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Foreword

The six articles in this number of the /CLS Cooperative Research Report series provide
an overview of important developments in key fields of marine science in the ICES Area
between 1979 and 1999. They constitute a review of the twenty years of progress since
the date of the last article contained in Study of the Sea, an anthology of material stem-
ming principally from ICES publications and edited by Edgar M. Thomasson, former
ICES Librarian/Information Officer (Fishing News Books, 1981).

The Bureau Working Group on the Planning of the ICES Centenary, through its Chair,
Michael M. Sinclair, and John Ramster, asked Pierre Petitgas to coordinate the preparation
of this publication. It was mutually agreed that a balanced and unbiased review of recent
work conducted under the auspices of ICES would best be undertaken by the younger
generation of marine scientists.

These articles present the views of six scientists who are currently engaged in working
with ICES and who will, it is warmly hoped, continue to help define and shape its future.
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Biological oceanography discoveries, findings, and new concepts:

the contribution of ICES publications

Brian R. MacKenzie

Danish Institute for Fisheries Research, Kavalergarden 6, DK-2920 Charlottenlund, Denmark

The work of ICES in biological oceanography has a long
history and, indeed, was one of the subjects that led to the
creation of ICES itself (Mills, 1989). Factors controlling the
abundance and distribution of phytoplankton, and later zoo-
plankton and fish eggs and larvae, were of great interest to
the marine scientists in the late 1800s and early decades of
the 1900s. This interest stemmed from the search for expla-
nations of the causes of fluctuation in the major fish stocks
of northern European waters (Hjort, 1914). In the 1980s and
1990s these factors continued to be one of the foci of ICES
activity. This overview of the biological oceanographic sci-
ence that ICES published during the period 1979-1999 will
evaluate and compare the major trends in this field within
ICES as opposed to the international community at large. A
second objective will be to estimate the quantity of work
that ICES has done in biological oceanography relative to
other fields.

Major concepts and discoveries in biological
oceanography during 1979-1999

What were the major concepts and discoveries within all of
biological oceanography during 1979-1999? 1 defined “ma-
jor concepts and discoveries” as new ideas, approaches, ob-
servations, or technical developments that met the following
criteria:

(1) those that took the field into completely new directions
which did not exist previously or could only be ad-
dressed in the past in qualitative ways;

(i) thosc that led to new major research initiatives and
large numbers of publications/symposia within and/or
outside ICES and

(iii) those that had some impact on the way the oceans and
its resources are managed and therefore an impact on
society at large.

According to these criteria, I identified nine new concepts
or discoveries (Table 1). Most of these concepts and dis-
coveries have been made via the collaboration of large
numbers of scientists involved in ICES, and ICES has ar-
ranged meetings on many of these topics and published
papers from them in one form or another. For example,
most of the issues have been discussed or addressed in
various ICES committees and working groups (¢.g., Bio-
logical Oceanography, Hydrography/Oceanography, Zoo-
plankton Ecology, Recruitment Processes) as can be seen
by the reports presented at ICES Annual Science Confer-
ences.

One discovery that seems to have had a particularly strong
impact is the presence and role of the “microbial foodweb”
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in pelagic ecosystems. This concept is probably the single
most influential new finding in biological oceanographic
research of the last thirty years and has been an enormous
stimulus to investigations of carbon fluxes, marine snow
formation and pelagic-benthic coupling (Jumars, 1993;
Valiela, 1995; Jumars and Hay, 1999).

Another major development in biological oceanography
during the period 1979-1999 was the growing awareness of
the strong coupling between physical and biological proc-
esses. Physical processes (€.g., advection, mixing, stratifica-
tion, tides, upwellings, fronts, storms, etc.) were shown to
have major impacts on the structure of entire food webs
(Cushing, 1989; Kierboe, 1997), population abundance and
structure in fish (Sinclair, 1988; Jakobsson et al, 1994;
Caley et al., 1996) and benthic invertebrates (Connolly and
Roughgarden, 1998), fisheries recruitment (Jakobsson et al.,
1994; Bakun, 1996; Daan and Fogarty, 2000) and predation
processes among individual plankters (Rothschild and
Osborn, 1988; Kierboe, 1997).

The ability to cross disciplines between biological and
physical oceanography (Daan and Fogarty, 2000; Tande
and Miller, 2000) was particularly important. An excellent
example of how this barrier is dissolving is the development
and application of three-dimensional (3D) ocean circulation
models to address the transport of biological entities (e.g.,
fish eggs and larvae, copepods) and the visualization of
such distributions over time. Developments in remote sens-
ing also facilitated a quantum leap in the understanding of
the spatial scale of variations in sea surface temperature and
phytoplankton pigment concentrations because they can
now be measured routinely. This contributed to the tremen-
dous increase in understanding of the linkages between
large-scale climate variability and large-scale biological and
hydrographic variability.

Several other oceanographic issues requiring biological ex-
pertise became apparent during the period 1979-1999.
These issues include the following: global climate change,
carbon fluxes, aggregate formation and dynamics, harmful
algal blooms and the role of eutrophication, the role of fish-
ing as opposed to environmental variability on the collapses
of exploited populations, species invasions and introduc-
tions, biodiversity issues and the ecological effects of
aquaculture. These topics have arisen partly owing to the
direct influence of humans on marine ecosystems, their in-
habitants, and the biosphere in general. While these is-
sues are not discoveries or concepts, they have influenced
the amount and scope of biological oceanographic research,
and how its findings can be applied to anthropogenically
related problems. They have also led to new insights into
processes affecting plankton distribution and abundance.



Table 1. Major biological oceanographic concepts and discoveries during the period 1979-1999.

