larvae from a
large spawning stock will encounter favourable conditions for survival” (see
reference to Wiborg 1957 above). In 1967, the British scientist David Garrod
published a spawning stock-recruitment relationship for the stock (Garrod 1967).
On the basis of his findings as well as on theoretical considerations, in 1968
ICES expressed concern about the future quantity of spawners unless significant
reductions in catches and exploitation rates were obtained; a continuation of
the high fishing mortalities experienced throughout the 1960s might leave so
few fish left to spawn that the risk of poor recruitment was increased. At the
time, this advice was not agreed with by older members of the IMR scientific
staff. Because of the large number of eggs that were spawned by each hen cod,
they believed that the number of spawners would have to become extremely
low before recruitment was affected.

The pessimistic forecast given by ICES in 1968 failed because the very
abundant 1963 and 1964 year-classes were underestimated (ICES 1971). When
these year-classes became mature in 1969-1972, the spawning stock increased
considerably and so did catches of skrei. Moreover, the 1970 year-class was
of record high abundance. Thus, stock development in the early 1970s became
far more positive than predicted, and this probably persuaded fishermen and
managers that the concerns expressed by ICES during the latter half of the 1960s
were unjustified.
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The physical and biological environment
How many offspring from a spawning reach the size (age) of recruitment to the
fishery and how are these numbers reduced as fish become larger (older)?
Ever since the great variations in year-class strength of fish were discovered,
this question has been asked. The number of fish that reach the age of three and
recruit to the fishable stock varies considerably from year-class to year-class.
The 1970 year-class, the largest that has been observed, numbered around
1900 million individuals at that age (Figure 5.2). In contrast, the 1977-1980
year-classes consisted of only 100-200 million individuals at the same age.
As mentioned above, it was well known as early as the 1940s, that rising tem-
peratures were favouring recruitment and production in northern cod stocks.
At the UN conference on living resources in 1949, Taning described the effects
of the warming of the North Atlantic as follows: “This rise in temperature was
especially observed after 1925 when the Arctic water began to retire. Owing
to the rise in temperature, immense stretches of banks in northern seas, previ-
ously covered with Arctic water, have been made habitable for many species
of animals including several species of food fishes normally avoiding Arctic
water. By the rise of temperature food fishes, such as the cod, for instance,
have obtained an addition to their original area of distribution of thousand and
thousand square kilometres, and with this an enormous augmentation of food,
i.e. food competition has decreased, enabling an increase in individuals beyond
the normal”. Satersdal and Loeng (1987), who studied the relationship between
year-class variations in Northeast Arctic cod and temperature in a time series
of 80 years, concluded that nearly all high- and medium-abundant year-classes
were associated with positive temperature anomalies at the onset of a warm
period in the Barents Sea. However, an open question was: When and why do
pre-recruits die? Hjort (1914) had hypothesized that the very earliest larvae
and young fry died because of a lack of suitable food. Studies of Northeast
Arctic cod in the 1970s and 80s supported this hypothesis and led to establish-
ment of the relationships in Figures 5.14 and 5.15. Figure 5.14, which shows
the plot of numbers at three years of age (estimated from catch at age data)
against temperature at the spawning grounds, clearly shows that recruitment is
positively related to temperature. In years with high temperatures, both strong
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Figure 5.15
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and weak year-classes are produced while strong year-classes are absent when
the temperature in the area is low. Figure 5.15 show the time of occurrence of
fry of Calanus finmarchicus, the main prey item for cod larvae, and suggest
a possible contributor for the relationship in Figure 5.14. The parent stock of
Calanus overwinters in deep waters in the North Atlantic and the Norwegian
Sea. They ascend to surface waters to spawn during late winter and early
spring, when the spring bloom occurs. Their spawning time is closely related
to temperature. At low temperatures they spawn so late in spring that most cod
larvae, which hatch in April, do not find food (Ellertsen et al. 1989; Solemdal
1997; Sundby 2000).

A significant contribution to our understanding of the survival of fish larvae is
the knowledge of how turbulence affects contact rates between larvae and their
prey (Rotschild and Osborn 1988; Sundby and Fossum 1990). Up to a certain
level, turbulence favours larvae feeding by increasing these contact rates.

Recruitment in cod is probably one of the most thoroughly investigated
subjects in the history of marine science. As long as 30 years ago, there was
evidence that the recruitment of cod in the North Sea was decreasing with
increasing temperature (Dickson et al. 1974) while there were indications that
higher temperatures favoured recruitment in the more northerly cod stocks.

Studies carried out during the 1990s, have clarified this apparent contradic-
tion in the relationship between temperature and recruitment for southern and
northern cod stocks as Figure 5.16 shows. While southern cod stocks (North Sea,
Irish Sea), which inhabit warmer waters, have less recruitment in warm years
than in cold years, the opposite is true for northern stocks situated in cold waters.
These stocks (Northeast Arctic, West Greenland, Island) have better recruitment
in warm years than in cold (Ottersen 1996). In his comprehensive review of the
subject, Sundby (2000) proposed that this difference is caused by changes in
the transport of the copepod Calanus from their core areas in the Atlantic and
Norwegian Sea to the areas where the various cod stocks have their habitat;
i.e. that the apparent temperature—recruitment relationship in Figure 5.14 is a
proxy for a food abundance—recruitment relationship due to wide variations in
transport of suitable food for cod larvae.
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Another important source of cod mortality during the first two or three years
of'its life is predation. For the fry, the predation pressure increases in autumn
during the first year of life when they migrate deeper in the water and become
available to larger fish, predominantly older cod. In periods when the main
stock of prey fish (capelin) is small, predation on cod juveniles, including can-
nibalism, increases. Thus, in 1986—1988, when capelin were scarce, cannibalism
reduced the 1985- and 1986 year-classes which were very abundant as 0-group,
to far below average abundance as three-year-olds. As early as the mid-1970s,
Ponomarenko and Ponomarenko (1975) anticipated these circumstances. On
the basis of estimates of the food demands of the cod and haddock stocks and
the production capacity of the capelin stock, they concluded that if the two
gadoid stocks were to recover, the capelin stock and fishery would decline and
the cod would have to change to other food. In the event, the stock of capelin
was heavily reduced from 1984 to 1986, and fishing was banned from 1987 to
1989; the cod changed to other sources of food than capelin, including greater
dependence on cannibalism (Hamre 1988, 1991; Mehl 1989, 1991). IMR had
initiated studies on interactions between cod and other species in the Barents
Sea in the early 1980s. The collapse of the capelin stock in the mid-1980s and
its consequences for the recruitment and growth, particularly in cod, led to an
increase in effort and a close cooperation with PINRO on the subject. Within
a few years, a cod/capelin interrelationship was established, so that since the
early 1990s, the cod’s need for capelin has been taken into account when capelin
TACs are recommended by ICES. Moreover, annual estimates of the number of
cod (by age) eaten by cod are available back to 1984. These estimates are based
on data from the comprehensive stomach sampling project in the multispecies
stock modelling programme (MULTSPEC) at IMR and PINRO, and they are used
in the annual stock assessments conducted by ICES (see Bogstad and Tjelmeland
1992a, b; Tjelmeland and Bogstad 1998).

The parent stock — Numbers, age composition and condition of spawners

Until the 1960s, it was, as stated previously, assumed that since each hen
cod spawns several million eggs, the number of parents was of little or none
importance for the abundance of a year-class (see above). It was thought that
lack of fish would make commercial fisheries unprofitable at stock levels well
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Figure 5.17
Northeast Arctic
cod. Spawning

stock biomass and
recruitment at age 3
(Jakobsen 1996).

above those at which recruitment was affected. Before the 1950s, neither the
available observations nor the analytical tools were suitable for analysing stock-
recruitment relationships and determining possible recruitment overfishing. The
development of the theory of fish population dynamics and its implementation
using catch at age data changed this situation. In the 1960s, it became possible
to routinely generate life-history tables for each year-class, making time series
with annual estimates of parents and offspring (i.e. recruits to the fishery at age
three), and thus to quantify the stock-recruitment relationship. For cod the first
known attempts at such quantification were made by British scientists (Garrod
1967; Garrod and Jones 1974). These studies showed that throughout the 1950s
and 60s, the fisheries had reduced the spawning stock to such low levels that
recruitment was probably affected, and they estimated an exploitation rate which
should not be exceeded in order to keep the number of spawners at levels that
would maintain recruitment. Their findings were largely supported by subse-
quent Norwegian and Russian studies (Jakobsen 1992 and 1993; Serebryakov
1991), which indicated that in order to maintain sufficient levels of recruitment
a spawning biomass of 500 000 tonnes or more is needed. Jakobsen (1993) also
concluded that a lower level of exploitation than that corresponding to a fishing
mortality of 0.46 should be aimed at (Garrod and Jones (1974) had suggested a
level of 0.43). Figure 5.17 shows the spawning stock—recruitment relationship
established by Jakobsen (1996).

Solemdal (1997) summarized and reviewed results of recruitment studies in
cod for 1970-1996. The following is a brief summary of the main findings regard-
ing the importance of the spawners for year-class formation: It has been shown
that second- and third-time spawners and females in good condition generally
spawn larger and better-nourished eggs than first-time spawners and fish in poor
condition. The larvae from “old” spawners may therefore feed longer on the
yolk sac and their chances of survival will thus increase. Furthermore, eggs from
repeat spawners show greater variation in buoyancy and will therefore be more
dispersed vertically and horizontally, thereby ensuring that hatching takes place
over a larger area in the sea and thus increasing the possibility of good feeding
and better survival conditions for some of the larvae. A large spawning stock
consisting of several age groups — both first-time spawners and those which
have spawned several times — will spawn over a larger area and a longer period
of time than a small and young spawning stock. In consequence, the possibility
that cod larvae will experience good conditions for survival increases with the
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size of the spawning stock and its average age and condition (see the reference
to Ponomarenko 1973 above).

At an ICES symposium on cod and climate in 1992, Ottersen et al. (1994)
argued that the change in stock structure caused by intense exploitation over
50 years had made the stock more sensitive to environmental fluctuations.
This view was supported by Daan (1994), who in a review of trends in several
cod stocks wrote: “When the level of exploitation is increased, the number of
year-classes contributing to the spawning stock decreases correspondingly,
and at high fishing mortalities, short-term variations in year-class strength are
transferred directly into short-term variations in spawning stock. Under these
conditions, adverse climate events of rather shorter duration could easily result
in stock collapses. In other words, exploitation leads axiomatically to a reduced
resilience of a stock against effects of climate”.

It seems appropriate to end this short review of recruitment fluctuations and
their causes by quoting some sentences from a study by Ottersen and Sundby
(1995): “Of the environmental parameters considered in this study, temperature
is the one most significantly related to cod recruitment success. However, it
should be emphasized that the results of this paper indicate that the spawning
stock biomass is a factor nearly as important to the formation of year-class
strength. These results show the fruitlessness of the old simplistic discussion
of whether recruitment variability is environmentally driven or driven by the
spawning stock biomass. Both environmental and spawning stock aspects
should be considered”.

Efforts to establish levels and reference limits of spawning stock biomass
and exploitation rates in order to maintain recruitment and sustainable catches
were greatly increased for most stocks by ICES during the 1990s. For Northeast
Arctic cod these efforts resulted in precautionary and critical levels of spawn-
ing stock biomass of 460 000 and 220 000 tonnes, respectively, and in fishing
mortality rates of 0.4 (precautionary) and 0.74 (critical). These levels were
adopted by the Norwegian-Russian Mixed Fishery Commission (see section
on management). However, it should be noted that the size and age structure
of the female component of the spawning stock represents a more relevant
measure of the reproductive and recruitment potential of Northeast Arctic cod
than the traditional spawning stock biomass which includes both females and
males and takes no account of its age composition (Marshall e al. 1998; Ajiad
et al. 1999).

5.7 Exploitation, stock monitoring, advice and management

1900-1940

Early in the 20" century, the rate of exploitation (i.e. the fishing mortality) was
not regarded as important for stock development and future yields. Cod tagging
experiments in 1913 indicated that the skrei fisheries produced a mortality of
about 20-25 percent of adult fish; “... every fourth or fifth fish was recaptured
in the Lofoten fishery in 1913” (Hjort 1914). Hjort discussed the effect of such a
mortality rate on the average longevity of the fish and the reduction in numbers by
age of arich year-class, and concluded that: “... a rich new stock of seven-year-
old fish would after four or five years intensive fishing be considerably reduced
in numbers”. He also asked whether this could have an effect on recruitment,
i.e. would the spawning stock be reduced to a level at which recruitment would
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decrease. However, compared with the great variations in year-class strength,
he regarded the effects of the fishery as negligible: “The renewal of the stock
can thus scarcely be dependent upon so regular and constant a factor as the
fishing; it must depend upon highly variable natural conditions”.

The new knowledge that a strong year-class made up the bulk of the annual
catches for several years in succession was utilized to forecast the availability
and size of fish in the skrei fisheries. A sampling programme for monitoring the
age and size composition of catches was introduced in the Finnmark (immature
fish) and Lofoten (mature fish) fisheries, yielding a nearly unbroken time series
back to 1913 (Hylen 2002). Figure 5.18 shows the yearly length distributions
of catches in the two fisheries for 1913—1935 in terms of deviations from the
mean value for the whole period (Sund 1936). Sund identified four outstanding
year-classes (1904, 1912, 1917 and 1919) from these data; the fish entering the
Finnmark fishery at a length of 40 cm (aged 4—6 years) and then entering the
spawning cod fishery on the Lofoten grounds two or three years later. However,
uncertainties regarding the age determinations, which at that time were based on
scale readings, and lack of observations from the ocean regions of the Barents
Sea, weakened the reliability of the predictions and limited their value for
forecasting the skrei fisheries (Sund 1936; Rollefsen 1938). In addition, the shift
in exploitation pattern towards younger and smaller fish caused by the rapidly
increasing trawl fisheries in the area during the 1920s made comparisons over
the entire period difficult.

Throughout the 1930s, Norwegian scientists became increasingly concerned
about the possible effects of the growing international trawl fisheries in the
Barents Sea area. Their concerns were twofold. First, they regarded trawl fishing
as wasteful because of the large amounts of small cod and haddock of no com-
mercial value that were killed. This called for the use of size limits and larger
mesh sizes, a subject that was then discussed in ICES for the North Sea fisheries
(see Chapter 2). Secondly, they feared that the exploitation had reached levels
that could reduce the availability of fish and thus yields in the Norwegian coastal
fisheries. Thor Iversen, who carried out surveys using a commercial ground
trawl in the area in 1932 and 1933 and found that large quantities of small sized
no marketable fish had to be discarded at sea, wrote: “It is a question whether
this population can stand such excessive exploitation as this powerful depletion
of fry of food fish signifies” (Iversen 1933).

In a correspondence with the prime minister in 1934, Johan Hjort, by then
a professor at the University of Oslo, expressed support for the development
of Norwegian trawl fisheries in the area. Hjort had always been in favour of
modernizing Norwegian fisheries and recommended trawling, always provided
measures could be taken to avoid wasteful fishing. Oscar Sund, on the other
hand, who was the head of cod investigations at the Directorate of Fisheries,
was extremely sceptical. He wrote that the trawl fisheries during the previous
decade (1924-1933) had probably tripled the exploitation rate of cod and haddock
in the area. Although there were no signs of decreasing yields in the Norwegian
coastal fisheries, he thought that comprehensive studies of age distributions of the
catches should be carried out before Norwegian trawl fisheries were supported.
By analysing frequency distributions of annual catch at age based on otolith
readings, Rollefsen (1937) found a substantial increase in the total mortality
of adult fish during the 1930s, from about 40 percent in 1932—1934 to about 60
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percent in 1935-1937, and he attributed both the increased mortality and an
observed reduction in the mean age of the spawning cod (skrei) to the increased
yields in the international trawl fisheries in the 1930s. He wrote: “Apart from
a possible reduction of the Norwegian yield of skrei by foreign trawling, we
must also regard this new fishery as an additional levy on the stock, and it does
not appear unreasonable to assume that this extra toll has been a contributory
cause of the reduction of the mean age of the skrei” (Rollefsen 1938).

