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ABSTRACT 

Herring are long-lived multiple spawners exhibiting strong variation in reproductive and recruitment 
success between years. They tend to adopt low-risk, preferred-conservative strategies; for example, 
shifts to alternative overwintering areas do not take place until there are large benefits. At the same 
time, herring is an extremely flexible species, displaying considerable plasticity in migratory 
behaviour. 

Migration patterns of herring have been investigated over many years. Most studies are however, 
descriptive and little is published that analyses the factors and mechanisms that govern spatia! 
dynamics. In this paper we try to interpret the existing observations from an ecological and 
evolutionary perspective, emphasising proximate mechanisms that restrict the extent to which herring 
are capable of attaining an optimal distribution. Focus is directed to observations and literature on the 
Norwegian spring spawning herring. 

Our starting point is the assertion that the migratory behaviour of herring can be explained by an 
interplay of relatively few forces operating on behavioural mechanisms that are expressed at both the 
individual and collective level. Although the environment in the Norwegian Sea shows spatia! and 
tempora! variations with regard to temperature, currents and the abundance of food and predators, 
there are several consistent and predictable features, such as the distribution of water masses and 
timing of seasonal plankton production. Given incomplete information about the environment, herring 
may locate favourable habitats through the use of a combination of predictive and reactive orientation 
mechanisms. For example, changes in the inner motivational state such as increased hunger level, may 
release westwards feeding migration in the spring through predictive mechanisms based upon genetic 
factors and learning. This behaviour could then be modified by reactive mechanisms, such as 
memory-based state-space comparisons and orientation to gradients in the sea. The ability to keep 
within favourable areas may be achieved by alterations in swimming speed determined by a non
directional kinesis mechanism. 

Observations of herring schools show that changes in density occur on micro-, meso- and macroscale. 
After reviewing the available information on school density, school size, school size adjustments 
( splitting and joining), synchronised behaviour patterns and swimming speed of both individual 
schools and school clusters, we attempt to form a link across scales to explain pattems in distribution. 
The dynamic behaviour exhibited by large schools does not necessarily reflect optimal decisions of 
individual fish. It is suggested that the resolution for the analysis of school dynamics should perhaps 
be directed to that of the school unit, as opposed to that of the individual. 
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INTRODUCTION 

Since ancient times the migration of fish has interested man. Many human coastal societies 

have relied upon the harvesting of fish that come close to the shore on a seasonal basis. 

Sudden unforeseen changes in migration patterns constituted a serious threat to livelihoods. 

Even today, incomplete knowledge of the dynamics of the spatial distribution of fish sets 

restrictions for both fishing efficiency and accurate abundance estimation. Changes in fish 

distribution relative to fishery boundaries have great implications for the division of harvest 

quotas between nations. 

During recent years, spatially partitioned fish population dynamics has been recognised as 

being essential for effective fisheries management. In the past, lack of spatial information has 

been identified as be ing responsible for unforeseen stock collapse (Walters and Maguire 

1996). For example, retrospective spatial analysis of the trawl surveys of the Northern cod 

(Gadus morhua ) stock in Newfoundland revealed symptoms that might have averted a 

catastrophic collapse; habitat occupied by fish became more patchy and concentrated during 

the fishery collapse (Hutchings 1996). For migratory schooling species like hen·ing, following 

migration paths between feeding, overwintering and spawning areas, spatial information about 

the dynamics of growth, abundance and recruitment has been gathered for over a hundred 

years (Harden Jones 1968, Blaxter 1985). Y et, until recently such data were invariably pooled 

for assessment purposes. 

Norwegian spring spawning herring (Clupea harengus harengus L.) makes long-distance 

migrations between spawning, feeding and overwintering areas (Johansen 1927, Runnstrøm 

1941, Østvedt 1965, Devold 1968, Dragesund et al. 1980). Although there is sufficient 

regularity for us to recognise discrete spawning and overwintering grounds, the elements of 

the herrings migration paths are not constant from year to year. We do not understand the 

factors that bring about these shifts, nor are we able to predict them. 