Concept, discovery, or trend Type
1 Microbial foodweb Observational
2 Role of physical processes on population abundance/structure (“supply-side [ Observational
ecology”, “retention-dispersion™), pelagic foodweb structure (“diatom-dom-
inated vs. flagellate/microbial-dominated™) and predator—prey interactions
3 Hydrothermal vents and new mero-/holoplankton species Observational
4 Iron hypothesis for limiting primary production Observational
5 Satellite imagery and remote sensing of temperature and phytoplankton pig- | Technical
ments across large spatial scales
6 Impacts of major climatic events on large-scale variations in hydrography, | Observational
plankton, and fisheries (i.e., NAO in the North Atlantic and El Nifio/La Nifia in
the Pacific)
7 Coupling of 3D ocean circulation models to plankton distributions Theoretical-
technical
8 Radioisotope applications for detecting foodweb links, eutrophication patterns, | Observational-
decadal—century scale hydrographic variability. technical
9 Development and application of individual-based approaches (e.g., models, | Technical
biochemical measurements, otoliths) for estimating survival and growth prob-
ability of individual plankters

Some of the indirect outputs of this research have been the
development of remote-sensing methods to estimate phyto-
plankton production rates over large arcas, and an aware-
ness of the role of long-term natural variability in marine
ecosystems and their response to climate change. The state-
of-the-art of biological oceanography therefore owes much
of its present understanding to attempts to solve these and
other types of applied problems.

Other outstanding new findings, concepts, and interpreta-
tions during 1979-1999 included the discovery of an en-
tircly new means of primary production associated with
hydrothermal vents and entirely new benthic communities
in their vicinity.

In another field, improvements in “clean” analytical marine
chemistry methodologies (Martin et al., 1991) enabled the
role of iron on primary production to be quantified and
clarified (Chisholm and Morel, 1991; Mann and Lazier,
1996; Jumars and Hay, 1999). This development has subse-
quently led to large-scale in sifu experiments to investigate
how iron fertilization in the open ocean might affect pri-
mary production and carbon fluxes to the benthos (Mann
and Lazier, 1996). Perhaps not unexpectedly it has also led
to much debate within the scientific community and general
public (Chisholm and Morel, 1991; Mann and Lazier,
1996).

ICES contribution to the major discoveries
and trends in biological oceanographic
research during 1979-1999

Many of the papers that contributed to the discoveries and
concepts in Table 1 have appeared in ICES publications.

ICES has been particularly active in promoting, and pub-
lishing, results of investigations describing the coupling of
physical and biological processes from small to large scales.
This work is partly due to the contributions of the ICES
Working Groups on Recruitment Processes, Hydrography,
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and Biological Oceanography / Zooplankton Ecology (e.g.,
ICES, 1993, 1994a), and the ICES/GLOBEC Working
Group on Cod and Climate Change as well as the Work-
shops, Theme Sessions, and ICES Symposia that this Work-
ing Group has co-organized and supported (¢.g., Jakobsson
et al, 1994; ICES, 1994b, 1998a, 1998b, 1999). The gen-
eral objective of most of these activities has been to quantify
the linkages between physical processes, zooplankton and
fish with the overall goals of improving fisherics manage-
ment and our understanding of life in the oceans. One of the
major findings of many of these studies is that physical
processes and the variability of circulation patterns have
major impacts on zooplankton (Tande and Miller, 2000)
and the early life history stages of fish (Daan and Fogarty,
2000), which often translate into fluctuations in recruitment
independent of reproductive output and spawner biomass
(Bakun, 1996; Cushing, 1996).

Scientists within ICES have also been among the first to use
3D ocean circulation models to describe the drift of zoo-
plankton (Bartsch ef al., 1989). The new models and tech-
nology have contributed to the development of a new em-
phasis on individual-based approaches (i.c., non-aggregated
models in which characteristics of individual organisms are
specified) in fisheries oceanography (Heath and Gallego,
1997), which is now an important part of ICES GLOBEC-
related activities (ICES, 1998a, 1998b).

The development of individual-based models has also been
encouraged by improvements during the last 20 years in
methodologies for measuring characteristics of individual
plankters, including fish larvae. Potentially this work will
contribute to ICES fisheries research and assessment activi-
ties. For example, analyses of otolith microstructure and
biochemical components now make it possible to assess
birth dates, daily and lifetime growth rates, condition, feed-
ing, and metabolic rates of individual larvac (Ferron and
Leggett, 1994; Fossum et al., 2000). These developments
and the application of new technologies have often been
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Figure 1. The total number of articles published per year by the ICES Journal of Marine Science and the number and proportion of biological

oceanography articles published per year in the same journal.

presented at ICES meetings (Clemmesen, 1987; Ucber-
schiar, 1987) and published in ecither ICES journals
(Ueberschiar and Clemmesen, 1992; Bergeron, 1995;
Bergeron et al., 1997) or elsewhere. The techniques are fre-
quently used to compare growth and condition of larvac and
juveniles with hydrographic and biological variability in the
sea (Ferron and Leggett, 1994), and these findings contrib-
ute to many ICES committee and working group activities
(ICES, 1993, 1994a, 1994b).

While these topics have been dominant within ICES bio-
logical oceanography, major new arcas of biological
oceanographic research are nearly invisible in ICES publi-
cations. Papers relating to the microbial web (and in particu-
lar the roles of ciliates and bacterioplankton), iron regulation
of primary production, hydrothermal vent communities, and
marine snow formation and its role in carbon flux to the
benthos (and more generally biogeochemical cycling of ma-
terials) are noticeably rare in the ICES literature. This rela-
tive absence could be due to geography: many of these find-
ings involve oceanic arcas outside the North Atlantic, and
few scientists within the ICES community have routine ac-
cess to these regions. In addition, these topics have consid-
erably fewer, and less direct links to the main research and
advisory role of ICES—the growth, dynamics, and regula-
tion of exploited marine populations—than studies of fish
biology or zooplankton and primary production.