In 1936, the “Over-fishing Conference” on mesh size regulations and size
limits for fish was held in London. Participants from Norway included Johan
Hjort and Thor Iversen. Obviously, there was a recognition at the conference
that due to their slow growth and late maturation, cod and haddock in northern
waters needed extra protection, because in the draft conclusions a minimum
mesh size of 105 mm was recommended in trawls for the area north of 66°N
and east of 0°E (Barents Sea), as compared with 70 mm in more southerly areas
(North Sea). However, in the International Convention of 1937 for the regulation
of' meshes in fishing nets and size limits of fish, the mesh size was agreed at 80
mm. This agreement never formally came into effect. The USSR did not attend
the meeting in 1937, and by the outbreak of the Second World War in 1939,
several countries had not ratified the agreement (Engesater 2002).

1940-1977

During most of World War 11 the Barents Sea was a war zone and little or no
offshore fishing took place. The total annual catch of cod declined from about
800 000 tonnes in the immediate pre-war years to around 200 000 tonnes in
1943-1944, exclusively taken in the Norwegian coastal fisheries. The reduced
fishing mortality allowed the stock to recover, and after the war, when fishing
effort increased, catches and exploitation rates reached pre-war levels within
few years (Figure 5.2).

A second international conference on over-fishing, held in London in 1946,
proposed a convention for the Northeast Atlantic, which in addition to regula-
ting mesh sizes and size limits, included closed areas and seasons, as well as
restrictions on fleet capacity. In an article written just after that conference,
Gunnar Rollefsen stated that the stock of cod in the Barents Sea area during
the past 20 years had been very large in comparison with previous decades. He
expected that the yields in the Norwegian traditional fisheries would decline
in the years to come due to increased foreign trawling in the area, particularly
so if the production in the stock was reduced to the level of before 1920. He
also pointed to the possibility that catch limits would be introduced and that
fishing nations would be allocated quotas according to their historical catches
(Rollefsen 1946). However, quotas, or fleet capacity allocations, were still too
radical tools for international management, and the 1946 Convention for the
Northeast Atlantic fisheries and its “Permanent Commission” — established
in 1953 — was severely limited by lack of power. It could have been a useful
tool for the pre-war fisheries, but the post-war period became very dynamic,
with greatly expanding fisheries and new fishing nations emerging (Setersdal
1992). By 1955, total annual landings of Northeast Arctic cod had reached 1.3
million tonnes due to a substantial increase in fishing effort, in particular in
the international offshore trawl fisheries. To adapt to this development, a new
convention with wider powers was agreed in 1962 by the European fishing
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nations, with NEAFC (the Northeast Atlantic Fisheries Commission) replacing
the Permanent Commission (Engesaeter 2002).

In 1957, IMR carried out a study of Norwegian data on Northeast Arctic cod,
which indicated an unusually low yield in the skrei fisheries during the 1950s
compared with the yields of immature fish of the same year-classes (Setersdal
and Hylen 1964). Their main conclusions were that: “...the skrei population
has apparently been less abundant compared to the population of young cod,
than it was before the war. This is the type of effect we must expect to find if
the reduction of the stock of skrei is not largely a result of natural fluctuations,
but has been caused by an increase in the total exploitation of the Arctic cod.
The number of old and large fish is reduced relatively to that of the younger and
smaller fish”. They also found that the mean age of spawning cod had fallen
during the same period as the reduction in abundance, and interpreted this as
an effect of increased exploitation. The study was submitted to the 6™ meeting
of the “Permanent Commission”, which asked the ICES Liaison Committee to
encourage an investigation of all available international data on the dynamics
of the Northeast Arctic cod stock and associated fisheries. The outcome was
the establishment of the ICES Arctic Fisheries Working Group, which had its
first meeting in Bergen in 1959 (see Hylen 2002 for more details). This was a
milestone in monitoring the stock. Participants from the UK, Germany, Norway
and the USSR, the major Northeast Arctic cod fishing nations, supplied relevant
data on cod (and haddock) for the period 1930-1958, so that data from all fleets
and fisheries for a long period could be jointly analysed. The results of the
analyses largely supported the findings of Saetersdal and Hylen.

The Arctic Fisheries Working Group has met every year since 1959, except
1961, sometimes twice a year. Its main responsibility has been, and still is, to
produce annual assessments of the state of stocks and proposals for the advice
ICES should offer regarding the regulations of the fisheries. In the early 1960s,
the Group was mainly concerned with the large amounts of small fish, cod in
particular, which were caught and largely discarded at sea, and recommended
increasing the minimum size of catchable fish as well as larger mesh sizes, and
considerable effort was put into mesh selection experiments in order to establish
selection factors for the various types of net material in use. However, it was soon
realized that the increasing fishing effort during the 1950s and 60s had brought
the exploitation rate of cod to levels that the stock could not sustain, and the
1965 report from the Group (ICES 1965) included a presentation of measures
for limiting catches (closed areas, increased mesh size, reduced fishing effort
and catch quotas). The Norwegian Director of Fisheries, Klaus Sunnanaa,
expressed satisfaction with the advice given by ICES, but he was frustrated
by the inability of NEAFC to implement it in practical fisheries management,
as he feared that Michael Graham’s “Great Law of Fishing” would apply (see
Chapter 2). At the 9" Nordic Fishing Conference in Reykjavik in June 1964, he
gave a speech with the following main message: Since 1946, the only result of
international cooperation on management of the stock of Northeast Arctic cod
was a minor increase in mesh size in trawls, a measure which to a large extent
was rendered ineffective by technical arrangements of the gear. The existing
fishery regulations, i.e. minimum mesh size and minimum legal size of fish,
were not sufficient to prevent depletion of stocks and yields with possible seri-
ous future consequences for coastal states and districts. Work aimed at total
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catch limits for some stocks and areas should therefore start immediately. If
catch limits could not become effective within a short time, the coastal states
would probably initiate efforts to extend their jurisdiction to include the entire
continental shelf in order to improve fisheries management.

From 1968 on, ICES consistently expressed concern at the future size of
the spawning stock, considering that at low spawning stock levels, the risk
of poor recruitment was increased. The increase in the spawning stock in the
early 1970s caused by the abundant 1963 and 1964 year-classes, and probably
also the scepticism of some scientists (see above) regarding the parent stock-
recruitment relationship, probably persuaded managers that the concerns of ICES
were unjustified. Exploitation rates remained high, particularly for young and
immature fish aged 3—6 years. In a comprehensive analysis presented to ICES in
1975, Hylen and Rervik (1975) demonstrated that total annual yields as well as
spawning stock biomass would increase if catches of young cod were reduced
by increasing trawl mesh size and thus size and age at capture. Although their
results were supported by ICES, no measures were introduced to increase the
survival rates of young cod.

The fact that the largest year-class ever recorded, the 1970 year-class, recruited
to the fisheries in 1973—1974 and raised catches for some years, probably helped
to weaken the effect of the warnings of the scientists. However, the fate of the
1970 year-class and the development of the stock during the 1970s and early
1980s were even worse than the scientists had predicted (Figure 5.2), mainly
because no effective management measures were introduced prior to the estab-
lishment of the national economic zones (NEZ) in 1977. The first catch quotas
(TAC) for cod, which were introduced under the NEAFC regime in 1975, were
810 000 tonnes and were far too high. A similar TAC was agreed for 1976. These
TACs were at levels recommended by ICES. However, the stock estimates and
predictions that formed the basis of the advice were too “optimistic”, so that
the decline in stock size and catches towards the end of the 1970s was much
greater than expected. Thus, the situation in 1977, when Norway and Russia
(USSR) were given responsibility for fisheries management in the area, can be
summarized as follows: landings of cod were about to decline due to a rapidly
declining stock, and the rates of exploitation were far above any sustainable
level (Setersdal 1989).

1977-2000

An analysis performed by Ulltang (1987) showed that both yields and stock size
could have been maintained at higher levels in 1977-1985 if adequate manage-
ment measures had been introduced and enforced throughout the 1970s. However,
the cod belonging to the relatively abundant year-classes in 1969—1975, which
could have maintained the stock in that period, were largely caught as young
and immature fish, only 3—5 years of age.

What had gone wrong? Since the early 1960s, a well established and fully
recognized science-based management system through ICES and NEAFC had
been available for the area. And unlike the situation in other fisheries, including
those for Norwegian spring-spawning herring, ICES had recommended reduc-
tions in the exploitation rate of cod in most of these years. However, apart from
a slight increase in mesh size in the trawl fisheries, the parties concerned had
been unable to act in unison for a common long-term benefit against short-term
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individual interests. The emerging Law of the Sea Convention, with its drastic
shift of interests to the coastal states, probably contributed to the poor results of
the work of NEAFC during the final years of its existence (Satersdal 1993).

We may also ask to what extent the “pessimistic” forecasts given by the
scientists at the end of the 1960s were acknowledged by the authorities. The
failure of ICES to predict the substantial increase in stock and catches of cod in
1968—1972, caused by the very abundant 1963 and 1964 year-classes, probably
weakened the confidence of fishermen and politicians in its advice. The main
cause of the failure was the lack of reliable information on the abundance of
year-classes before they entered the fishery at 3—5 years of age. Stock estimates
and predictions were exclusively based on data from the commercial fisheries,
data which yielded little or no information on year-class strength before the fish
had appeared in the fisheries for some time. In order to improve predictions,
fisheries-independent indices of abundance of young fish were needed, and in the
early 1970s, IMR introduced surveys in the area that aimed to provide acoustic
abundance estimates of the younger age groups of cod and haddock (Hylen
and Smedstad 1972). For some years, exploratory surveys were conducted in
different seasons to evaluate the time of the year when the spatial distribution
of fish was favourable for acoustic surveying, and since 1976, acoustic surveys
have been carried out annually in the area in January—March, with the objective
of obtaining estimates of numbers at age of cod and haddock. Survey effort
was increased substantially in 1981 when the acoustic survey was combined
with a bottom trawl survey designed to provide “swept-area” estimates of
abundance. The primary reason for the increase in survey effort was the dif-
ficulties experienced in the ICES’ stock assessments of cod in 1977-1980. During
those years there were large discrepancies between the information obtained
from commercial catch data and the acoustic survey results regarding stock
status and development, with the survey results indicating substantially higher
mortalities of fish (and thus exploitation rates) than did the analysis of the com-
mercial catch data. Because of these inconsistencies, the Advisory Committee
on Fisheries Management (ACFM) in ICES made the following recommenda-
tion to the Arctic Fisheries Working Group (ICES 1980): “In estimating fishing
mortalities and stock sizes in 1979 and 1980, more weight should be given to
reliable survey results, particularly if two independent surveys are in reasonable
agreement, than to fishery-dependent data”. Another reason for increasing the
survey activity in 1981 was the necessity to closely monitor the strength of the
1976-1980 year-classes, all of which had been observed to be of low or very
low abundance in the 0-group surveys. This suggested that the fishable stock
in 1980-1985 might become extremely low unless severe reductions in catch
quotas were introduced.

The combined acoustic-bottom trawl survey in the Barents Sea in winter has
been performed annually since 1981, yielding two parallel time series of estimates
or indices of abundance at age (Figure 5.19). These estimates have become the
most important fishery-independent data used to assess cod stocks. Jakobsen
et al. (1997) reviewed and summarized the methodology and data processing
methods employed as well as the use of survey information for various purposes
including stock assessment, environmental monitoring and studies of species
interaction. They concluded that the data provided by the surveys had been of
invaluable importance for monitoring and assessing the two stocks. Until 1984,
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the survey results were used mainly for comparison with the results from the
traditional assessment method; a procedure in which commercial catch statistics
and catch per unit of effort data were used to estimate fishing mortalities and
stock numbers. Since 1984, both sets of survey indices (acoustic and swept area)
have been used directly in the assessment together with the other data. Hylen et
al. (1986), who discussed the various sources of error associated with both types
of survey index, found that “inefficient sampling of the acoustic recordings is
by far the largest source of error in the acoustic index”. Their results stimulated
investigations into the catching efficiency of demersal sampling trawls in Norway

(see Chapter 8), investigations which led to substantial improvements in gear

and methodology (Engas 1994) and the resultant abundance indices (Aglen and

Nakken 1997); improvements which necessitated revisions of earlier established

indices in order to maintain comparability in the time series.

Since Norway and Russia were given the responsibility for managing the
fisheries, the main steps in the advice and decision making process have been
the following (Nakken et al. 1996; Aglen et al. 2004):

1. Institutes of marine research in the two countries conduct surveys every year,
observing abundance and age composition of the stock. The institutes also
collect data on the age composition of the commercial catches. All these
data are annually assessed by the ICES’ Arctic Fisheries Working Group.
The ICES’ Advisory Committee on Fisheries Management (ACFM) reviews
the Working Group report and recommends annual TACs and TAC options,
including tables that demonstrate the consequences of the various options
on further development of total and spawning stock biomass.

2. The advice or the options presented by ICES are analysed by fisheries manage-
ment bodies in Norway (and Russia) in order to determine the level of fishing
and TAC which seems most beneficial to Norway (and Russia). Norway
and Russia, in the meeting of the Mixed Fishery Commission, finally agree
on TACs and any other management measures. The TAC is divided equally
between Norway and Russia, and allocations are made to third nations (EU,
Faroe Islands, Greenland and Iceland).
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The Norwegian quota is split between different vessel groups and individual
vessels. Approximately 30 percent of the Norwegian quota is allocated to
trawlers, while the remainder is allocated to vessels using conventional gears
(gillnets, longlines, handlines, Danish seine, etc).

The management of the fishery includes various measures to protect small
cod from being caught as well as TAC, and a brief review of each of these points
is given below.

Protection of small fish

Since the international trawl fishery developed in the area in the 1920s, a main
objective for the Norwegian fisheries authorities has been to limit the catch
of young and small cod in order to ensure the continued availability of large,
commercially valuable fish and yields in the coastal fisheries. Their view was
supported by yield per recruit calculations, which indicated that the highest
yield from the stock would be obtained if the cod were left unfished until it had
reached a size of about 50 cm (an age of approximately five years) corresponding
to a mesh size in trawls of 150 mm or more. During the 1920s and 30s, mesh
sizes in use were probably 60 mm or less, and vast quantities of fish in the
length range 2040 cm were caught and discarded at sea (see reference to Thor
Iversen). During the first decades after World War 11, substantial amounts of
small cod were also sometimes discarded, particularly in years when abundant
year-classes had a mean length at — or just below — the commercial size (Hylen
1966 and 1967; Hylen and Smedstad 1974). Dingser (2001), who reviewed and
analysed the available information on discards for the period 1946—1998, found
that before 1970, stock numbers at three years of age for some year-classes ought
to be raised by 2540 percent when discards were taken into account. Since 1977,
discarding of cod has been prohibited. Even so, in the late 1980s, considerable
amounts of young cod were discarded by Norwegian trawlers (Hylen 1987),
and in 1998, large proportions of the trawl catches in the Bear Island—Svalbard
area were discarded because the fish were too small (ICES 1999).