A research programme, Mare Cognitum, aiming to increase understanding of the ecosystem in 

the Norwegian Sea, has recently started (Skjoldal et al. 1993). This is taking place 

simultaneously with a rapid growth of the herring population accompanied by an extension of 

the feeding area into the Norwegian Sea (Røttingen 1992). The spawning population is 

estimated to be around four million tonnes (Foote and Røttingen 1995) compared with less 

than one hundred thousand tonnes when the stock had collapsed in the late 1960s (Dragesund 

1970). The large herring stock has a major impact on the ecosystem in the Norwegian Sea, 

and an extended cruise programme now maps the distribution of herring in relation to the 

bi o tie and abiotic environment (Skjoldal et al. 1993 ). Stu dies on the spatial organisation of 
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herring schools (Misund et al. unpublished) and the behaviour of single schools (Pitcher et al. 

1996) in addition to modelling studies on schooling behaviour have also been initiated. 

This paper tries to summarise what is known about the distribution and rnigration of 

Norwegian spring spawning he1-ring and to identify the main challenges for future research. 

:Niost publications regarding this subject tend to be descriptive. In contrast we take an 

evolutionary and ecological perspective. Our approach will try to form links to establish how 

the behaviour of single fish, collective decisions of schools and Iife history traits combine to 

determine the spatia! distribution of the whole population. We assert that the spatia! analysis 

of herring on the macroscale (> l 000 m) has to be complemented by greater understanding at 

the meso- (l 00 m) and microscales (l m). Mesoscale phen omena include the clustering of 

schools that respond to different ocean habitats with their shifting regimes of predators and 

food. Microscale phenomena are the intraschool behavioural dynarnics that facilitate trade

offs between feeding, rnitigation of attacks from predators and ensure efficient spawning. 

These dynarnics are believed to be the res ult of individual fish decisions to feed, join a school, 

leave a school, stay within a school or mate in response to changes in local conditions. Our 

objective is to build a conceptual insight of the spatia! dynamics of herring populations at the 

macro-, meso-, and rnicroscales that is structured upon its life his tory, is in comforrnity with 

natural selection optimising herring biology and behaviour, and embeds the herring within its 

ecosystem. The aim is to allow those of us entrusted with planning the human harvest of this 

valuable resource, a more sustainable and responsible mode of operation. 

METHODS 

Data on spatia! dynarnics of herring in the Norwegian Sea are collected by a number of 

methods. The distribution and behaviour of herring are investigated by acoustic methods. 

Analysis of echosounder and sonar data in conjunction with data from trawl sampling 

provides abundance estimates (MacLennan and Simmonds 1992, Misund et al. 1996). A 

1nodified pelagic trawl (Valdemarsen and Misund 1994) is used to take samples from close to 

the surface to 300-400 m deep. Multibeam sonar (Misund et al. 1995) is used to study spatia! 

organisation, size, density and movements of schools. 

Standard methods of the Institute of Marine Research are used to record long time series of 

biological data from herring such as length, weight, condition factor, age, stomach fullness 

and maturation status. Sub-samples of herring stomachs are taken from all trawl catches for 

diet composition analyses. 
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Depth profiles of environmental variables such as temperature, salinity, fluorescence and light 

are recorded by CTD -sondes equipped with fluorometers and photo cells. Nutrients and 

chlorophyll-a are determined from samples collected at a range of discrete depths. Along the 

ship track, continuous measurements are made of surface light level and temperature, salinity 

and fluorescence at a depth of 5 m. A multinet sampler (MOCNESS, Wiebe et al. 1976, 

1985) and midwater trawl with small-meshed cod end are used to collect zooplankton and 

micronekton for determination of abundance and biomass (Fosså et al. 1994, Melle et al. 

1994). 