ICES-published science in 1979-1999: the
contribution from biological oceanography

A more quantitative way to summarize the overall biologi-
cal oceanographic contribution of ICES is to evaluate the
titles of papers and reports published in the /CES Journal of
Marine Science and in the ICES Cooperative Research Re-
port series. For the purposes of such an analysis I will use
the term “ICES biological oceanography™ to describe that
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field of research whose objective is to describe how the
abundance and distribution of plankton (including fish eggs
and larvae) vary with environmental conditions and species
interactions (e.g., predation).

The following are examples of what will be included
under the “ICES biological occanography” umbrella; plank-
ton distributions in relation to hydrography, plankton feed-
ing, growth, and mortality rates, long-term trends in plank-
ton abundance (¢.g., from various monitoring studies), ich-
thyoplankton abundance, distribution, and growth, and de-
velopment of methods and techniques used to describe
plankton distributions and growth rates (e.g., improve-
ments in primary-production methodology, plankton sam-
pling devices). Examples of topics that have been excluded
are the following: benthic ecology (except for the mero-
planktonic stages), harmful algal blooms, species invasions
and the effects of aquaculture activities on the environment.

During 1979-1999 ICES published a total of 33 volumes of
proceedings of ICES Symposia, 153 ICES Cooperative Re-
search Report(s), and 1012 research articles and notes in its
ICES Journal of Marine Science. Thirteen symposium pro-
ceedings titles (39%), 20 report titles (13%), and 15% of the
Journal atticles had titles related to “ICES biological
oceanography” according to the criteria above. On average
during the period 1979-1999, the Journal published 53 arti-
cles per year (standard deviation = 33), of which 13 articles
(standard deviation = 12), i.¢., 25%, were related to biologi-

cal oceanography (Figure 1).

The topics of the “ICES biological oceanography™ articles
published in the Journal can be grouped into broad subject
categories. The most frequent topics were related to re-
cruitment and ichthyoplankton including statistical analyses
of effects of oceanographic variables on recruitment (Figure
2). The second most frequent topic was plankton distribu-
tions (¢.g., in relation to hydrographic variability).
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disciplinary and broader-based approaches to fisheries and
ecosystem management.
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Ecosystem effects of fishing activities

Simon Jennings

Centre for Environment, Fisheries and Aquaculture Science (CEFAS), Lowestoft Laboratory, Lowestoft,

Suffolk NR33 OHT, England, UK

The scientific basis of fisheries management was founded in
the study of the exploited populations. It was never surpris-
ing that these were the primary units of concern since they
are targeted by fishers, sold at auction, and known to buy-
ers, and were the groups in which the effects of fishing were
most clearly recognized. Although the effects of trawling in
the North Sea had been a topic of debate in English, Scot-
tish, and Welsh governing circles at various times since the
fourteenth century, such concerns were largely neglected
until the end of the nineteenth century when major advances
in the management of living resources began to be made by
scientists working on quantitative stock assessment (Ram-
ster, 2000). However, by the last quarter of the twenticth
century as fishing intensity increased and a wider range of
species were targeted, gears became larger and more de-
structive, and the wider effects of fishing on the ecosystem
became more of a concern.

In the 20 years since 1979, ICES has played a central role in
promoting interest in and research on the ecosystem effects
of fishing activities. The early ICES Working Groups on the
“Ecosystem Effects of Fishing”, chaired by Henrik Gislason
and subsequently Steve Hall, were the meeting place for
researchers interested in the study of fishing effects and be-
came a stimulus for further research (e.g., ICES, 1992,
1996). Prior to their formation, relatively little was known
about the ecosystem effects of fishing in the Northeast At-
lantic, and many leading scientists in this field, such as N.
Daan, S. J. de Groot, H. Gislason, S. Hall, H. Heessen, M. J.
Kaiser, H. J. Lindeboom, and J. Rice developed their inter-
ests within the ICES Working Groups and subsequently
published some of the most widely cited books, reviews,
and conference volumes on this subject, ¢.g., Jennings and
Kaiser, 1998; Lindeboom and de Groot, 1998; Hall, 1999;
Kaiser and de Groot, 2000; and Hollingworth, 2000. The
discussions and publications of these groups were to change
the emphasis of research in many fisheries laboratories.
Now it seems quite normal to open an issue of the /CES
Journal of Marine Science and to read several papers on
seabirds or the effects of trawling on the seabed: something
that was inconceivable only 20 years ago.

The effects of trawling on the seabed worried fishers as
early as the fourteenth century, but sustained and vocal con-
cern about the ecosystem effects of fishing is a recent phe-
nomenon. Part of this lack of concern stemmed from the
fact that few effects were apparent in the ICES Area until
the 1980s, and these paled into insignificance beside the col-
lapses of herring and mackerel stocks, the gadoid outburst,
and other events that dominated the lives of assessment sci-
entists. Beam trawling had begun in the 1970s, and indus-
trial fishing was most intensive in the 1980s. Early papers
had considered these issues (e.g., Cole, 1971), but few labo-
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ratories had programmes of work that related to them. From
the scientists’ viewpoint the lack of clear necessity kept
ecosystem approaches from advancing in a field where the
main concern was the mechanics of short-term manage-
ment.