The legal minimum mesh size in trawl gear in the area has been increased
several times after World War 11, from 80 mm in the 1950s to 135 mm and 125
mm in 1982 in the Norwegian (NEZ) and Russian zone (REZ) respectively, and
since 1982, minimum legal fish lengths have thus been 47 cm and 42 cm. The
reason behind these differences in measures is the size distribution of fish in
the cod fisheries in the two areas. The eastern Barents Sea (REZ) is the main
young fish area for the stock where fisheries traditionally are based on young
and immature fish, while most of the cod fished in NEZ are larger mature fish.
In 1997, sorting grids with a minimum spacing of 55 mm were made mandatory
in trawl fisheries for cod in the whole area (see Chapter 8).

In addition to mesh size regulations, an area closure system was established
in the early 1980s; areas where the amount of undersized fish in the catches
exceeds a certain limit are closed and reopened on the basis of information from
monitoring surveys. The very first area closure for cod fishery management
purposes in the Barents Sea took place in spring 1979. Then Norway closed a
large area (the North Cape bank) for fishing for several weeks in order to protect
the cod of the 1975 year-class which then was about 40 cm long. This was an
unexpected and rather dramatic action for the international fishing fleet which
were operating in the area (Figure 5.20).
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Figure 5.20
Title in Fishing News,
27 April 1979.

KICKED OUT
OF NORWAY

THE DISTANT water fleet has suffered
another major blow as a result of Norway
ordering trawlers out of a large area of the
nerth-east Arctic grounds.

Shrimp fisheries with small-mesh bottom trawls developed rapidly in the
Barents Sea region, from landings amounting to some few thousand tonnes
in the mid-1970s to 126 000 tonnes in 1984. Shrimp trawling may catch large
quantities of small fish which are discarded at sea and thus introduce a substan-
tial mortality in various species and stocks. During the 1970s, IMR performed
annual surveys on shrimp fishing grounds in order to recommend measures for
the protection of species of commercial value, including cod. In 1982, a special
monitoring service unit was established under the Directorate of Fisheries, with
responsibility to observe the fishing fields and advise about area closures in the
cod and shrimp fisheries. Since then the shrimp fisheries have been managed
using a closed area system in order to limit the catch of small cod and haddock.
In more recent years, redfish and Greenland halibut have also been included
in the system; areas are closed and reopened for shrimp trawling according to
the by-catch of these species in the catches. Sorting grids for the purpose of
avoiding catches of fish (cod, haddock, redfish and Greenland halibut) have
been mandatory in the shrimp fisheries since 1992.

TACs (Total allowable catches)

Nakken (1998) reviewed developments regarding advice and management for
TACs during the 1980s and 90s of several stocks, including Northeast Arctic
cod. He found that most of the annual assessments for cod had underestimated
the exploitation rate and overestimated stock numbers and biomass. Hence the
annually recommended TACs, which were based on the assessments, had been
too “optimistic” or too high. There had also been a tendency for the final TACs
to be higher than advised, and finally, the actual catch often exceeded the agreed
TAC. The following paragraphs discuss each of these points in more detail.

In the late 1970s and early 1980s, catch per unit of effort in the commercial
fisheries was used as a measure of stock abundance. Between 1978 and 1982, the
Barents Sea was extremely cold, and the cod concentrated in the south-western
part of the ocean where the main fisheries also took place. Fish densities in
the area and catch per unit of effort were thus maintained, although the stock
declined rapidly (Figure 5.21).

In the mid-1980s, ICES predicted, on the basis of high abundance indices
of 02 year-old fish from survey observations, a substantial increase in stock
size and catches by the end of the 1980s. The predictions failed completely
because of interrelationships with other stocks, which the scientists did not
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Figure 5.21

Northeast Arctic cod. Upper: The development of catch per unit of effort (CPUE)
for Norwegian trawlers compared with the development of stock biomass during
a period of intense cooling of the Barents Sea. Lower: The extension of the
distribution of cod in February; 1977 (warm) and 1982 (cold) (Nakken 2002).

foresee (see 5.5 Growth and maturation). Recommended TACs for these years
(1985-1988) were far too high, and the stock was fished down to a record low
level. Ulltang (1996) discussed the uncertainties related to the estimation and
prediction of stock size. His main conclusion was that if all available biological
and environmental knowledge had been systematized and used, then failures in
predicting stock size like the ones experienced in these years might have been
avoided, at least to some extent.

Until 1989, the annual TACs agreed on by Norway and USSR included only
the trawl fisheries. Vessels using traditional or conventional gears (handline,
longline, gillnet, Danish seine) were not restricted by annual quotas of Northeast
Arctic cod. Since the main part (60—-80 percent) of the Norwegian catch were
taken by conventional gears, the actual Norwegian catch largely exceeded the
agreed Norwegian “TAC” in most of the 1980s. At the end of the decade, when it
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was evident that the stock was in a very poor condition, quotas were drastically
reduced and all vessel groups included in TAC regulations.

Low TACs in 1990-1991, which resulted in the lowest fishing mortalities
experienced since the Second World War, protected the 1983 year-class so that
it brought a substantial increase in spawning stock biomass in the early 1990s,
and a series of relatively abundant year-classes (1989—1991) helped the stock
to recover during the first half of the 1990s (Figure 5.2).

In 1996, the scientists again found large discrepancies between the two
main sources of data, abundance surveys and commercial catches, regarding
the size and development of the stock, with the survey results indicating higher
mortalities and lower stock numbers than did the catch data. During the as-
sessment, more weight was given to the catch data, and this resulted in a major
underestimation of mortalities in 1995-1996 and a prediction of stock sizes and
TACs for the years to come which was too high, a failure that became evident
when fisheries and survey data for 1997 became available. Korsbrekke et al.
(2001), who compared the results of the traditional ICES stock assessments of
cod with the results of assessments based on surveys only, concluded that the
surveys had provided reliable and timely estimates of abundance for the stock
in the period 1993—1999.

The reasons why the annual ICES-assessments tended to underestimate
mortality rates and overestimate stock numbers in nearly all years between 1977
and 1998 are not fully known. A similar tendency was also found for other cod
stocks (Korsbrekke et al. 2001). For Northeast Arctic cod, underreporting of
catches may have contributed to the errors. In the early 1990s and early 2000s,
the Norwegian Coastguard estimated that large quantities of cod were caught
in addition to the quantities reported. Whatever the cause of the assessment
error, the overestimation of stock size for a given year has the unfortunate ef-
fect that the stock size will be adjusted downwards in subsequent assessments,
thus rendering agreed management strategies ineffective. The combined effects
of too “optimistic” advice and even more optimistic agreed TACs, as well as
catches exceeding those TACs, were that the yield from the stock during the
first 25 years of Norwegian-Russian management was well below the stock’s
potential. However, the development of this stock has been far better than for
most other stocks of cod in the world.

The most important result of the research and experiences described in this
chapter is the implementation of the harvest control rule that was agreed by
Norway and Russia in 2002 and approved by ICES in 2005. The rule, which in-
cludes precautionary considerations for the setting of annual TACs, will stabilize
and enhance yields provided the regulations of the fisheries are satisfactorily
monitored and enforced.
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A CHAPTER 6

The Barents Sea 0-group surveys;
a new concept of pre-recruitment studies

Olav Dragesund, Arvid Hylen, Steinar Olsen and Odd Nakken

6.1 Introduction
The most frequently used method of estimating relative year-class strength in
marine fish populations is to compare the frequency distributions of the different
age groups in the exploited stocks. For fisheries management, however, the abil-
ity also to assess and thereby predict recruitment fluctuations at an earlier stage
has always been important. The first question in this connection is then: at what
age or stage in the life history is the strength of a year-class determined?

While survival at the egg and larval stages has long been found to vary widely
due to a multitude of other causes than fluctuations in egg numbers spawned,
in the case of post-larval fish fry evidence has been presented of a proportional
relationship between the abundance of 0-group fish of a particular year-class
and the subsequent abundance of the same year-class at greater ages. In 1963,
Olav Dragesund and Steinar Olsen initiated a study of the distribution and
abundance of 0-group commercial fish species in the Barents Sea region. They
assumed as a working hypothesis for their investigation that such a proportional
relationship exists, and suggested that year-class strength might be estimated
by measuring the echo-abundance of 0-group fish (Dragesund and Olsen 1965).
From their own previous investigations (Dragesund and Hognestad 1960, 1962;
Olsen 1960) they knew that from August to October, fish fry of various species,
originating from the spawning fields farther south, are abundant in the surface
layers off the coast of northern Norway and in the Barents Sea (Figure 6.1),
and with suitable echo-sounders can be detected as distinct scattering layers. At
the end of the autumn, the fish fry had been found to be concentrated along the
frontiers between the cold and warm water masses in the area from Spitsbergen
to Bear Island and further to the east and south in the central and south-eastern
parts of the Barents Sea. Concentrations were also observed along the coast of
northern Norway, especially at the entrances to fjords. In late autumn, 0-group
cod, haddock, and to some extent also herring and capelin, descend and settle
near the bottom, hence during the winter months fish fry are found more rarely
in the surface layers.

During the late summer and autumn, fish fry of several important commercial
species thus occur pelagically off the north Norwegian coast and in the Barents
Sea, and it was suggested that their distribution and abundance might be charted
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and measured by a combination of echo surveying and experimental fishing

using pelagic trawl and purse seine net. The success of such investigations

would depend on fulfilment of certain requirements:

1. reasonably complete and accurate charting of the vertical and horizontal
distribution of the sound scatterers

2. easy and reliable identification of the sound scatterers

exact measurements of the echo signals received (echo abundance)

4. knowledge of the relationship between the amount of scatterers and echo
strength, and how this relationship is influenced by depth, species, size,
density and fish behaviour.

(98]

Most of these requirements were regarded as mainly requiring sufficient research
effort and vessel time to fulfil. However, since previous attempts at quantify-
ing echo recordings of scattering layers, and other forms of fish distribution
had been based on subjective evaluations, the main challenge was to develop
instrumentation and methods that could provide accurate and unbiased numerical
estimates of the amount of echo signals received. In August 1963, instrument
chief Ingvar Hoff, with some initial advice from Simrad, succeeded in engineer-
ing an electronic analogue echo-integrator that facilitated the summing of all
signal voltages generated by the echo-sounder within a selected time interval

Ocean currents in
the area, showing
the transport routes
of eggs and larvae
from the spawning
grounds off the
Norwegian coast into
the Barents Sea.
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Figure 6.3

The first echo-
integrator charting.
Echo-abundance
distribution as
determined during the
survey from |7 August
to | | September
1963. Equal levels

of abundance are
indicated by isolines.
(From Dragesund

and Olsen 1965).

(i.e. depth range). This success and the first echo-integrator chart of fish fry
(mainly cod) were presented as a note to the ICES Fish Abundance Measurement
Symposium in Madrid 1963 (Gulland 1964), but a full description of the echo-
integrator was not published until two years later (Dragesund and Olsen 1965).

Figures 6.2 and 6.3 show examples from the first use of the instrument.

In 1964, further developments and tests of sampling gear and methods for
surveying 0-group fish were carried out, and at the 1964 statutory meeting of
ICES, the Herring Committee made the following recommendation: “The Com-
mittee recommends strongly that Norwegian and Soviet research vessels should
undertake joint surveys of the distribution of the early stages of herring in the

Figure 6.2

Echo-sounder paper
recording of a fish fry
layer (top) and the
corresponding echo-
integrator reading at
depths of 7 to 50 m
(middle) and 50 to 100 m
(bottom). (From Dragesund
and Olsen 1965).
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Yuriy K. Benko,
Amirova Elizaveta
Arkad’evna, Alexander
S. Seliverstov (all

from PINRO) and
Steinar Olsen (IMR)
at an O-group survey
planning meeting.

Eastern Norwegian Sea and the Barents Sea”. The general programme for this
survey was discussed by Soviet and Norwegian scientists in Moscow in May
1965, and it was agreed that the aims should be to investigate the distribution
and abundance, not only of herring, but also of other commercial species of fish
and to make hydrographic observations (ICES 1965). Accordingly, since 1965
the Institute of Marine Research and the Polar Research Institute of Marine
Fisheries and Oceanography (PINRO), Murmansk, have carried out every year
in August—September, without interruption, extensive, multi-ship 0-group
surveys of the Barents Sea region, in 1966—1973 also with the participation of
the Marine Laboratory, Lowestoft, UK.

6.2 The initial period of the Barents Sea 0-group surveys

In addition to the preliminary reports of the investigations presented at the ICES
meetings each year (ICES 1965, 1966, 1967 and 1969), an account of the first
four years’ surveys and their most important results was published as an ICES
Cooperative Research Report (Dragesund 1970). Here we shall mainly recount
the organisation and survey methodology employed during these years and the
general experience gained.

Detailed programme planning was carried and agreed on every year imme-
diately prior to the start of the surveys during calls at Murmansk by the research
vessels. The survey grid aimed to cover almost the entire area of distribution of
fish fry of commercial species north of the Lofoten Islands. Individual research
vessel tracks were arranged so that they were to operate in pairs consisting of one
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Figure 6.4

Survey routes and grid
of stations during the

0-group survey 1967.

Norwegian and one Soviet vessel, steaming more or less parallel courses 3040
miles apart. In the years when the UK research vessel participated, it became
possible to survey the whole area in more detail and to extend it further west
into the Norwegian Sea. A typical grid pattern is shown in Figure 6.4.

At selected grid lines, hydrographic observations were made in order to relate
the distribution of organisms in the scattering layer to the principal hydrographic
features. During the surveys, radio communication between the participating
vessels was maintained twice a day to report the observations made. At the end
of the surveys the vessels met, all data and observations were combined, and
preliminary reports were prepared for submission to ICES.

During the survey, continuous records of the pelagic scattering layer were
made. In order to ensure comparability of the results, the participating vessels
were equipped with the same echo-sounder, and intership acoustic calibrations
were carried out by comparing results obtained from the same area. These
showed that the methods employed gave fairly consistent agreement between
vessels as to the location and density of traces.

The echo abundance was gauged from the paper recordings on a subjective
scale from 0 to 4. The corresponding measurements with the one and only
echo-integrator available at the time showed that these subjective estimates
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were too coarse and rather inaccurate at high densities. Further experimental
work on the influence of diurnal variations in the distribution of the scatterers
was also found to be necessary before more precise quantitative measurements
could be made. For identification and sampling, pelagic trawl hauls were made
at appropriate intervals in areas and at depths where sound scatterers were being
recorded, but usually not more than 40 miles apart. In addition, some control
bottom trawl hauls were made to check whether some 0-group fish had already
migrated out of the pelagic scattering layer.

Identification of the sound scatterers was also partly facilitated by the char-
acteristics of the echo recordings made. 0-group cod and haddock are usually
found deeper than herring, and during the day they show a different schooling
pattern. Cod and haddock do not form well-defined schools, but appear as layers
of more or less discrete concentrations. Herring occur in small concentrated
schools, which are easily detected by sonar. This feature distinguishes 0-group
herring from redfish, which are often observed in the same depth range as
herring, but do not usually form well-defined schools. 0-group capelin and
long rough dab have lower target strengths than fry of redfish, herring, cod
and haddock, and recordings of these can usually be easily separated from
those of other species. Especially in situations where several species occurred
together it was inescapable, however, to supplement acoustic identification with
fishing experiments. The catching gear used by all participating vessels was a
fine-meshed pelagic trawl, and the fish-capture power of the trawls was tested
by intership comparisons carried out before the surveys. The depth of trawling
was checked by a depth recorder attached to the trawl.

The abundance of the different species recorded in the scattering layer
showed variations from one year to the next. Redfish and capelin were rather
abundant in all years, whereas herring, cod and haddock occurred in very low
abundance every year. The general impression gained from the surveys was
that the total abundance of 0-group fish in the scattering layer did not vary to
the same extent as the abundance within species from year to year. However,
this had to be verified by estimating more thoroughly the echo-abundance of
the different 0-group fish in the scattering layer. Thus, the importance of a more
accurate measurement of echo-abundance was stressed.

The results obtained during the first four years of surveys were judged by the
participating scientists to be of sufficient interest to warrant continuation of the
work. A joint survey ought therefore to be repeated on an annual basis, at least
until separate assessments of the strength of some of the year-classes studied as
0-group fish could be made from the catches of the commercial fisheries. Since
the main shortcoming of the technique used appeared to be related to identifying
the echo-recordings, it was also recommended that high priority should be given
to efforts to improve identification and sampling methods.

6.3 The subsequent 30 years

Vessels, gears and trawling procedure

More than 30 vessels were used in the survey from the start in 1965 until 2000,
and three to six vessels participated every year. Those used in the first five years
were all built as side-trawlers, some of them having arrangements so that the
pelagic sampling trawl could be operated from the stern. Between 1970 and 1985,
all side-trawlers were replaced by bigger and better-equipped stern-trawlers,
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Figure 6.5
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Trawling procedure adopted in 1981. A) Schematic representation of a trawl haul including
four depth steps. B) How the haul is performed. (From Stensholt and Nakken 2001).

capable of operating larger trawls and with instrumentation for monitoring and
controlling trawling performance. Before 1985, the trawls used varied consider-
ably in size between vessels according to their size and propulsion power. From
1985 and onwards, all vessels have used identical trawls with a rectangular
mouth opening of about 20 x 15 metres (see Nakken and Raknes 1996). This
“standard” trawl is a commercial type of trawl designed to catch capelin. In the
early 1990s, its performance and capture efficiency was thoroughly studied and
compared with that of a trawl specially designed to catch 0-group fish. (Gode
et al. 1993; Godeg and Valdemarsen 1993; Valdemarsen and Misund 1995; Hylen
et al. 1995). These studies showed that the catching efficiency of both trawls
increased with increasing density of 0-group fish (cod and haddock) and that
the length distributions obtained with the standard trawl were highly skewed
compared with those provided by the special trawl; the standard trawl catching
much fewer small-sized 0-group cod and haddock than the “special” trawl.
These differences in capture efficiency over the length and density ranges of
the 0-group, will bias the comparability of the abundance indices over years. In
years with low abundance and small-sized 0-group cod and haddock they will
be underestimated as compared with years with higher abundance and larger
size of 0-group individuals. Until 1980, pelagic trawl hauls were made at about
every 30—40 nautical mile distance sailed, as well as when the characteristics of
the echo-recordings of the 0-group scattering layer changed. Trawling depths
were decided from the appearance of specific layers on the echo-sounder in order
to sample the layer satisfactorily. When no recordings were available, the trawl
was towed with the headline at, or as close as possible to the surface. Towing
distance was 1 nautical mile at a speed of 3 knots. From 1981 and onwards, a
new trawling procedure was adopted in order to ensure that the depth range of
the 0-group was covered (Figure 6.5). Now the trawl was towed in a stepwise
manner in each haul with the headline kept at each of the following depths: 0
m, 20 m, 40 m, and also at 60 and even 80 m when the echo recordings indicated
the necessity of including these depths. The towing time at each depth was 10
minutes, equivalent to a distance of 0.5 nautical mile at a speed of 3 knots.

Establishing indices of abundance

The main aim of the survey was to obtain a measure of the annual abundance
of each species of 0-group fish, a measure that could be used both to forecast
the recruitment of fish to the fishery some years later and for further studies of
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recruitment mechanisms in the stocks. In the first five or six years, the year-class
strengths of the different species were stated to be poor, average or strong on
the basis of a joint inspection of the distribution maps of echo-recordings and
catch numbers. No calculations of numerical values representing the abundance
of year-classes were attempted in these years. The subjective grading into poor,
average or strong year-class strength depended heavily on the experience of the
participating scientists. When it was decided in 1970 to continue the survey into
future, the need for a numerical measure, i.e. an index of abundance, became
pressing.

As mentioned above, the density of scatterers was estimated by visual grading
of the echo-sounder paper recordings and classified on a subjective scale from
0 to 4 according to the following code:

Code number: 0 | 2 3 4

No Very

Classification: recording scattered

Scattered Dense Very dense

During the cruises, the classifications for each nautical mile sailed were per-
formed. The distributions of 0-group fish were plotted on maps in terms of three
density grades; absent, scattered and dense recordings, this grading being partly
based on visual inspection of the echo-recordings and partly on the quantity of
fish caught in the trawl hauls. Examination of the distribution maps indicated
that the criteria used to discriminate between scattered and dense had varied
from year to year. The following method for calculating abundance indices
was therefore adopted in 1972 (Haug and Nakken 1977): A certain catch rate
(number of fish per distance trawled) was used to distinguish between scattered
and dense concentrations in the distribution maps. This number was estimated
by examining the catches containing only one species and comparing the catch
rate with the corresponding visual gradings of the echo trace. In this way spe-
cies-specific catch rates for distinguishing between scattered and dense were
arrived at. Distribution maps were then made in three density grades as before,
but now using the estimated species-specific catch rate to discriminate between
scattered and dense concentrations. Finally, the total abundance index for each
species was estimated directly from the map using the formula:

Total index = Area of low catch rate + 10 x Area of high catch rate

The ratio between fish densities classified as dense (codes 3 and 4) and scattered
(codes 1 and 2), i.e. the number 10 in the formula, was based on echo-integrator
readings (Haug and Nakken 1977) as well as on purse-seine catches of 0-group
herring in the early 1960s (Dragesund 1970). This way of computing abundance
indices often referred to as the “area index”, became one of two standard methods
used for the 0-group survey data.

The other index, the logarithmic one that was derived more directly from
the trawl catch rates, was introduced in the early 1980s (Randa 1984). The
entire area was now divided into strata, and mean values and variances of
catch rates were computed for each stratum as well as for the entire area. The
method, which allowed confidence limits to the indices to be estimated, came
into regular use in 1982.
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Figure 6.6

Annual abundance
(area indices) of
0O-group fish in the
Barents Sea and
adjacent waters
1965-2000. (Source
ICES 2003)
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Figure 6.6 shows the time series of the area indices for the main species (ICES
2003). 0-group herring were virtually absent in the survey data before 1983, and
indices of herring abundance were computed later, when it was evident that the
stock would recover (Toresen 1985).

As mentioned above, the size of the trawls used increased until 1984, a fac-
tor that produced an increase in the overall catching efficiency of the survey
and thus a bias in the index values. In 1996, the area indices for cod, haddock
and redfish prior to 1985 were corrected for this change in catching efficiency,
in order to obtain a time series with comparable values over the entire period
(Nakken and Raknes 1996).

Acoustic or/and catch based abundance indices?

As stated in the introduction to this chapter, the intention at the start of the
survey was to establish indices of abundance based primarily on acoustic
recordings, and to use the trawl catch rates more as a support. From the descrip-
tion above of the establishment of the indices, it is evident that developments
in the 1970s went in the opposite direction. The area index established in the
early 1970s (Haug and Nakken 1977) was partly based on acoustic record-
ings and partly on catch rates in trawl hauls, while the logarithmic index
established in the early 1980s was exclusively based on catch rates (Randa
1982). However, during the 1970s, echo-integrators came into routine use
in the Institute of Marine Research’s survey activity, including the 0-group
survey. Estimates of abundance based on acoustic surveys were worked out
annually for a number of species (capelin, cod, haddock, blue whiting) so
why was the abundance of 0-group species not estimated acoustically? In
order to estimate the density of a given species from echo integration data, the
species must either be the only contributor to the recording, or in the case of
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Figure 6.7 Distribution of total integration values (all species) and catch
rates for some species from the 1973 O-group survey.
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mixed recordings with contributions from several species, the species-specific
contribution must be evaluated by partitioning the total integration value, for
example, according to the composition of the trawl catches. Usually most trawl
hauls from the 0-group scattering layer included many species of 0-group fish
in addition to various species of jellyfish as well as amphipods and krill. In
years when 0-group cod and/or 0-group herring were very abundant, it was
possible to obtain acoustic estimates of the abundance (see later). However,
in most years, and particularly throughout the 1970s when 0-group herring
were absent, most year-classes of cod weak, and the 0-group scattering layer
dominated by 0-group redfish and 0- and I-group capelin, the partitioning of
the total 0-group integration values became extremely uncertain. Figure 6.7
shows some distribution maps from the 1973 survey. The high echo abundance
(integration values) in the western areas appeared to be associated with the
catch distributions of 0-group redfish and herring, while those in the eastern
areas were related to 0-group polar cod and I-group capelin, which quite often
appeared in the 0-group trawl hauls.

The hardware and software developments for post processing of acoustic
data throughout the late 1980s enabled a more detailed and reliable assign-
ment of echo integration values to species than previously. In the 1990s, when
0-group redfish became scarce and 0-group cod and herring were abundant
in several successive years, acoustic estimates of abundance were computed
for both of these species (Toresen and de Barros 1995; Nakken et al. 1995;
Hylen 1997). The acoustic estimates of 0-group cod arrived at, were from five
to 25 times as high as the numbers established by Sundby et al. (1989), which
were based on the logarithmic abundance index assuming trawl catching ef-
ficiencies of 0.25—1.0. However, compared with estimates at later stages of the
same year-classes (1-, 2- and 3-year-old fish) the numbers of 0-group arrived
at from the acoustic recordings seemed reasonable, and it was concluded that
these estimates of cod and haddock (Hylen 1997) and herring (Toresen et al.
1998) provided useful information on the absolute abundance of year-classes
and hence on the natural mortality rates that these experienced at juvenile life
stages (Tables 6.1 and 6.2).

6.4 Main general results

The results of the Barents Sea 0-group survey represent the longest unbroken
time series of the spatial distribution of pelagic fish fry in this region, and the
data have been widely used in studies of abundance, distribution (vertical and

Table 6.1 Northeast Arctic cod. Numbers at age (in billions) in the year-
classes 1991—1994.“0”is the acoustic estimate of abundance from the
0-group survey. 1-3 are the estimates from the catch-at-age analyses
when cannibalism has been accounted for. (From Hylen 1997).

Age (years)
Year-classes “0” | 2 3
1991 8l 3,4 1,8 0,93
1992 107 2,8 1,8 0,72
1993 8l 12 1,5 0,45

1994 99 32 2,4
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Table 6.2 Norwegian spring-spawning herring. Abundance (billion individuals) at age of
small herring (Clupea harengus L.) in the period [983—1994. (From Toresen et al. 1 998).

Age (years)

Year-classes “o” I 2 3 Total
1983 33 0 0 0 33
1984 21 21 0 0 42
1985 47 I 20 0 68
1986 0 0,5 0,2 3 4
1987 0 0 0 0 0
1988 36 0 0 0 36
1989 19 2 0 0 21
1990 62 4 0 0 66
1991 101 24 5 0 130
1992 275 33 14 6 328
1993 100 103 26 0 229
1994 0 7 59 18 84

horizontal), behaviour and growth of the 0-group species, especially cod and
herring, in relation to the environment (Beltestad et al. 1975; Loeng et al. 1995;
Nakken 1994; Ottersen et al. 1994; Ottersen and Sundby 1995; Ottersen and
Loeng 2000; Helle et al. 2000; Stensholt and Nakken 2001). Most of the 28 papers
presented and discussed at the sixth IMR-PINRO symposium in June 1994 dealt
with investigations that included data from the 0-group survey used to elucidate
the dynamics of many fish stocks in the area (Hylen 1995).

Figures 6.8 and 6.9 show the “average” geographical distribution and the
annual mean temperature of the habitats (ambient temperature) of the various
0-group species. As was to be expected, herring, redfish and the gadoids are
the typical “warmwater” species, while polar cod are found in colder waters. It
should be noted that the interannual variations in mean ambient temperatures
(Figure 6.9) are, for most species, greater than the corresponding temperature
variations in the Kola section, a finding that calls for caution when relating
changes in biological variables to temperature changes at fixed stations or
sections.

One of the main objectives of the survey was to provide measures of future
recruitment to the fisheries. Has this objective been met? For year-classes of cod
prior to the mid-1980s, a fair correlation existed between the 0-group index and
stock numbers at age 3 from the catch-at-age analysis (Randa 1982, 1984), and
the index was thus used directly to predict future recruitment (age 3) in the stock
assessment for some years. But when the capelin stock, the main food source
for cod in this region, collapsed in the mid 1980s, increased cannibalism in cod
caused the established relationship between the 0-group index and numbers at
age 3 to break down. Thus several successive year-classes that were abundant
as 0-group (1984, 1985 and 1986) became poor at age 3 due to high mortality
as one- and two-year-olds (Bogstad and Mehl 1992; Jakobsen 1995), and the
recruitment predictions failed completely. However, when comparing the whole
time series of 0-group indices for cod with the corresponding numbers at age
3 from the catch-at-age analysis, the conclusion is that poor year-classes as
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Figure 6.10 Indices (logarithmic) of abundance (upper) and mean
lengths (middle) of 0O-group cod and mean temperature in the
Kola section in August—September. (From Nakken 1994).

0-group remain poor at later stages, while medium and strong year-classes as
0-group may attain a wide range of numbers at age 3 because of differences in
mortality during the intervening years. Similar results were arrived at for her-
ring by de Barros and Toresen (1995), who found a large inter-cohort variability
in juvenile survival, from very low to around 30 percent, between the 0-group
stage and age 3 for the 1983—1993 year-classes. Ottersen and Sundby (1995)
explored possible causal relationships between ocean climate variability and
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recruitment of cod using statistical analysis of sea temperature, wind conditions,
spawning stock biomass and year-class strength measured at three different life
stages; early juveniles, 0-group and age 3. They found that temperature was the
most significant environmental factor related to recruitment success, and also
that the spawning stock biomass was almost as important to the formation of
year-class strength.

Figure 6.10 shows an important result of the survey; the size and abundance
of 0-group cod are synchronized and positively correlated with temperature. Ot-
tersen and Loeng (2000), who investigated this feature for 0-group cod, haddock
and herring, concluded that “the synchrony found in year-class strength and
early growth of three Barents Sea populations is a result of a mutual response
to temperature fluctuations. This further leads us to hypothesize more generally
that for stocks at the high latitudes and of the overall range of the species, the
environmental signal tends to over-ride density-dependent effects on growth”.
Their results of similarity in variability patterns among the stocks, and also
with temperature, strengthen the conclusions of others (Dragesund 1971;
Setersdal and Loeng 1987; Ottersen 1996) that they are strongly and similarly
influenced by large-scale environmental processes. However, the observed
covariability between growth and year-class strength at the pelagic 0-group
stage may change completely at later stages due to the shifts in habitats at the
end of the first year of life.