At the 1975 ICES Arhus Symposium on “North Sea Fish
Stocks—Recent Changes and Their Causes”, there was little
reference to the effects of fishing, other than those on the
dynamics of exploited species (Hempel, 1978) although, at
this time, there was already wide-ranging interest in the
relative roles of natural and anthropogenic factors in
governing fluctuations of North Sea fish stocks. By 1999,
times had changed dramatically and ICES (with SCOR) or-
ganized a meeting in Montpellier on the “Ecosystem Effects
of Fishing”, co-convened by M. Sinclair and H. Gislason
(Hollingworth, 2000). The perspective was international,
and seabirds, genetic selection, and trawling effects on the
seabed dominated the proceedings. It is extraordinary that in
less than 20 years we are approaching a time when ecosys-
tem management has become a matter of real importance to
ICES scientists. This is reflected in the changing concerns
of bodies like OSPAR and the EC, with fisheries increas-
ingly seen as a conservation issue. Moreover, interest in
ecosystem effects was often driven by the involvement of
pressure groups responding to individual issues such as “in-
dustrial fisheries” or “porpoise by-catches” (c.g., Green-
peace, 1996). ICES research has often provided a scientific
perspective on problems in these emotive areas.

The history of the study of fishing effects in the ICES Arca
is well reflected in the publications of ICES, and many of
these publications have acted as stimuli for further research.
The ICES Journal of Marine Science reflects the develop-
ment of the field. From 1979 to 1988 there were almost no
published papers that dealt directly with ecosystem effects.
Then, from the early 1990s, they started to appear. One key
publication appeared in the ICES Journal of Marine Sci-
ence, Volume 49, in 1992: papers from the “Mini-
Symposium on the Benthic Ecology of the North Sea”,
where issues such as the direct effects of beam trawling
were considered in detail for the first time, and their poten-
tial role in governing the ecology of the North Sea was
drawn to the attention of a wider audience (Bergman and
Hup, 1992). These ideas were developed in subsequent pa-
pers such as Witbaard and Klein’s examination of trawling
effects on the large and slow-growing bivalve mollusc Arc-
tica islandica (Witbaard and Klein, 1994). However, the
landmark in the study of fishing effects was the 1995 ICES
Symposium on “Changes in the North Sea Ecosystem and
Their Causes: Arhus 1975 Revisited” (Daan and Richard-
son, 1996). Unlike the Arhus Symposium some 20 years
earlier, there was a clear focus on the effects of fishing on



non-target species and communities. Although concern over
the mortality of non-target species really began with a paper
by Brander (1981), where he described the virtual disap-
pearance of common skate from the Irish Sea, the 1995
meeting made it clear that such effects were widespread and
affected many other species (Heessen and Daan, 1996;
Walker and Heessen, 1996). This Symposium sect a trend
that was to be reflected in subsequent issues of the Journal
and would culminate in the previously mentioned
ICES/SCOR Symposium on the “Ecosystem Effects of
Fishing”, held in Montpellier in 1999 (Hollingworth, 2000).

Following the publication of the papers given at the 1995
Symposium there followed a similar conference on sea-
birds. This dealt with many “fishing effects” issues, includ-
ing seabirds as monitors of the marine environment,
changes in breeding success with food supply, and the role
of seabirds as consumers of fishery discards (Reid, 1997).
Other related publications in this period included /CES Co-
operative Research Report(s) on the “Ecosystem Effects of
Fishing Activities” (ICES, 1995) and “Fish—Seabird Interac-
tions” (ICES, 1996), as well as the widely read annual re-
ports of the ICES Working Group on the Ecosystem Effects
of Fishing Activities.

Even today the science of the effects of fishing is in its in-
fancy. While there is a good understanding of fishing ef-
fects, there are relatively few applications to management,
although this is likely to change rapidly with the formation
of the ICES Advisory Committee on Ecosystems. Knowl-
edge of fishing effects has been gained by the addition of
new research programmes in many fisheries laboratories,
and these have looked beyond pure stock assessment to the
role of fisheries in the ecosystem. At present, the main role
of this science is to provide the basis for advice, but ICES
will doubtless play a key role in the first attempts to imple-
ment ecosystem-based fishery management.
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Fisheries technology

Ole Arve Misund
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Technology for finding and catching fish developed rapidly
after World War II. Fishing boats became bigger and more
powerful, the hydraulic deck machinery could handle heav-
ier fishing gears, and underwater acoustic instruments like
the echosounder and sonar became available for detecting
fish concentrations anywhere in the water column. Together
with instruments for geographic positioning (Loran, Decca)
and safe navigation (radar), this technological revolution
enabled fishers to locate and catch fish wherever they were
distributed and in any season. With unlimited access and no
regulations, this led to recruitment and growth overfishing
that caused a drastic decline in the abundance of bottom
species and the collapse of many pelagic fish stocks in the
1960s and 1970s.

With the escalating quantity of fish landed, concern was
raised within the ICES community in the 1950s and 1960s
about the fate of the fish stocks (Smith, 1994). This concern
led to the development of virtual population dynamic mod-
els to explore and predict the development of fish stocks on
the basis of catch-at-age statistics. By using such models,
fisheries could be regulated through the setting of total al-
lowable catches (TACs). On the technical side, studies of
the selectivity of fishing gears showed that the size-at-first-
capture for many species was usually much lower than op-
timal, and in many cases, most of the fish landed had not
realized their growth potential. Therefore, minimum landing
and mesh sizes and closed-arca regulations became com-
mon in many fisheries throughout the late 1960s and 1970s.

However, the decline in many gadoid fish stocks continued,
and the collapsed clupeoid fish stocks were slow to recover
throughout the 1970s. Development of more selective trawl
gears continued during the 1980s and 1990s in the belief
that technical improvement could contribute to more opti-
mal fishing patterns.

To improve the assessment of fish stocks, fishery-
independent estimates of abundance, relative or absolute,
were needed. This was the scientific rationale behind a sub-
stantial effort to develop fisheries acoustics from a qualita-
tive towards a quantitative method for mapping fish stocks.

Within the ICES community, the development of more op-
timal fishing gears and of methodology for fish-abundance
estimation by using underwater acoustics have been the
main activitics of the Fisheries Technology Committee,
which was called the Fish Capture Committee before 1997.
Since the carly 1980s this Committee has had two active
Working Groups: the Working Group on Fisheries Tech-
nology and Fish Behaviour (WGFTFB) and the Working
Group on Fisheries Acoustic Science and Technology
(WGFAST). Both groups have had a significant influence
on the scientific development within their fields (Ferandes
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et al., 2001; Walsh et al., 2001), and a common interest of
the groups has been studies of fish behaviour based on the
realization that fish behaviour determined availability and
catchability.

Trawl selectivity

Because it was the main gear for catching gadoids and bot-
tom species within the ICES areas, the bottom trawl became
associated with fish-stock decline throughout the 1970s.
Therefore, scientific efforts to improve the size selectivity of
bottom trawls have been an important topic within the Fish-
eries Technology Committee.

Trawl selectivity was known to be a function of mesh size,
but new studies showed that it was also influenced by the
number of meshes in the circumference of the trawl bag, the
length of the extension, the length of selvage ropes relative
to trawl bag and extension, twine thickness, catch size, and
mesh geometry. In the North Sea, whitefish fishery trawl
selectivity can be enhanced by changing the geometry of the
meshes in the codend (Figure 1) from rhombic to square
(Robertson and Stewart, 1988; Van Marlen, 2000), while in
other areas use of such a mesh configuration did not im-
prove selectivity because of clogging by redfish (Isaksen
and Valdemarsen, 1986) or catch-size-dependent selectivity
(Suuronen et al., 1991). Use of rigid sorting grids (Figure 1)
gives a sharper and more efficient selection than mesh
selection alone (Larsen and Isaksen, 1993). The Barents Sea
whitefish trawl fishery was required by regulation to use
grids from 1997 onward. In the relatively fine-meshed
shrimp trawls, by-catch has been a substantial problem. To
reduce by-catch in shrimp trawls, the Nordmere grid (Fig-
ure 1) was made mandatory in the Barents Sea in 1990
(Isaksen et al., 1992).

Survival

Size- and species-selective fishing function only if the fish
survive after escaping physical contact with the gear or the
selection device. Experiments based on the collection and
caging of fish escaping selection in trawls showed that ga-
doids like cod and saithe survived, but that the mortality of
haddock was substantial for small individuals and low for
the larger ones (Soldal et al., 1993, Sangster ef al., 1996).
Most small herring die when escaping through meshes and
selection devices in trawls (Suuronen et al., 1996).

Scientific trawling
With increased demand for knowledge about the factors

causing bias and precision in fishery-independent surveys,
the “representativity of bottom trawls™ as a tool for fish
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kHz Simrad EK400 echosounder varied within about 7%
only over a five-year period (Simmonds, 1990). More mod-
ern echosounder and integration units with a higher degree
of computerization probably have an even better perform-
ance and accuracy. The echo-integration method has been
proven experi-mentally to be linear (Foote, 1983), which
means that the acoustically measured density and the real
density are equal. Calibration of echo-integration units was
a major challenge for many years, but collaboration by re-
search teams participating in the Working Group on Fisher-
ies Acoustic Science and Technology resulted in an accurate
solution by the use of a metal sphere with known backscat-
tering properties (Foote ef al., 1987). Output from the echo
integrator could then be converted to fish density per unit
area (p,) by the equation (Dalen and Nakken, 1983):

pA:(CI/G) ‘M:SA/G (1)
where

o = fish backscattering strength found by the relation

& =1/10 10"° ™ where TS = fish target strength

C; = calibration constant of the equipment

M = echo integration output (mm/nautical mile)

s, = area backscattering coefficient (m”/(nautical mile)?).

Target strength

A fundamental parameter for converting echo-integration
recordings to fish density is the target strength of fish. This
parameter may vary by two orders of magnitude depending
on the orientation, fish size, and swimbladder. Ona (1990)
found that the swimbladder volume of herring followed a
Boyle’s law depth relationship, thereby indicating a certain
reduction in backscattering cross-section of herring with
increasing depth. In the early 1980s much attention was
given to in situ target-strength measurements of fish at seca
by the split-beam technique. Based on regression of results
from several of these measurements, Foote (1987) recom-
mended using TS = 20 log L - 67.5 for the physoclist ga-
doids and TS = 20 log L - 71.9 for the physostomous clu-
peoids when conducting acoustic surveys with 38 kHz
echosounders.

Survey design

The whole distribution area of a fish stock must be surveyed
for a reliable acoustic abundance estimate to be obtained.
The design and conduct of acoustic surveys were reviewed
and discussed by the Working Group on Fisheries Acoustic
Science and Technology and published as an /CES Coop-
erative Research Report (Simmonds ef al., 1992). Usually
fish stocks are surveyed for exploratory purposes by zigzag
transects or systematically by equidistant, parallel transects.
A precise estimate of the biomass in an area will be ob-
tained by a stratified random survey or a systematic survey
(Simmonds and Fryer, 1996).

Preferably, fish stocks must be surveyed during a limited
period to obtain abundance estimates that are as synoptic as
possible. In practice this can be difficult to achieve when
surveying such widely distributed fish stocks as the North
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Sea herring, which may take 3—4 weeks to map even by co-
ordinated surveys with several participants (Bailey and
Simmonds, 1990). Acoustic abundance estimates may be
significantly biased if the fish are migrating during surveys
(MacLennan and Simmonds, 1992).