6.5 Impact, value and justification of 35 years of unbroken

pre-recruit studies

For more than 30 years, the Barents Sea 0-group surveys have provided annual
information about the distribution and state of the new cohorts of Northeast
Arctic cod, Norwegian spring-spawning herring and other important commercial
species. During the early period, the accuracy of the survey findings was not
high, but as the only ones available based on relevant documented data, they
were nevertheless valuable at the time for fisheries management. Over the years,
however, survey experience generated ideas for improved methodology, and new
technological developments provided advanced hardware and software of great
usefulness, with the result that the quality and reliability of the survey results
continuously improved. Their value and importance for stock assessments and
subsequent management decisions have thus persevered and grown. In addition
the survey results have contributed significantly to our understanding of how
the environment, including species and stock interactions, affect recruitment
and thereby the future fisheries. For these reasons alone, the uninterrupted
sequence of annual, comprehensive multi-ship surveys during more than 35
years has clearly been justified.

The development of a survey methodology that focused from the very
beginning on the continuous recording of an “echo index” as a measure of
abundance, combined with trawl catches for species identification and size
determination, set a standard for the conduct of acoustic surveys that has since
been applied in many regions of the world. Furthermore, the initially felt need
for unbiased quantification of the 0-group echo-recordings led to the inven-
tion of the echo-integrator that marked a paradigm shift in fish abundance
determination from hydro-acoustic survey data. This paved the way for fast
and extensive developments of hardware and software designed specifically
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for fishery research that have become widely employed, particularly in stock
assessments of pelagic fish.

The Barents Sea 0-group survey also initiated a closer cooperation between
IMR in Bergen and PINRO in Murmansk. This cooperation was gradually
extended to cover many fields of fisheries research and became of mutual
benefit for the two institutions as well as for the management of the resources
in the region.
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A CHAPTER 7

Acoustics 1n fisheries science
in Norway

Odd Nakken

7.1 Introduction

Echo-sounders (and sonars) for seabed detection and mapping came into use
as a result of research motivated by the First World War. Two decades later,
Sverdrup et al. (1942) summarized the benefits of the new and efficient tool as
follows: “This new method has in a few years completely altered our concept
of the topography of the ocean bottom.” During the 1920s, skippers and scien-
tists using echo-sounders for seabed detection noticed that the instrument also
recorded echoes from targets in the water column. They assumed these targets
were from schools of fish, and the development and use of echo-sounders as fish
finders began during the 1930s. At the outbreak of the Second World War, only a
few large fishing vessels were equipped with acoustic instruments. Submarine
warfare research during the war greatly advanced underwater acoustic technol-
ogy, and during the two first decades after the war, echo-sounders and sonar
came into widespread use in commercial fisheries and fisheries science. In an
article compiled by FAO in 1952, we find the following statement (Cushing et al.
1952): “Although the fisherman has also benefited from other recent advances in
science and engineering, it is safe to say that of all the tools of his trade acquired
during this period, the common use of the echo-sounder for detecting fish must
be considered the outstanding development of commercial fisheries. Electronic
fish detection is already stimulating the development of new fishing gear, such
as the midwater trawls, and is taking much of the guess-work out of fishing with
the old and established gear in both the pelagic and demersal fisheries.”

In Norway, both scientists and fishermen were early aware of the potentials
of echo-sounders. Fishing vessels from the Mare area were equipped with such
instruments in 1932, and captain Thor Iversen at the Directorate of Fisheries
used an echo-sounder to map the seabed off East-Greenland in 1933 (Johansen
1989; Iversen 1936). In 1934, the fishing skipper Reinert Bokn demonstrated
the advantage of the instrument for fish finding in the purse seine fishery for
sprat (Anon. 1934). A year later, Oscar Sund made his famous echo recordings
of spawning concentrations of cod in Lofoten (Figure 7.1) with the RV “Johan
Hjort”. Sund was immediately aware of the usefulness and potential of the
echo-sounder both in fisheries and marine science because of the information
about the spatial distribution of fish provided by the instrument that offered
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Figure 7.1
Echo-sounder
recordings of
spawning cod
(skrei) in Lofoten
in March 1935
(Sund 1935).

the possibility of studying fish behaviour and migration as well as abundance
estimation. His observations and analysis were the beginning of a methodo-
logical development in Norwegian fisheries science, a development that was
interrupted by the Second World War, but continued and expanded after the war
through cooperation between marine scientists and engineers. This cooperation
kept Norway at the forefront of developments in fisheries and fisheries science
acoustics (Schwach 2004; Sogner 1997).

This chapter offers a brief review of how the use of acoustic instruments
developed in fisheries science in Norway, from a simple “present or absent” fish
indicator in the 1930s to tools providing quantitative information on species,
size, abundance and movements of fish and other marine organisms. Readers
who wish more detailed information about these developments are referred to
earlier reviews (Cushing ef al. 1952; Dragesund and Midttun 1966; Aglen 1994;
Ona 1994; Misund 1997; Fernandez et al. 2002; Schwach 2004).

7.2 Echo surveys of cod and herring: the early years

Before 1950, Norwegian fisheries for cod and herring were largely seasonal
and coastal, and were based on the concentrations of fish aggregating in coastal
waters to spawn in late winter and early spring. The appearance of fish on the
spawning grounds varied from one year to the next both temporarily and geo-
graphically, and the continuously updated picture of the underwater situation
provided by the echo-sounder, enabled scientists to locate and advise the fishing
fleet about fishable concentrations. From 1935 until the Second World War, Oscar
Sund and his colleagues employed echo-sounders regularly in cod and herring
studies, mapping distributions, relating them to environmental conditions and
informing the fishing fleets about the results (Sund 1939 and 1943; Runnstrem
1937 and 1941; Eggvin 1938). The promising immediate economic benefit of such
investigations, i.e. advice on where and when to fish, made them attractive to
industry and scientists. In an article in Nature (Sund 1935) describing the very
first echo-sounder recordings of spawning cod, Sund writes: “It is interesting to
note that this spawning concentration of cod had apparently no relation to the
bottom. This was well known before, but no one could have imagined the fish
to be limited to such a sharply defined layer of only 10—12 metres in thickness,
extending widely above deep water and shallow, always at the same distance
from the water surface. This distance was 72 metres at the first encounter with the
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spawning shoals (11 March) and 50 metres at the conclusion of this investigation
5 April. At the same time, the temperature of the “fish” water layer had fallen
from 6.0-6.5 °C to about 3.0 °C”. Although the instrument was continuously
in use in all cod investigations with “Johan Hjort” before the Second World
War, it was only in Lofoten during the spawning season that the echo-sounder
recorded significant concentrations of cod.

After some preliminary trials of echo surveys of herring in 1936, the echo-
sounder was widely used during the herring investigations in 1937. On 7 February,
when returning to the coast after completing a hydrographic section across the
Norwegian trench, “Johan Hjort” recorded a school of herring “over a distance
of 20 nautical miles. The school had a width of 2 nautical miles and a vertical
thickness of about 30 metres” (Runnstrem 1941). Runnstrem estimated the
biomass of the school to be 1.5 million tonnes, assuming a density of two fish per
cubic metre, a figure he had arrived at some days earlier when an experienced
master fisherman had used his manual “hand sounder” (see Figure 3.2) to assess
the size of a smaller school that first had been measured by the echo-sounder
on board “Johan Hjort”. In his work, Runnstrem used echo-sounder observa-
tions in studies of dial behaviour, abundance and distribution in relation to
hydrographic conditions (Figures 7.2 and 7.3). He explained how and why the
availability of herring to the fisheries varied from year to year independent of
the relative strength of the spawning stock. In years when the coastal waters
were cold and extended to great depths, the herring would spawn more deeply,
out of reach of many of the gears in use at the time. Eggvin (1940) described
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By the outbreak of the war, Norwegian fisheries scientists had been using
the echo-sounder regularly for several years and had demonstrated the useful-
ness of the instrument both for the purpose of observing and understanding
fish behaviour, and for advising fishermen on where to fish in order to improve
their catches.

The promising practical and scientific experiences with the use of echo-
sounders, i.e. the ability to map the spatial distribution of fish and thus obtain
information on just where to fish, encouraged Norwegian scientists and engineers
to put considerable efforts into developing acoustic fish finders after the war.

Horizontal-ranging sonar was widely used for submarine detection during
the war. Sonar operators had observed that echoes from other targets than
submarines were recorded, and they assumed that many of these “false echoes”
were from fish (herring) schools (Dragesund and Midttun 1966). Immediately
after the war, the Institute of Marine Research started trials of sonar for detecting
herring schools. During the winter fishery in 1946, a Norwegian Navy vessel,
“Eglantine”, operated a sonar unit on the herring fishing grounds (Gerhardsen
1946; Lea 1947). The scientist in charge was Einar Lea, the leader of the herring
investigations, and the engineer responsible for the operation of the equipment
was Thorvald Gerhardsen, who later became the managing director of Simrad.
In his report, Lea (1947) identified two research tasks for which the new instru-
ment could be very useful:
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Figure 7.4
Distribution of
surface temperature
(°C) and sonar
observations of
herring migrating
towards the
Norwegian coast in
winter 1950-1951
(Redrawn from
Devold 1952).

* Ascouting service in early winter to advise fishermen on when and where
the pre-spawning herring would appear at the coast, combined with oceano-
graphic studies aimed at understanding the large shifts in spawning migrations
between years.

* An acoustic survey in summer and autumn covering most of the Norwegian
Sea and the western parts of the Barents Sea to map the distributions of
mature and immature herring in the feeding season.

Trials continued during the 1947 and 1948 herring fishing seasons, with Finn
Devold as cruise leader. The outcome of these experiments was that a new
sonar system, specially designed for fish finding, was installed on board IMR’s
new research vessel “G.O. Sars” in 1950. A new echo-sounder built by Simrad
(established in 1947), was also tested by Devold and his colleagues on board
the purse-seiner “Vartdal” during a cruise in the Norwegian Sea in summer
1949. In his report, Devold concluded that the instrument performed as well
as instruments of foreign origin, and the new sounder became a sales success
(Sogner 1997). Thus, in only four or five years, close cooperation between
fishery scientists and engineers had resulted in Norwegian acoustic systems
(echo-sounder and sonar) of high quality. This was the start of a fruitful co-
operation between IMR and Simrad that has been maintained throughout the
years, a cooperation in which Gudmund Vestnes at IMR played a key role for
40 years, and from which both institutions have benefited.

The new research vessel with her instrumentation became a great success:
“It soon became apparent that the “G.O. Sars” was worthy not only of her
name but of the four million Norwegian kroner that were spent on her,” wrote
Rollefsen (1966). During the summer of 1950 she mapped the herring distribu-
tion in the Norwegian Sea, and in winter 1950-1951 she traced the spawning
migration of herring towards the Norwegian coast (Figure 7.4). Daily bulletins
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on the position, numbers, size and depth of schools were broadcast to the
fishing fleet, and both the service and the cruise leader and head of the herring
investigations, Finn Devold, became extremely popular in the herring fishing
communities (see Chapter 4).

A similar service was established for the “skrei” fishery, tracking the spawn-
ing migration of Northeast Arctic cod moving southward from the Barents Sea
towards the Lofoten region, and charts (Figure 7.5) of the distribution were
published in a local Lofoten newspaper so that fishermen were kept updated
on the movements of fish to the spawning grounds.

As well as providing information to the fishermen on where to fish, the echo
surveys contributed greatly to the knowledge of fish distribution, migrations
and behaviour in relation to environmental factors, knowledge that has become
useful in the planning and interpretation of the results of stock assessment
survey in later years. The development of fish-finding equipment, capture and
communication systems in the fishing fleet between 1950 and 1970 (see Chapter
3) rendered largely unnecessary the need to provide direct advice to the fisher-
men, and the main objectives of the echo surveys shifted towards obtaining
estimates of abundance of fish stocks.
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7.3 Towards quantification, 1950-1970

By the early 1950s, it was well known that the strength of the echo (the echo
amplitude) was seriously affected by the presence or absence of a swim-bladder,
and it was soon realized that a number of other factors were also important:
instrument characteristics, such as the beam pattern of the transducer and acoustic
frequency; depth, recognizing the need for time-varied (depth-varied) gain; and
target characteristics, such as the size and shape of individual fish. However,
empirical knowledge that would make it possible to quantify the effect of the
various factors on echo recordings was limited. During the 1950s and 60s,
several methods were developed to transform echo recordings into estimates
of fish density (number per unit volume or number per unit area) by counting
echo traces, measuring their size on the paper record or measuring the voltage
of the echo (see Fernandez et al. 2002 for references).

Scientists at the Institute of Marine Research were active in this work and
were at the forefront of developments. The observation that skilled purse seine
fishermen soon developed an ability to estimate the biomass of herring, sprat
and saithe schools rather accurately from echo-sounder and sonar recordings
stimulated efforts in acoustic abundance estimation. They were early aware that
cod, for instance, were more widely dispersed and pelagically distributed at night
than during the day, when the fish were more tightly clustered and stayed closer
to the bottom, and they used this difference in diurnal behaviour in practical
surveying, performing echo surveys at night and sampling (trawling) the fish
during the day. Satersdal (1955) recognized traces of medium-sized single cod
down to 170—180 m, and Midttun and Setersdal (1957) made the first attempt
to arrive at an absolute estimate of abundance. They estimated the number of
fish within a limited area in the Barents Sea by counting individual fish traces
on the recording paper. The sampling angle of the echo-sounder —i.e. the angle
within which the sounder “saw” the fish — was found by counting the number
of'echoes in each fish trace and comparing the values arrived at with the actual
beam pattern of the transducer (Midttun and Vestnes 1977). At times the group
(Midttun, Satersdal and Vestnes) had difficulties in separating echoes from
cod from the bottom echo, a problem that became much less when in 1956, in
cooperation with Simrad engineers, they succeeded in establishing the so-called
“white line” bottom by removing the peak values from each seabed echo so
that it appears on the recorder as a thin black line followed by a broader white
line (Midttun, Seetersdal and Vestnes 1957). The experience gained during the
1950s were so promising that in 1961/1962, IMR installed a new echo-sounder
and sonar system on board the two research vessels “Johan Hjort” and “G.O.
Sars” (Dragesund and Midttun 1966; Midttun and Vestnes 1977). This instru-
ment included automatic compensation for transmission loss (one-way and
two-way) of sound intensity so that densities and targets at different depths
could be compared more reliably, and target strength measurements could be
made more easily at sea (Midttun 1966; Midttun and Nakken 1968).

Fish density (and abundance) from echo counting can only be estimated
when fish are so well separated from their neighbours that echoes do not overlap.
For recordings of scattering layers where two or more fish contribute to each
echo, a subjective visual density grading on a scale from 0 (no recording) to 4
(very dense recording) was developed and used until the echo integrator was
introduced in 1963 (Dragesund and Olsen 1965, see Chapter 6). That instrument
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proved so successful that it formed the basis of modern acoustic abundance
estimation (Midttun and Nakken 1968; Dragesund 1970; McLennan 1990). The
first version of the instrument integrated echo voltage over a depth range and
distance (usually one nautical mile). However, soon it was realized that the
echo intensity (i.e. voltage squared) should be integrated, and measurements
made by Russian scientists (Scherbino and Truskanov 1966) on herring schools
showed empirically that squared echo voltage (echo intensity) is proportional to
fish density. “Squared voltage” echo integrators became available from Simrad
in 1969 (Bodholt 1969) and were installed on board the new RV “G.O. Sars”
in 1970. That vessel was designed and equipped for acoustic measurements,
abundance estimation in particular, based on the methodology which then had
been successfully employed in the 0-group surveys (Chapter 6). In addition
to her ability to make acoustics measurements, her capacity for fish capture
and thus for identification and size determination of the acoustic recordings
was excellent.