Post-processing

A significant improvement of the echo-integration method
is seen in the computer-based, post-processors (Knudsen,
1990; Weill et al., 1993). With these instruments it is possi-
ble to replay the acoustic recordings, do thresholding to
separate scatterers, allocate arca backscattering strengths to
species, identify schools, and correct the recordings for
noise and bottom spikes (Figure 2).

Fish behaviour in relation to acoustic
surveys

Fish behaviour in the wild has been studied for more than
30 years by the use of small acoustic tags attached to the
body of individual fish (Urquhart and Stewart, 1993). Such
studies have shown that cod can carry out rather rapid verti-
cal migrations beyond the range of their neutral buoyancy,
which is controlled by the secretion/resorption of gas in the
swimbladder (Amold ef al., 1994). 1t is likely that such mi-
grations affect the back-scattering cross-section of the fish
through changes in both tilt angle and swimbladder volume
(Arnold ef al., 1994).

Based on herring purse-seining experience, concern was
raised during the 1970s that the noise from conventional
fisheries-research vessels drove the fish away from a ship’s
track to such an extent that fish density recorded from the
vessel would be underestimated. Olsen ef al. (1983) showed
that species like cod, herring, and polar cod did indeed
avoid an approaching survey vessel and that the density of
these species became substantially reduced from the usual
state of affairs in the sea when passed over by the vessel
Many studies in both northern and tropical waters con-
firmed this result (Fréon and Misund, 1999). Now a new
generation of diesel-electric powered fisheries-research ves-
sels fulfilling the ICES recommendation (Mitson, 1995) for
maximum noise emissions have been built, and studies sug-
gest that fish do not avoid these relatively quict ships (Fer-
nandes et al., 2000).

Perspective

On the national level, there has been a tendency for fishing-
gear and sonar sections within marine research institutes to
have been substantially downsized or even dissolved over
the last twenty years. This may have been attributable to the
realization that fishing technology has become very effec-
tive and that further development could be carried out
within the private sector. On the other hand there are many
unsolved fishery-resource and environmental issues linked
with today’s fishing operations. Further research is
needed, for example, on the selectivity (of fish size and
species) of fishing gears, the unwanted by-catch of other
species (birds, marine mammals, other fish species), ghost

13



IF83 b 11F87 U

6 + %
+ 2 2.7
8 9 (
6 +
7 +
( +
+ +
o+ <
.
Oc' G# H * %d E dS
K /F144 6 2 % 7@U2 W 3 ?2/6A< 5 ?26@A " ,Y-44144/< ef2 gY/@h<7@< 44@
! (;! ZU5 5QB5P 448 -44/ 4/ /@h44K7904/K49 K/F84 4h6 44 K44444 4h444 4X
v 99 99 9 =A9 9 9 BURO%I9 99999 9A9PY 9C gz Z;: < KK
414 _-44/4//@h4_-K/404-KF4 K/F 4h6 44 Ka44444 angaz.ax”5 < K + o+ <
ﬂ/- »iﬂif?gﬂifﬁigﬂﬁlf@ “é‘,‘;’;“g“ffg“ﬁ X aaaaa anPadhx B < iK
417 -441 4] |@h4aTKT@O04FK41 K /644 4h6 44 K 44444 4anhRha avy # $ % (
5 )% BEIC B0 ) %E PGS H (Rl 0/ Ped it % N
#3311 % K .
Q# % (; ) % K
(11 " (%GOA;)d#d/Q#d46d4‘#dc I % d
U E ;> d 5 d 55 d_ C
9 < : = <
Co# - & 1 # % ( #$ #% * 3 # %! % ? (%
199/A
( & (! % < $ %& (( % (( & & % "5%0% % * $ 3% %
%& 3 %% (# & * % % %#$ 3 %& $ $ ¢ % ! 21
& #!$ 3 " % # $ * %: : %& Ug799 ™"
& % U #0% I < < $522 < /19@7 %! o |
% % %& $ /19@7> K /9
D < < $CS$ < 19@9 *
$ % ( % ! & #!$ 3 H** % $< 3 - # 1% & # 1 $# I %
$ ( & (& ;0 $* $ % H#Yx1 G =3 < F6K -190-81
% (( & 3# % <& & 3 & "$B< 3 B 199/ %& $ % $#
% & % & G# % & I 31 %; (% & " B!os6;% 199/> K79
! * 3318 1 $ #3 % % Il; $# %R <1 <9 § $ < 199- # 1" %
% * % $ %& # % ( % ; % 1( (%8P & S 2 $ %N& (t#
G# % %; (( & #&%< 3 1#% 3#$ ° % o 3;( . <$FZK @9096
(& 10 8 8 % #°; #I$3 "% Wi, < . 831w, S.. 25
(¢ & % 2 % !t (#%# 444 &S % " $ #":" 1 5
76071
) ' $ < C<C ! %% < '< g ;<
$ < -44- # % k%1 0
1$< C < C B 12 < < < < $ Kipls< % 3#%
I99F " % % $ + A I % -I6K F@70F9-
% %! % $! % %! #%& 5 %&_ < < #$ 1 (%< 1999 (!
< 6/K -480-7- % 3#% (( % ( & $ % 2
I;< < $ $ < /994 | # ( 5# 9% 24=)( $< U 7TF@ **
" %! % (%! 5 %& & = Yy <2 $4dd & oo % (3 %
* D %& %& %& $ 0 % 19 Sy (( % (' & 5 0% %
$ # $# L% % 1 *# 1+ )x1 @R % & £ ** /6071 $ 3
< /@9K 90/8 o201 < )( $< U 799 **
< 5< $°" %3 2< B -444 ' & % 1=
% (* *#! % ( (# $;(($% %

/F



Foote, K. G. 1983. Linearity of fisheries acoustics, with addition
theorems. Journal of the Acoustical Society of America, 73:
1932-1940.

Foote, K. G. 1987. Fish target strengths for use in echo integrator
surveys. Journal of the Acoustical Society of America, 82:
981-987.

Foote, K. G., Knudsen, H. P., Vestnes, G., MacLennan, D. N., and
Simmonds, E. J. 1987. Calibration of acoustic instruments for
fish density estimation: a practical guide. Cooperative Re-
search Report, International Council for the Exploration of the
Sea, 144.

Glass, C., and Wardle, C. S. 1989. Comparison of the reaction of
fish to trawl gear, at high and low light intensities. Fisheries
Research, 7: 249-266.

Godo, O. R, and Engés, A. 1989. Swept area variation with depth
and its influence on abundance indices of groundfish from
trawl surveys. Journal of Northwest Atlantic Fishery Science,
9:133-139.

Isaksen, B., and Valdemarsen, J. W. 1986. Selectivity experiments
with square mesh codends in bottom trawl. ICES CM
1986/B:18.

Isaksen, B., Valdemarsen, J. W., Larsen, R., and Karlsen, L. 1992.
Reduction of fish by-catch in shrimp trawl using a separator
grid in the aft belly. Fisheries Research, 13: 335-352.

Kaiser, M. ., Bullimore, B., Newman, P., Lock, K., and Gilbert, S.
1996. Catches in ghost fishing set nets. Marine Ecology Pro-
gress Series, 145: 11-16.

Knudsen, H. 1990. The Bergen Echo Integrator; an introduction.
Journal du Conseil International pour I’Exploration de la Mer,
47:167-174.

Larsen, R., and Isaksen, B. 1993. Size selectivity of rigid sorting
grids in bottom trawls for Atlantic cod (Gadus morhua) and
haddock (Melanogrammus aeglefinus). ICES Marine Science
Symposia, 196: 178-182.

Lokkeborg, S. 1994. Fish behaviour and longlining. /» Marine Fish
Behaviour in Capture and Abundance Estimation, pp. 9-24.
Ed. by A. Ferné and S. Olssen. Fishing News Books, Oxford,
UK.

Lokkeborg, S., and Ferne, A. 1998. Diel activity pattern and food
search behaviour in cod, Gadus morhua. Environmental Biol-
ogy of Fishes, 2000: 1-9.

MacLennan, D. N., and Simmonds, E. J. 1992. Fisheries Acoustics.
Chapman & Hall, London. 336 pp.

Main, J., and Sangster, G. I. 1981. A study of the fish capture proc-
ess in a bottom trawl by direct observations from an underwa-
ter vehicle. Scottish Fisheries Report, 23.

Mitson, R. B. 1995. Underwater Noise of Research Vessels: Re-
view and Recommendations. ICES Cooperative Research Re-
port, 209.

Olsen, K., Angell, I., Pettersen, F., and Lovik, A. 1983. Observed
fish reactions to a surveying vessel with special reference to
herring, cod, capelin and polar cod. FAO Fisheries Report,
300: 131-138.

Ona, E. 1990. Physiological factors causing natural variations in
acoustic target strength of fish. Journal of the Marine Biologi-
cal Association of the UK, 70: 107-121.

Robertson, J. H. B., and Stewart, P. A. M. 1988. A comparison of
the size selection of haddock and whiting by square and dia-
mond mesh codend. Journal du Conseil International pour
I’Exploration de la Mer, 44: 148-161.

ICES Cooperative Research Report No. 253

Sangster. G. I., Lehman, K., and Breen, M. 1996. Commercial fish-
ing experiments to assess the survival of haddock and whiting
after escape from four sizes of diamond mesh cod-ends. Fish-
eries Research, 25: 343-345.

Simmonds, E. J. 1990. Very accurate calibration of a vertical echo-
sounder: a five-year assessment of performance and accuracy.
Rapports et Procés-Verbaux des Réunions du Conseil Interna-
tional pour I’Exploration de la Mer, 189: 183-191.

Simmonds, E. J., and Fryer, R. J. 1996. Which are better, random
or systematic acoustic surveys? A simulation using North Sea
herring as an example. ICES Journal of Marine Science, 53:
39-50.

Simmonds, E. J., Williamson, N., Gerlotto, F., and Aglen, A. 1992.
Acoustic survey design and analysis procedures: a comprehen-
sive review of good practice. ICES Cooperative Research Re-
port, 187.

Smith, T. 1994. Scaling fisheries. The Science of Measuring the
Eftects of Fishing, 1855-1955. Cambridge University Press,
Cambridge. 392 pp.

Soldal, A. V., Engés, A., and Isaksen, B. 1993. Survival of gadoids
that escape from a demersal trawl. ICES Marine Science Sym-
posia, 196: 122-127.

Suuronen, P., Millar, R. B., and Jarvik, A. 1991. Selectivity of
diamond and hexagonal mesh codends in pelagic herring
trawls: evidence of a catch size effect. Finnish Fisheries Re-
search, 12: 143-156.

Suuronen, P., Perez-Comas, J. A., and Tschernij, V. 1996. Size-
related mortality of herring (Clupea harengus 1.) escaping
through a rigid sorting grid and trawl codend meshes. ICES
Journal of Marine Science, 53: 691-700.

Urquhart, G. G., and Stewart, P. A. M. 1993. A review of tech-
niques for the observation of fish behaviour in the sea. ICES
Marine Science Symposia, 196: 135-139.

van Marlen, B. 2000. Technical modifications to reduce the by-
catches and impacts of bottom-fishing gears. In Effects of Fish-
ing on Non-target Species and Habitats, pp. 253-268. Ed. by
M. J. Kaiser and S. J. de Groot. Blackwell Science, Oxford,
UK. 399 pp.

Walsh, S. 1989. Escapement of fish undemeath the footgear of a
groundfish survey trawl. ICES CM 1989/B:21.