Experiments carried out in the 1960s, greatly improved our knowledge of the
back-scattering properties of fish, i.e. their ability to reflect sound (see Fernandez
et al. 2002 for references). The results obtained by Midttun and Hoff (1962) are
of particular interest and importance for both acoustic abundance estimation
and size determination, as they demonstrated that even small changes in fish
behaviour (tilt angle) would cause large changes in target strength (scattering
cross-section), and that cod and saithe were substantially different in this respect
(Figure 7.6). Midttun and Hoff (1962) attributed this to the different shape of
the swim bladder in the two species, the saithe having a more elongated swim
bladder than the cod. As results from these and other fully controlled experi-
ments gradually became available, the complexity of the relationship between
the echo and fish species, size, aspect angle and density was realized, and the
demand for better controlled measurements grew. A major step forward was
the methodology for estimating the density distribution of the target strength
of individual targets (Craig and Forbes 1969). It provided true estimates of
numbers per unit volume (or area) for each target-size group by removing the
effects of the beam pattern of the transducer from the echoes.

The significant developments in the use of acoustic methods in fisheries
science during the 1960s, persuaded ICES to collaborate with FAO in organizing

Figure 7.6
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a training course for fisheries scientists in Svolvaer (Lofoten) in northern
Norway in March 1969. The course produced a number of preliminary manu-
als, culminating in the work of Forbes and Nakken (1972). In reviewing the
outcome of the training course, the ICES’ Gear and Behaviour Committee
made two recommendations: 1) that an acoustic group be set up within the
Committee; and 2) that steps be taken to organize a symposium on “Acoustic
Methods in Fisheries Research”. The former would not come about until later;
the second went ahead and led to the symposium being held in Bergen in 1973
(Margetts 1977).

7.4 Fish stock monitoring — 1970s

By 1970, the increased exploitation of pelagic fish in the Northeast Atlantic in
previous years, largely caused by the development in purse seine fishing (see
Chapter 3), had brought the stock of Norwegian spring-spawning herring to
collapse, reduced the North Sea stocks of herring and mackerel substantially,
and increased fishing pressure on the stock of Barents Sea capelin. At the
Institute of Marine Research it was decided to use the new and well equipped
“G.0. Sars” to obtain acoustic estimates of capelin and blue whiting; capelin
because the fishery had increased rapidly throughout the 1960s, and because
other and more traditional methods of estimating abundance were difficult to
apply on the stock and blue whiting because Scottish and Russian studies had
indicated that the stock was large and that yields could be greatly increased.
Previous studies had shown that both these stocks had distribution patterns that
favoured acoustic abundance estimation, i.e. the fish were aggregated in pelagic
scattering layers and to a large extent unmixed with other species.

Figure 7.7 shows the distribution of capelin in late summer and early autumn
in the Barents Sea in 1971 and 1972. The difference in geographical extent is
mainly caused by the coverage in 1972 being 5-6 weeks earlier than in 1971.
Acoustic estimates of abundance came to 6.7 (in 1971) and 9.1 (in 1972) million
tonnes of capelin. These “absolute” values were arrived at using a conversion
factor for the echo integration values based on paper counts of individual fish
traces, a method suggested by Midttun and Nakken (1971) (Figure 7.8), and
were explained and discussed in a paper at the acoustic symposium in Bergen
in 1973 (Midttun and Nakken 1977), which also presented the results obtained
in 1972 and 1973 for blue whiting. Applying a similar calibration technique for
blue whiting as for capelin, the four coverages (two in 1972 and two in 1973)
resulted in abundance estimates of between 2.7 and 10.4 million tonnes (Midt-
tun and Nakken 1977). The main reasons for estimating the conversion factor
using fish densities obtained from paper counts was the uncertainty involved in
calibration of the integration system (see below) as well as the lack of target-
strength measurements of both species.

The promising results arrived at in the early 1970s for capelin and blue
whiting, led to IMR carrying out annual acoustic abundance surveys for both
these species as well as for many other stocks. For capelin, the first catch quota
(TAC) was introduced for the winter fishery of spawners in 1974, on the basis of
the survey results from autumn 1973. For blue whiting, which were observed
to be distributed in dense scattering layers during spawning (Figure 7.9), a trial
fishery with pelagic trawls started in 1972, ultimately leading to an important
Norwegian fishery on this stock (see Chapter 3). Gjoseter et al. (1998) have
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Figure 7.8
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written a comprehensive review and synthesis of the results of the capelin
acoustic surveys, 1972—1997, and Monstad (2004) reviewed the information
gained from the acoustic surveys on blue whiting. Results for Northeast Arctic
cod are discussed in Chapter 5.

Throughout the 1970s, the stock of Norwegian spring-spawning herring was
extremely low and was found at a few sites in inshore waters, a distribution
pattern that did not favour acoustic abundance estimation. In the 1980s, when
the herring stock began to recover, annual acoustic estimates of abundance
became an important source of information in the assessment for that stock as
well (Chapter 4).

7.5 Increasing understanding and improving methodology

In order to utilize the large quantity of acoustic field data that became available
thanks to the echo integration technique developed in the 1960s, more insight
was needed into the scattering properties of fish and other marine organisms,
including an understanding of how the characteristics and settings of the
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instruments (frequency, beam pattern, gain and threshold levels) influenced
the echoes. Throughout the 1970s and 80s, scientists at the Institute of Marine
Research carried out a series of fully controlled experiments in order to obtain
more knowledge of the relationship between the echo and fish species, size,
orientation relative to the acoustic beam, and density.

Target strength in relation to fish species and size

Nakken and Olsen (1977) measured more than 300 fish of 17 different species
at two acoustic frequencies (38 and 120 kHz) in summer 1971, and some years
later, Dalen et al. (1976) carried out target strength measurements of capelin
and 0-group fish.

The results of Nakken and Olsen were presented at the Bergen acoustic
symposium in 1973 and were the subject of widespread attention in the following
years. Figure 7.10 shows the principal findings for cod. When they combined
the tilt angle distribution of cod observed from field photographs (Olsen 1971)
with the results of controlled experiments, they found that the mean target
strengths to be expected in field observations for a given fish size were 7-8 dB
lower than the maximum values observed. Similar results were also obtained
for herring when the tilt angle distributions observed by Beltestad (1973) were
employed. The measurements made by Nakken and Olsen (1977) were further
analyzed by Kenneth Foote in a series of papers in which he established rela-
tionships between the average target strength and fish length for a number of
species (see Foote 1980 for references). The importance of the size and shape
of the swim-bladder for acoustic scattering had long been realized (Midttun
and Hoff 1962) and was evident from the measurements made by Nakken and
Olsen (1977) when comparing the results for mackerel (no swim bladder) with
those for swim bladder fish (Foote 1980). Comprehensive measurements in the
early 1980s (Ona 1982) of swim-bladder size and shape offered the possibility
of predicting fish target strengths (Foote and Ona 1985; Foote 1985). However,
various physiological factors such as stomach content and the seasonal fat cycle
and gonad development cause variations in swim-bladder size and shape, and
thus natural variations in fish target strength (Ona 1990).

Figure 7.10
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Echo intensity in relation to fish density

Sometimes the bottom echo below a dense school of fish is reduced compared
with its level outside the school, a phenomenon often observed when dense
herring schools were recorded. This is often referred to as acoustic shadowing;
i.e. the upper parts of the school reduce the sound intensity that reaches the
lower parts and the seabed.

In order to clarify the fish density at which acoustic shadowing occurs so that
the proportionality with echo intensity breaks down, Rettingen (1976) carried
out controlled experiments with several fish species in 1973. His measurements
indicated that linearity was maintained up to very high fish densities. The linear-
ity principle, i.e. that integrated echo intensity is proportional to fish density,
which is the basis for the use of echo integration in abundance estimation, is
not self evident, and discussions continued for years in ICES and other fora
about its validity. In the early 1980s, Foote (1983) performed a definitive test of
the relationship between echo intensity and fish density. He measured the echo
energy from caged free-swimming fish at several frequencies and observed the
behaviour of the fish by photography, which enabled him to correct the echo
energy for the tilt angle distributions observed. His estimated and true densities
agreed within the bonds of experimental error, thus demonstrating the applicabil-
ity of the linearity principle (Figure 7.11). However, at very high fish densities
shadowing does occur, so that acoustic density estimates are biased downward
as shown for dense scattering layers and herring schools (Aglen 1994; Olsen
1986 and 1990; Toresen 1991). In recent years, estimation and compensation
models for shadowing effects in dense fish aggregations have been developed
(Zhao and Ona 2002).
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. . . . . Figure 7.12
Advances in calibration and instrumentation Rigging of a research

An essential advance in acoustic abundance estimation and sizing was the  vessel for calibration
. . . .. of the echo-
progress made in the early 1980s on calibrating acoustic instruments (Foote et sounder and echo
al. 1983, 1987). Earlier calibrations, based on measurements with hydrophones,  integration system.
were tedious and often produced highly variable results. The new calibration
methodology, which used spherical standard targets, optimized to the specific
frequency and placed in easy manoeuvrable systems (Figure 7.12), yielded
results with high accuracy. Another major step forward in these years was the
development of the split-beam echo-sounder, which made it possible to deter-
mine the location of the target in the acoustic beam. The basic development
work was done by laboratories in Seattle, USA (Ehrenberg 1983). However, by
1984, Simrad made the first split-beam echo-sounder commercially available,
an instrument that became a great success for measuring target strength and
sizing fish at sea (Foote et al. 1986).
A major problem in acoustic measurements at sea when using hull-mounted
transducers is the weakening of the transmitted signal caused by the layer
of air bubbles that forms below the vessel in bad weather (Dalen and Lovik
1981). The obvious solution to the problem is to tow the transducer at a depth
below the bubble curtain. However, in a surveying situation when trawling
for fish sampling is often carried out, using a towed body is inconvenient and
time-consuming, and since about 1990, IMR has used protruding transducer
platforms on its research vessels. This has significantly reduced the problem
of air blocking of the echo sounder signals (Ona 1994).
The introduction of digital signal processing in echo-sounders, sonars and
echo integrators greatly improved the efficiency of these instruments for fish



ACOUSTICS IN FISHERIES SCIENCE IN NORWAY 151

Figure 7.13
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behaviour studies (Bodholt and Olsen 1977) and density estimations (Blindheim
et al. 1982). A major improvement for IMR’s work was the development of
the Bergen Echo Integrator (BEI), a man-machine interface system that made
allocations of echo integrals (echo densities) to species or groups of scatterers
considerably more easy and reliable (Knudsen 1990; Foote et al. 1991). Figure
7.13 plots mean values of echo density in four areas for six species on the basis
of allocations by two teams of observers working independently with the same
data sets. Cod was the target species for the survey. The comparison appears
to be quite good, as can be seen from the scatter of points around the 1/1 line,
except for herring in one of the areas.

Survey grid density

The accuracy of an acoustic estimate of abundance obviously depends on the
patterns and patchiness of fish distribution and the density of cruise tracks, and
in the 1980s, the design of survey grids was widely discussed (see Simmonds
et al. 1992 for references). Aglen (1983, 1989a and b) investigated the accuracy
of surveys made in different circumstances; fjords and large areas of open sea,
and tropical and temperate waters. He showed that in order to obtain a given
level of accuracy in a narrow fjord, a denser survey grid is required when the
fish are lying in schools (during the day) compared with scattered distributions
(at night). Such differences were not observed for surveys in the open sea. In the
fjord some 5-20 schools were typically recorded, while in the open sea, several
hundred schools were recorded, thus evening out small-scale variations. Aglen
also established a relationship between the coefficient of variation and the degree
of coverage, i.e. the total length of cruise track divided by the square root of the
area to be covered, which became very useful for survey planning.

Abundance estimation and fish behaviour

An important part of IMR’s work in the 1980s and 1990s on acoustic abundance
estimation was on identification and quantification, and quantification of errors
as well as on methodology to reduce errors. The progress of this work benefited
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greatly from cooperation in the Working Group of Fisheries Acoustic Science
and Technology (WG FAST) under ICES that met for the first time in 1982 under
the chairmanship of Kjell Olsen. Aglen (1994), who reviewed and summarized
the available knowledge, considered errors due to fish avoiding the surveying
vessel horizontally and vertically to be the most serious, both because such er-
rors may became large and because it is difficult to detect avoidance properly.
Observations, particularly on herring, showed that schools and scattering layers
near the surface avoided the vessel horizontally (see Chapter 8) while deeper
fish also dived as vessels passed, a pattern of behaviour that was modelled by
Olsen et al. (1983) by taking into account the spatial distribution of the noise
from the survey vessel. Avoidance behaviour could thus both thin fish density
along the track of the vessel and reduce target strength due to changes in tilt
angle and depth (compression of swim bladder). These effects would lead to
underestimation of the actual densities along the track using the echo integration
technique (Vabg 1998). Comprehensive field measurements in the 1980s and 90s
greatly improved our understanding of fish behaviour patterns, both natural (see
Nottestad et al. 2002 for references) and vessel-induced, and thus our ability to
improve acoustic abundance estimation by counting and measuring schools of
fish using sonar (see Chapter 8). Sonar counting and size measuring of schools
were well established by 1970 (see Forbes and Nakken 1972 for references).
However, improvements in technology during the subsequent decades allowed
horizontal and vertical school structures and fish movements to be surveyed
(Misund 1993; Misund et al. 1993). Figure 7.14 shows the density structure of
a herring school.

Discrimination between different types of recordings

Scientists and fishermen were early aware that some of the echo recordings
obtained were from planktonic organisms, and in practical surveys, the differ-
ences in appearance on the paper record or screen were used to decide whether
plankton or fish were being recorded. The use of a range of acoustic frequencies
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on board the vessel eased this type of work because of great differences in fre-
quency response of plankton and fish recordings. During the 1990s, methods were
developed for quick and easy comparison of differences in frequency response,
and these were incorporated in the Bergen Echo Integrator post-processing
system (Korneliussen 2002). In addition to making the discrimination between
fish and plankton more easy and reliable, the technique has also proved useful
for separating recordings of mackerel from those of other fish species.
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A CHAPTER 8

Fish behaviour, selectivity and
fish-capture technology

Steinar Olsen

8.1 Introduction

The objective of fisheries management is to promote sustainable yields of
harvestable natural resources while safeguarding the biodiversity of the aquatic
environment. This requires in the first place fishing technology that facilitates
efficient harvesting of the desired target species and sizes without destroying
other organisms or damaging the capacity of the aquatic environment to sustain
further life and growth. Secondly, rational and effective resource management
must be based on adequate knowledge of the exploited stocks: their distribution
and abundance, sex and age structure, etc. The research necessary to provide
such knowledge invariably include catching fish in order to obtain biological
samples and/or catch rates for fish density estimates. Thirdly, insight into and
real understanding of the operations and capture processes of different types
of fishing gear are indispensable for the formulation of effective, workable
management regulations. Such knowledge can only be obtained by observations
and measurements of fishing gear in actual operation, and by direct studies of
relevant fish behaviour and reactions.

The three international fishing gear congresses organised by the Food and
Agriculture Organization of the United Nations, FAO, were major events in the
process of establishing research and development of fish-capture technology
and related fish behaviour studies as a permanent field of fisheries science.
The first of these, held in 1957 in Hamburg, was the eye-opener (Kristjonsson
1959), in that it made the authorities aware of the need for systematic studies
and experiments, and of the great potential benefits of such work to the fishing
industry. Research and development relevant to fish capture, including gear
selectivity, were subsequently given higher priority by a number of fishing
nations, as is evident from the reports submitted to the ‘Second World Fish-
ing Gear Congress’, held 1963 in London (Finn 1964). One example was the
establishment, initiated in Norway, of an informal international group with
participants from six European nations, which in the 1960s attempted to organise
an international forum for promoting cooperation in fish capture research
across national borders (Dale and Meller 1964). This probably had a notable
impact on the International Council for the Exploration of the Sea, ICES, to
give fish behaviour and fish capture research higher priority than before, and



158 FISH BEHAVIOUR, SELECTIVITY AND FISH-CAPTURE TECHNOLOGY

to transform the previous ‘Comparative Fishing Committee’ into the current
‘Fish Capture Committee’.

The next two outstanding international gatherings for promoting research
and development in fish behaviour and fishing technology were the 1967 ‘FAO
Conference on Fish Behaviour in Relation to Fishing Techniques and Tactics’
in Bergen (Ben-Tuvia and Dickson 1968), and the ‘Third Congress on Fishing
Gear’, organised by FAO in Reykjavik in 1970 (Kristjonsson 1971). Thereafter,
twenty-two years elapsed before another major international event in this field
took place, the 1992 ICES symposium in Bergen on ‘Fish Behaviour in Relation
to Fishing Operations’ (Wardle and Hollingworth 1993). During the ensuing
years, fish capture and behaviour research expanded greatly and became firmly
and permanently established in Norway too.

8.2 The establishment of permanent fish capture research

Although Norway’s first fishery research vessel, “Michael Sars”, was equipped
with a wide range of sampling gears in order to overcome their individual
selective catching biases (Murray and Hjort 1912), prior to World War 11, no
directed, systematic studies of fishing gear and relevant fish behaviour were
carried out in Norway.

Only incidental observations relevant to this multi-disciplinary field of
research were made from time to time. However, the concept of size selection
in fishing nets of different mesh sizes was always evident within the fishery
research establishment. Thus, at the ICES Special Meeting in June 1934, captain
Thor Iversen confirmed that trawl meshes do remain open so that small fish
may escape, and he advocated the use of larger meshes in the Barents Sea trawl
fisheries because of the large size of the fish there (Anon. 1934).

In 1953, Gunnar Rollefsen had a rare opportunity to compare the size dis-
tributions of gillnet- and longline-caught cod in Lofoten with those of catches
taken by a presumably non-selective fishing gear, the purse seine. These unique
data still makes his report (Rollefsen 1953) a classic publication on fishing gear
selectivity. They were subsequently used by Sidney Holt (1963) to develop
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mathematical models for gillnet mesh selection and new experimental methods.
A dome-shaped gillnet size selection curve for cod was confirmed, and there-
after, using Holt’s methods, also for herring (Olsen 1959) and halibut (Olsen
and Tjemsland 1961, 1963). When Rollefsen’s data are combined with those of
Satersdal (1963) for smaller cod, a dome-shaped long-line selection curve for
the entire commercial size range for cod becomes apparent.

Of course, fishermen were always fully aware of the need to match the
mesh size of their nets to that of the fish, and Rollefsen (op. cit.) observed that
the gillnet fishermen in Lofoten tried to adjust the mesh size in their nets to
correspond with the modal size of fish available. However, by basing these
adjustments on the size of the fish they had taken in the previous year, they
were usually out of phase with the annual progression in modal sizes caused
by fluctuations in year-class strength.

After the Second World War, the need for effective management of fish re-
sources became more and more apparent, and contemporary developments in the
theory of fish population dynamics were gradually brought into use by fisheries
biologists. It then became evident that quantitative knowledge was lacking with
regard to the size-selection properties of fishing gears, in particular how the mesh
size of a trawl affects the size of the fish caught. In the 1950s, therefore, several
fisheries research institutions began to conduct extensive trawl mesh selection
experiments. In the North-East Atlantic, this and related types of studies soon
became coordinated through the ICES Comparative Fishing Committee. The
Research and Statistics Committee of the International Commission for the
Northwest Atlantic Fisheries, ICNAF, was also actively promoting selectivity
work. The Institute of Marine Research, IMR, contributed to these coordinated
international efforts right from their start.

The first milestone in the Norwegian investigations of trawl mesh selection
was Gunnar Setersdal’s alternate haul experiments with RV “Thor Iversen”
and RV “Peder Rennestad” (Satersdal 1955).

Seatersdal thereafter participated actively in the cooperative studies of ICES
and ICNAF (Anon. 1961) to determine selection factors for different species
of fish and how trawl selectivity is affected by various gear and operational
parameters. This work was continued by Steinar Olsen and Arvid Hylen. How-
ever, these were studies of an ad hoc nature, conducted as and when required,
without attempting to make an in-depth analysis of the interplay between fish
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behaviour and fishing gear dynamics required to obtain greater insight into the
relevant capture processes.

Setersdal’s early trawl selectivity studies included attempts to develop
experimental methods for quantifying the relationship between codend mesh
size and the sizes of the different kinds of fish caught, and to establish how this
is affected by operational parameters such as catch size, towing time and speed.
Subsequent investigations by Olsen and Hylen, while continuing these efforts,
also responded to specific requests by the North East Atlantic Fisheries Commis-
sion for advice on the effects on trawl selectivity of new synthetic net materials,
the use of various kinds of top-side chafers, discards (Hylen 1968), etc. These
early studies of IMR thus made direct contributions to the international efforts
of the time to generate quantitative knowledge of trawl mesh selectivity in the
main commercial species of fish, and the effects on size selection by various
fishing gear design features and operational parameters.

Subsequent needs to quantify the impacts on selectivity of new innovations
in fishing technology and practices arose from time to time and had to be ad-
dressed, e.g. selectivity in pelagic trawls (Olsen 1975), and the effects on codend
selectivity of round straps and new types of top-side chafers (Beltestad 1977).
The greatly increased role of Danish seining in the coastal fisheries similarly
necessitated new and better studies of size selection in this gear (Isaksen and
Lokkeborg 1993).

At the beginning of the 1970s, the need for research and stock assessments
increased greatly in order to meet the requirements of reliable management
advice relevant to all the economically important fishery resources. This also
called for more accurate and detailed insight into the capture processes in the
main methods of commercial fishing. The desired fishing technology also had
to be made less labour-intensive, more efficient and versatile, and capable of
preventing, or at least greatly reducing, by-catch of undersized or unwanted
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kinds of fish. Accordingly, when in 1973 the new Institute of Fishery Techno-
logy Research (FTFI) was founded, it included a Fish Capture Division. This
was located in Bergen in order to facilitate close cooperation with IMR and the
Institute of Fishery and Marine Biology (IFMB) of the University of Bergen.
During the 1980s, fish capture research capacity was also developed at the
Universities of Tromse and Trondheim. Particularly with regard to research on
species and size selectivity in prawn and roundfish trawling, extensive coopera-
tion was established with the Bergen group. Since 1974, continuous efforts have
been made to enhance fish-capture technology in the Norwegian commercial
fisheries, to reduce by-catch of undersized fish and non-target species, and to
contribute to the reduction of bias and improved accuracy in research vessel
survey and abundance estimates.

Throughout this period, studies of fish behaviour have been an integral part
of all fish capture work. At the same time, important developments in underwater
observation equipment and techniques have greatly enhanced the facilities for
making direct in sifu observations and measurements that had hitherto been
inconceivable. A joint pool of instruments and equipment for fish behaviour
studies was therefore established in Bergen, without which the progress made
could not have been realised. Research has focused on virtually all methods
of commercial fishing in Norway, with an emphasis on the fisheries for cod,
haddock, prawn, herring and mackerel. In the following sections, we review
work of direct relevance to cod and herring in some detail.

8.3 Enhancing fish capture technology

In the 1960s, a working group was established to develop with government
funding a new, efficient single-boat pelagic trawl (Dale and Moller 1964). A
number of basic research projects were instigated by this working group, but
the funding authorities discontinued the extensive activities of the group before
a workable trawl had been developed.

During the same period, public funds were also subsidising the initial devel-
opment of an automatic baiting machine and its testing in the offshore longline
fleet. When the Fish Capture Division of FTFI was established in 1974, its first
task was to test a new longline baiting machine and compare its performance
with that of the first one. This marked the beginning of an extensive and long-
lasting engagement in research and development of longlining technology,
always in close collaboration with the gear-manufacturing industry and the
fishing fleet.

Direct tank and field observations of cod attacking baited hooks suggested
ways of improving hook designs and clearly demonstrated the need for im-
proving hooking probability by using a better hook than the traditional J-hook
(Huse 1979). Better alternatives are now in general use in coastal longlining,
and a completely new hook design has been developed in cooperation with the
industry to fulfil the special requirements of autolining.

Detailed studies of how catching efficiency is also affected by the visibility
of snoods and/or the mainline, twisting and effective length of snoods and
by operational parameters, have provided a vast store of new knowledge and
insight that, together with the better hooks and mechanised gear handling and
baiting, has made modern longlining a high-tech industrial fishery (Bjordal and
Lokkeborg 1996). Also noteworthy is the invention of a bird scaring device that
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greatly reduces the incidental hooking and mortality of seabirds in long line
fishing (Lekkeborg 1998).

In the coastal fisheries, seasonal changes in the fishing methods employed
by individual vessels were, and still are, quite common, resulting in differences
in the number of crew required on the vessels. Cod gillnetting, thus, was more
labour-intensive than, for example, longlining. In order to abate this problem,
increased mechanisation to reduce the manpower required for hauling gillnets
was therefore attempted. This led to the introduction of smooth float and lead
lines, and Angelsen et al. (1979) documented that both catching efficiency and
size selectivity are affected by the hanging ratio and method of mounting the
webbing of the net, as well as by the amount and distribution of buoyancy in the
floatline. Hylen and Jakobsen (1979) found significant differences in catching
efficiency for cod between gillnets made of different types of synthetic twine
materials, but little effect on size selection.

Gillnet catching efficiency may also be improved by baiting the net, e.g.
with a small net bag of longline bait attached in the middle of the net webbing
(Engas et al. 2000). A gillnet simulation model developed by Dickson (1989),
indicates that the main cause of this increase in catch rate is greater swimming
activity in the vicinity of the bait bag. However, this inexpensive method to
increase the catch rate in round fish gillnetting has not yet come into general
use in commercial fishing.

The first Research and Development research (R&D) project of the Fish
Capture Division explored the possibility of baited trap fishing for groundfish
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in Norwegian coastal waters. Initially traps similar to those used for black cod
on the west coast of the USA were tested. Good catches of tusk were sometimes
obtained, but not of cod or other gadoids, and the traps were found to be too large
and cumbersome to be operated by the Norwegian coastal fleet (Valdermarsen
1976). In 1987, experiments started to test a collapsible light-weight fish trap.
This proved easy to operate, once again producing good catches of tusk, but not
of cod (Bjordal and Furevik 1988). Subsequent underwater TV studies revealed
that cod easily escape from this simple type of trap. A new two-chamber trap
design gave much improved cod catch rates (Furevik and Hagensen 1997), and
is now regarded as an alternative commercial gear for the cod fishery.

Another pioneering project of the new Fisheries Technology Research
Institute continued the work already started by IMR on developing suitable
trawl gear for the new blue whiting fishery that had started in 1974. In order to
obtain a sufficiently large trawl mouth area to obtain catches large enough for
profitable commercial fishing with the towing powers available, larger mesh
sizes in the front part of the trawl were tested. In 1975 a trawl with 2 m meshes
in the front part was tested, in 1978 the biggest meshes were 10 m, and during the
following two years, new designs with up to 30 m elongated hexagonal meshes
were tried. It was shown that to maintain relatively low towing resistance in
the large pelagic trawls required for catching blue whiting, very large meshes
could be used in the forward part without significant escapes of blue whiting
(Isaksen et al. 1979). Subsequent gear developments were made by the industry
itself, and at present maximum mesh sizes up to 124 m are used in the largest
trawls with mouth openings of 150 m in height and 200 m wide.

In 1976, experiments with hexagonal shaped meshes (H-net) in purse seine
webbing started, and this type of net proved to have advantages over standard
net with diamondshaped meshes both with regard to required hanging ratio,
sinking speed and hydrodynamic resistance. Accordingly, H-net has been much
used in coastal purse seines for saithe and in North Sea herring and capelin
seines (Beltestad 1980). For the very largest herring seines, however, the H-net
is said to have insufficient tearing strength.

Other research activities in purse seine technology and relevant target fish
behaviour, have included trials with reduced hanging ratio, construction and
mounting of the float and lead lines, total lead weight and distribution in relation
to sinking speed, and the use of large-meshed webbing in the end of the seine
without excessive escapes of caught fish (Beltestad, Dickson and Misund 1988).
In order to reduce manpower requirements in coastal purse seining, a better
ring needle and net hauling and mechanical stacking system were developed.
Subsequently, development of a mechanised net stacking system for large
offshore purse seiners was started. When initial encouraging results had been
obtained, the industry itself took over further development and completion of
the project.

8.4 New concepts in solving the by-catch problems

Given that trawl mesh size regulations alone were not effectively preventing
catches and the destruction of huge numbers of undersized fish, and that in many
trawl fisheries large by-catches of unwanted non-target species were also being
caught and discarded, for the past thirty years Norwegian fish capture research
efforts have therefore been aimed specifically at these problems.
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When the Norwegian trawl fishery for deep-water prawn, Pandalus borealis,
was first developed off the southern coast during the early 20" century (Hjort and
Ruud 1935), it was quickly realised that as well as prawns, the catches included
large by-catches of small fish. On the southern shrimp grounds, however, these
largely consisted of non-commercial fish species, hence, the only management
regulations were imposed: a minimum codend mesh size of 36 mm and a mini-
mum depth limit of 100 m for prawn trawling were aimed at reducing catches
of small prawns. However, when prawn fishing expanded to North-Norway
and greatly increased in volume, it was observed with much concern, that the
by-catch discarded was largely made up of small cod and haddock with little
or no chance of survival. Local regulations banning prawn trawling in many
North-Norwegian coastal localities were therefore imposed.

Nevertheless, the problem persisted, and the additional mortality of small cod
generated by the coastal prawn fishery was tentatively estimated to significantly
reduce subsequent fishery yields in the cod fishery. Tests were therefore started
by IMR (Rasmussen 1973) on a shrimp separation trawl system developed in
the USA (Jurkovitch 1970). This was based on an original French design for
shallow-water shrimp (Kurk and Faure 1965), utilising the different behaviour
of shrimp and small flatfish.

Experiments in the IMR circular tank confirmed that Pandalus borealis, like
shallow water shrimp, are passively filtered in a trawl net (Johannessen 1976),
and a new separator trawl was developed and thoroughly tested. This design
incorporated an obliquely mounted net in front of the codend with a mesh size
large enough to let the shrimp pass through into the codend. An opening in the
trawl net just above the separating panel allows the fish to escape (Karlsen and
Mathai 1978). The performance of this trawl system was found to be satisfactory
in general, but it was quite sensitive to installation errors (including wilful tam-
pering), catch size and composition, as well as methods of operation. Evidently,
a more reliable prawn separation technology was required.

Partly inspired by the invention of Paul Solberg, a fisherman from Mere,
the installation of a metal grate in his prawn trawl to reduce jellyfish by-catch,
but also by that of the ‘Turtle Extruder Device’, TED, developed for the US
shrimp fishery in the Mexican Gulf (Watson and Seidel 1980); the separator
net panel was replaced by a rigid metal grid. Here the prawn pass between the
metal bars of the grid into the codend, while fish are guided towards an escape
opening above. This design proved to be a break-through, releasing practically
all fish above 18-20 cm and significantly reducing the catch of smaller ones
as well. The performance of the system is very little affected by prawn catch
size and/or operational parameters such as towing speed and duration (Isaksen
et al. 1992). In 1990, therefore, it was made compulsory for prawn fishing in
Norwegian coastal waters, and from 1991 also for the offshore prawn fishing in
the Norwegian EEZ and the Svalbard Fish Protection Zone, and as from 1993
in the Russian EEZ.