Walsh, S. 1991. Diel variation in availability of and vulnerability of
fish to a survey trawl. Journal of Applied Ichthyology, 7: 147—
159.

Walsh, S., Engés, A., Ferro, R., Fonteyne, R., and van Marlen, B.
2002. To catch or conserve more fish: the evolution of fishing
technology in fisheries science. ICES Marine Science Sympo-
sia, 215: 493-503.

Wardle, C. S. 1993. Fish behaviour and fishing gear: /n Behaviour
of teleost fishes, pp. 607-643. Ed. by T. J. Pitcher. Chapman &
Hall, London.

Weill, A., Scalabrin, C., and Diner, N. 1993. MOVIES-B: an
acoustic detection description software. Application to shoal
species classification. Aquatic Living Resources, 6: 255-267.

15



Modelling in fisheries assessments

Pierre Petitgas

Institut Francais de Recherche pour I’Exploitation de la Mer (IFREMER), rue de I'fle d"Yeu,

BP 21105, F-44311 Cedex 03 Nantes, France

The advisory role of ICES in fisheries management led to
the development of dedicated population models. By the
late 1970s, Virtual Population Analysis (VPA) had already
been formulated and was used by ICES to provide quantita-
tive assessments of fish stock abundance and fishing mortal-
ity. National systems for collecting the necessary catch-at-
age data were already established. The 1980s were charac-
terized by the development of procedures for the best appli-
cation of VPA ideas and the interpretation of its results. The
1990s, on the other hand, saw the opening of a new age.
First, the rate of development of the production of opera-
tional results decreased. Second, scientific focus shifted
from the management of resources to that of ecosystems, as
politicians decided that fisheries and environment issues
should be integrated. The report of the Delegates Mecting at
the ICES Statutory Meeting in 1996 makes this point clear.

Durng the 1990s though, there was no framework of opera-
tional models for responding to the new and more compre-
hensive demands. The structure of ICES was progressively
changed during that period to meet the new challenges. The
fish stock assessment Working Groups of the Advisory
Committee on Fishery Management (ACFM) were reorgan-
ized by regions rather than by stocks as in the past, follow-
ing a Council Resolution passed at the Statutory Meeting in
1991. The former Science Committees were reorganized
into seven new Science Committees on a thematic basis
rather than on a species basis via a Council Resolution at the
Statutory Meeting in 1997. Then the advisory committees
were reorganized and, in particular, a new Advisory Com-
mittee on Ecosystems (ACE) was established through a
Resolution passed at the Statutory Meeting in 2000. An
ACFM Working Group on Comprehensive Fishery Evalua-
tion was established for the period 1995-1999. These pro-
gressive changes were intended to bring about a more sub-
stantial overview of the uses of the sea and their interac-
tions, without neglecting the provision of the traditional ad-
vice on single fish stocks.

Virtual Population Analysis (VPA) of single
species

Assessment of the stock

VPA is the standard method used by ICES at present to as-
sess stock size and fishing mortality. The technique is best
applied to populations which are structured by one repro-
ductive phase per year and many year classes for which
fishing is a major cause of mortality (e.g., the demersal
stocks of temperate latitudes). VPA is a cohort analysis that
considers the catches of the same year class in successive
years. The data required are catch-at-age data from com-
mercial catches (landings are used). The analysis uses two
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equations, the survival equation, which states the exponen-
tial decay of cohort numbers (N), and the catch equation,
which relates catches (C) to cohort numbers. In both equa-
tions mortality rates due to fishing (F) and natural mortality
(M) intervene. The population can be represented in a ma-
trix form where line i represents age i for all years and col-
umn j represents year j for all age groups. VPA will esti-
mate the values for N and F in each matrix cell. First, M is
an input in the model and is in general assumed constant
over years and ages because of lack of information. Second,
values of F for the last line and last column of the matrix
must also be input to initialize the computation. Having
made these choices, numbers-at-age in each year and fish-
ing mortality are back-calculated for earlier years.

The first papers in this field were presented to ICES by
Jones (1964) and Gulland (1965). Pope (1972) showed con-
vergence in the estimates for young age groups (i.c., top left
corner of the matrix): the values assumed for terminal F has
progressively smaller effects on the estimates for younger
age groups as the cumulative of F for the age group gets lar-
ger. From this starting point a lot of work went into
choosing terminal F and in particular “tuning” the VPA
(also termed “calibrating” or “fitting”). Pope and Shepherd
(1982) proposed that the exploitation diagram (i.c., the dis-
tribution of F over the age groups) could be interpreted us-
ing a multiplicative model with a year and an age effect.
This was the “separability” assumption, which provided a
procedure to estimate terminal F. The idea developed rap-
idly using other information than catch-at-age data. Con-
verged VPA estimates for the years and age groups of the
left corner of the matrix could be compared with other esti-
mates obtained using other information. The possibility of
minimizing the difference between converged VPA esti-
mates and other estimates opened the way for various tun-
ing methods.

Both commercial effort and scientific survey data were used
to estimate catch per unit effort which provided the tuning
data (i.e., estimates of abundance-at-age). The advantage of
survey data was that both effort and spatial coverage were
more controlled than the data from the commercial fleets.
The major disadvantage of scientific surveys was their lim-
ited sampling effort, which generated high variability in the
estimates.

Various tuning methods were proposed (e.g., Laurec and
Shepherd, 1983) and compared by the ICES ad hoc Work-
ing Group on the Use of Effort Data in Assessments (ICES,
1981). Catchability coefficients were introduced to relate
the estimated cohort numbers to the tuning data. Changes in
the catchability over time were a major concern. Pope and
Shepherd (1985) proposed a method which allowed the es-
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