While the effects of these prawn fishing management regulations on re-
cruitment to the exploitable stock of cod have not been evaluated in detail, the
introduction of the grid selection system in the Norwegian prawn fisheries is
estimated to have reduced the level of discards of under-sized/unwanted fish
(mainly cod, haddock and redfish) by around 90 per cent (Anon. 2000), while in
the coastal region, where by-catch regulations in the prawn fisheries have been
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enforced for the longest time, the abundance of cod subsequently increased.
In addition to the impacts of strong cod year-classes during the same period,
this increase may also have been an effect of reduced cod mortality prior to
their recruitment to the commercial stock. In the offshore shrimp fisheries, it
is conceivable that today’s more responsible prawn fishing technology may
have had an even greater impact on pre-recruitment mortality of cod and other
roundfish.

The conspicuous success in reducing fish by-catch in the prawn trawl fisheries
by a rigid metal selection grid, germinated the idea of also improving fish size
selection by means of a grid. Initial experiments at the University of Tromse
were encouraging (Larsen 1990), and in cooperation with IMR, a grid system for
size selection of roundfish was eventually developed (Larsen and Isaksen 1993).
This incorporates two hinged metal grids with a given bar spacing, installed in
the extension piece in front of the codend, and an escape opening for small fish
cut in the trawl panel above the grids. The selection performance of this system
was found to be stable and very little affected by towing speed, catch size or
composition. It was therefore made compulsory in all roundfish bottom-trawl
fishing by Norwegian vessels in the national EEZ north of 62°N. However, when
severe and dangerous problems of handling the grid were experienced in rough
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weather, compulsory utilisation was made weather-dependent. A lighter single-
grid system was developed and tested in cooperation between IMR and PINRO,
Murmansk (Isaksen et al. 1998). Russia is enforcing the use of this selection
system on her trawlers, and it has also been authorised for use by Norwegian
trawlers operating north of 62°N.
As a follow-up of the encouraging Scottish experiments in the North Sea,
codends with square-shaped meshes were tested for cod and haddock in the
Barents Sea (Isaksen and Valdemarsen 1988). These tests confirmed that se-
lectivity is markedly improved in the square mesh codend, the selection range
is reduced, and selectivity is little affected by towing speed and catch size.
However, because of increased meshing of redfish in the square meshes and
other operational problems with square mesh codends, this innovation was at the
time found less useful in the Barents Sea. Work therefore proceeded with other
ideas to provide more open meshes in a standard codend. This was achieved
by shortening the lastridge ropes on each side, or by transferring much of the
longitudinal strain to the lower panel of the codend by making it a few meshes
shorter than the top one (Isaksen and Valdemarsen 1990). However, when fisher-
men learned about this success, knowing also that cod and haddock usually
escape upwards, some of them simply installed the codend upside down with
the shortened panel in the top part!
In contrast to trawls, no operational problems were experienced when us-
ing square mesh codends in Danish seine (Isaksen ef al. 1997), and they were
easier to handle than selection grids. Selectivity studies confirmed that both
devices released small cod and haddock as well as, or slightly better than,
bottom trawls.
Engas et al. (2000) showed that by modifying the water flow in the trawl
codend escapes of small red snapper were greatly enhanced. This discovery
may lead to better selection in future prawn trawls also of smaller sizes than
those released today, e.g. of redfish and 0-group cod.
A study has started on utilising biological sounds from fish to develop more
species- and size-selective fishing methods, in the first place cod, haddock
and tusk. Recorded sequences of fish sound will be replayed to the same spe-
cies, and any attractive and repulsive behavioural responses observed will be Figure 8.7
utilised to improve the selectivity of existing passive fishing methods (Soldal  system to modify
et al. 2000). the water flow in
In quota-regulated demersal fisheries, which with few exceptions are mixed Zﬁ,g:czl:gg;?gnm
fisheries of several kinds of fish, problems arise when the quota of one species  of small fish.
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Haddock: 90%
Saithe: 72%
Cod:71%

Figure 8.8

Sorting trawl with
horizontal square
mesh panel.

(From Isaksen and
Waldemarsen 1988)
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fishing methods have until recently been given rather low priority and conse-
quently made little progress. To be able to target one particular species of fish,
or, conversely, avoid catching some undesired fish, tends to be quite difficult
because the differences in behaviour and reactions to fishing gear between the
various kinds of fish are often minor and not easily recognised. Nevertheless,
the small and subtle differences that do exist can in some cases be utilised. In
bottom trawl fishing, cod and haddock differ in their escape reaction (Main and
Sangster 1983), and the differences have been exploited in the development of a
trawl that is horizontally divided by a square mesh panel and has two separate
codends. In this trawl as much as 90 per cent of the haddock catch was taken
in the upper codend, while 60 per cent of the cod ended up in the lower one
(Engas et al. 1998).

In special cases, size selection alone may result in distinct species selection.
Thus, by-catch of haddock in Danish seining for plaice at the Finnmark coast
was eliminated completely by using a square mesh codend of 170 mm mesh
size, which also released all cod of less than 70 cm (Isaksen 1993).

The solution to severe by-catch problems may even necessitate conversion to
alternate fishing methods. Two-chamber cod traps were thus found to keep cod
and king crab separate in the traps, which allowed the crab by-catch to be easily
released. Compared with gillnet fishing at the same period at the same sites,
equivalent catch rates of cod were maintained (Furevik and Hagensen 1997).

Visibility, colour and texture of the twine may affect gillnet catching effi-
ciency differently for different kinds of fish (Engas and Lekkeborg 1994), thus
enhancing species selection. In longline fishing, both the type and size of baits
may affect both species and size selection, as to some extent does the type of
hook used (Lokkeborg 1994).

8.5 Unaccounted mortality of escaping fish

Mesh-size regulations are enforced in many fisheries to prevent fishery-caused
mortality of fish below a certain size or age, the assumption being that most of
the undersized fish selected out by the meshes are alive and will survive and
grow to reach commercial size. However, fish that come in contact with fishing
gear, but subsequently escape, often suffer injuries that may impair their survival
prospects. Wounds caused by gillnets and jiggers in cod have frequently been
observed in coastal fisheries. Sundnes (1961, 1991) found that in the Lofoten cod
fishery up to 49 per cent of the cod in individual purse seine landings were suf-
fering from gear injuries, mainly caused by jiggers and gillnets, and that some of
the lesions were very severe and probably lethal. Another cause of unaccounted
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SAMPLING FISH FOR SURVIVAL EXPERIMENTS
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may be destroyed by hagfish, amphipods and isopods (Angelsen and Engés  system to study
1982). They are therefore discarded and not recorded as being caught. survival OtfhﬁSh N
In longlining, unaccounted fishing mortality may be caused by undersized ﬁf,fﬁﬁ'gngnd,r ?Fr%m
and unwanted fish being ripped off the hook at the rail and released in a wounded ~ Isaksen et al. 1998)
condition. Another cause is the loss of fish that become detached from the line
near the surface and float to the surface belly up, unable to descend to the bot-
tom (Bjordal and Chruikshank 1989; Soldal and Huse 1997). Improved hooks
and mainlines with swivels (Bjordal 1989) have reduced the incidence of fish
becoming detached near the surface and the problem may also be abated by
adjusting the bait size, which is the most important size-selection factor in
longlining (Lekkeborg and Bjordal 1992).
In the late 1980s, concern increased about the fate of fish that escape through
trawl meshes. In Norway extensive experiments were therefore carried out by
collecting fish that had escaped through trawl meshes in detachable large cages
that surrounded the codend during towing (Soldal et al. 1993).
Little or no cod mortality was observed during the two weeks after capture,
while a few percent of the haddock died during the observation period. How-
ever, Lokkeborg and Soldal (1995) later found that vulnerability to predation
is greater in small cod that escape from a trawl. On the other hand, practically
one hundred per cent survival was observed in young gadoids released from a
shrimp trawl by a rigid deflecting grid (Soldal and Engés 1997).
The roundfish trawl industry, however, claimed that the IMR survival studies
had not been conducted under realistic commercial fishing conditions, and that
observations made by the trawler fleet suggested increased mortality of escaping
young fish after the compulsory introduction of the grid selection system. New
experiments were therefore carried out in August 2000. The results gave no
evidence in support of the belief that grid selection in cod trawl fishing causes
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higher mortality in escaping undersized codfish than does trawling without the
use of a grid-selection system (Soldal ez al. 2001).

Clupeoids are very sensitive to contacts with fishing gear. Olsen (1981)
observed large numbers of dead herring on the bottom in the vicinity of cod
gillnets, and concluded that these had been caught by their teeth in the gillnet
twine and subsequently succumbed (‘the death bite’).

Between 1985 and 1987 the total unaccounted fishing mortality of Norwegian
spring-spawning herring was estimated at about 50 000 tonnes (Beltestad and
Misund 1989). This high mortality was assumed to occur in connection with
net bursts or when live herring were being stored in net pens. In the winter
herring fisheries, net bursts occur most frequently during the day, when the
purse seine is shot on large, dense schools migrating to the spawning grounds
and the catch may exceed 300 tonnes. For some years only night fishing was
therefore allowed during the winter herring fisheries. Studies of the survival
of herring after simulated net bursts have indicated that the reason for the high
mortality associated with net bursts is probably severe scale loss followed by
lethal osmo-regulation difficulties (Misund and Beltestad 1995).

The smaller coastal purse seiners that take most of their herring catch in the
autumn transfer the catches live into net pens for storage for up to several weeks
before delivery. Significant mortality occurs here too, and the dead herring are
usually discarded. Experiments clearly showed that this mortality is mainly
caused by two factors: the speed of towing the net pens from the catch locality
to the inshore mooring site, and the size of the net pens. Low towing speed (0.5
knots) and large net pens (> 1000 m*) may therefore greatly reduce unaccounted
fishing mortality in this fishery (Misund and Beltestad op. cit.).

8.6 Sample fishing and abundance estimation

The fishing operations carried out during research vessel surveys are basically
intended to serve two objectives. One is to provide biological samples and
establish the species and size composition of the fish present in the location,
e.g. in acoustic surveys. The other is to obtain catch-rate data for estimating
fish densities.

Much effort has been put into improving the sampling gears themselves
and their methods of operation in order to provide more representative catches
with low variance. Conversely, by identifying and quantifying variability and
biases in catching performance, these factors can be taken into account and
adjusted for in abundance estimates. More recently, focus has also been put on
developing more optimal survey and sample fishing designs, e.g. by choice of
towing time, frequency and distribution of tows with regard to area and time
(Gode 1994).

Fish avoidance of vessels and gear has always been a fact of life in com-
mercial fishing, and it has been studied for a long time as well in research vessel
surveying (Gode op. cit.). Particularly in acoustic estimations of fish abundance,
avoidance behaviour is a very serious source of bias. This is because the resulting
errors, for example caused by sudden changes in tilt angle, may be large, and
are difficult to detect properly (Olsen 1971; Olsen et al. 1983; Aglen 1994).

Both horizontal and vertical avoidance movements may seriously affect the
catching efficiency of survey sampling gear, especially with regard to pelagic
species. The magnitude of escape responses has been shown to vary over short
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periods of time and relatively small geographical areas. The problem is further ~ Studies of fish

confounded by differences in the level and characteristics of noise between 3;:5a::;¢/r¢;rg3)
individual research vessels, which may cause their inherent biases in catching
efficiency to differ (Engés 1994).

The catch performance of a sampling trawl is also greatly affected by the
trawl geometry, which should therefore remain stable during the tow as well as
between tows. Door and wing spread, and vertical opening of the trawl in the
Norwegian bottom trawl surveys were found to vary systematically with depth.
To reduce the variability in trawl performance at different depths, a constrain-
ing rope mounted 150 m ahead of the doors was introduced. Compared with
standard procedures, this method substantially reduced the variability of door
spread with depth (Engas op. cit.).

Continuous instrument monitoring of the trawl and door bottom contact is
essential to assess the effective distance towed. Recently developed instruments
also facilitate consistent bottom contact by keeping towing speed through water,
warp tension and warp elevation angle constant (Engas, op. cit.).

Sweep angle and sweep length significantly affect the catch performance
and size selectivity of a sampling trawl. At great sweep angles, the sandclouds,
which provide a strong herding stimulus, are propagated along a line outside
the sweeps and wing-ends (Main and Sangster 1983). This enhances the ability
of fish to escape by crossing over the sweeps. Engéds and Ona (1990) mea-
sured distances of up to 7.5 m between the wingtips and the sandclouds in the

Norwegian sampling trawl. While catch rates of larger cod and haddock were
generally found to increase when sweep lengths were increased from 20 m
to 120 m, smaller fish (< 30 cm) were clearly underrepresented in the catches
(Engas, op. cit.).

Hylen et al. (1986) observed that the standard trawl surveys gave annual
abundance estimates for pre-recruit age groups of cod that increased to age 3.
Experiments with small-meshed net bags attached below the sampling trawl
confirmed significant size- and species-dependent escapes of fish beneath the
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fishing line. Much of the resulting sampling bias was reduced by the introduction
of heavy rock-hopper ground gear (Engés op. cit.), and the experiments have also
provided data for adjusting the magnitude of the resulting bias (Gode 1994).

Norwegian and Canadian video and trawl efficiency experiments indicated
that the density of ground fish in the area swept by a trawl may be positively
related to the catchability of cod and other species (Gode et al. 1999). In contrast,
Angelsen and Olsen (1987) demonstrated a negative relationship between fish
density, fishing effort (e.g. local gear density), and catching efficiency in the
Lofoten gillnet and longline cod fisheries.

Changes in the spatial distribution of cod and haddock stocks (Korsbrekke
et al. 1993) have proved that standardised survey designs may lead to inefficient
distribution of effort. This strongly underlines the need for better methods of
allocating survey effort (Gode op. cit.). For example, monitoring the stock
distribution acoustically enables the accuracy of survey estimates to be improved

Figure 8.13
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Available research vessel time may also be better utilised by reducing tow
duration and working more trawl stations. Survey accuracy might thereby
be improved without increasing costs. Estimates of population parameters
would not be significantly affected by reducing tow duration. On the contrary,
long tows may negatively bias abundance estimates. Goda (op. cit.) therefore
advocated flexible tow durations by using additional information from catch
sensors and acoustics.

Until recently, abundance estimates of herring have mainly been based on
acoustic surveys that employ standard echo integration techniques. Misund
(1991, 1993) studied swimming behaviour of herring schools in relation to
capture gears and acoustic abundance estimation. He demonstrated that school
dimensions measured using sonar were linearly related to biomass as determined
by subsequent purse seine captures of the schools measured. The method is
affected by the swimming behaviour of the schools (Misund ef al. 1993) and
has accordingly been refined by combining sonar data with echo integration
measurements (Misund ef al. 1995), and is currently becoming routinely used
to map and estimate the abundance of near-surface schooling fish.

A system for remotely opening and closing multiple codends on pelagic
sampling trawls has been developed to allow up to three separate samples to
be collected during a single haul. This has provided data for estimating size
selection as a function of distance towed and also, from pelagic trawl hauls, for
species and size distribution by depth (Engas et al. 1997).
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