MACROSCALE DISTRIBUTION AND MIGRATION 

During its life cycle the Norwegian spring spawning herring inhabits at least four different 

water masses in the Nordic and Barents Seas (Figure l and 2). Larvae and juveniles are found 

in Norwegian Coastal and Atlantic water over the Norwegian shelf and in the Barents Sea 

(Dragesund 1976, Hamre 1988). Adolescent and adult herring occur in Atlantic, Norwegian 

Co as tal, Arctic Intermediate and Arctic water during their feeding season in the Norwegian 

and Icelandic Sea, and wintering takes place at present in Atlantic and Coastal water in North 

Norwegian fjords (Dragesund 1970, Dragesund et al. 1980, Blindheim 1989, Røttingen 1990, 

1992). 

The Nordic Seas - a partly predictable environment 

The Atlantic water mass enters the Norwegian Sea from the south (Figure 1), mainly through 

the Faroe Island-Shetland channel (Blindheim 1989). When entering the Norwegian Sea 

temperatures in Atlantic water are usually above 8°C and salinities above 35.2%o. The main 

current of Atlantic water flows northwards along the Norwegian continental shelf, and is 

called the Norwegian Atlantic current. Between Bear Island and the Norwegian continental 

shelf an eastern branch of the Atlantic water enters the Barents Sea, the main current 

continues north in to the Polar Ocean. A western branch extends towards Jan Mayen and meets 

the Arctic water over Mohns Ridge. On its way in the Norwegian Sea the Atlantic water 

mixes with Arctic water with reduced temperatures and salinities as a res ult. 

The East Icelandic Current enters the Norwegian Sea from northwest between the shelves of 

Iceland and Jan Mayen, bringing Arctic water into the southern basin of the Norwegian Sea 

(Figure l). This water mass is characterized by temperatures below 3°C and salinities between 

34.7 and 34.9 %a (Blindheim 1989). In the frontal sone between Arctic and Atlantic water 
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n1asses in the southern Norwegian Sea, the heavier Arctic water spreads out towards north and 

east beneath Atlantic water as Arctic Intermediate water. 

Over the Norwegian shelf Coastal water flows northwards, separated from Atlantic water to 

the west by a sharp front over the shelf break (Figure 1). The position of the front is relatively 

fixed over the shallower parts of the shelf break, while some fluctuations are seen over the 

deeper parts. The Arctic front in the northern Norwegian Sea is situated over a sea bottom 

ridge (Mohns Ridge) that goes from Jan Mayen towards Be ar Island. Since the geographic 

location of the front is largely governed by bottom topography, there are only minor shifts in 

position with season or over the years. In the southern Norwegian Sea the position of the 

Arctic front between the Arctic Intermediate and Atlantic water masses is less dependent on 

bottom topography and varies with the volume of water carried by the two current systems 

in vol ved. 

The time for the anset of the phytoplankton spring bloom differs between the water masses of 

the Nordic Seas (Halldal 1953, Paasche 1960). Befare the bloom can start the depth of the 

upper wind mixed layer must be limited relative to the euphotic zone by stabilisation of the 

water column or by shallow water depth (Sverdrup 1953, Sambrotto et al. 1986). There are 

different mechanisms involved in water column stratification, which leads to differences in 

timing of the bloom (Halldal 1953, Paasche 1960, Rey 1980a, b). In Norwegian Coastal water 

the bloom is early due to shallow water depths over the banks and permanent stratification in 

the front towards Atlantic water by a thin layer of Coastal water above the heavier Atlantic 

water. In Atlantic water stabilisation of the water column is caused by the formation of a 

thermocline due to atmospheric warming of the near surface layer. This is a slower process 

and the bloom occurs later than in Coastal water. Within the Atlantic water n1ass the blo01n 

may occur later in the north and west due to the generally iower air temperatures. In Arctic 

water and in water masses of Arctic origin such as the East Icelandic Current, the bloom is 

even more delayed, except for same areas influenced by melt water during the spring (Rey & 

Loeng 1985). 

During winter, the main prey of herring in the Norwegian Sea Calanus finmarchicus, C. 

hyperboreus and krill (euphausiids) hibernate in the Norwegian Sea deep water or at 

intermediate depth with reduced feeding (Østvedt 1955, Connover 1988, Dalpadado and 

Skjolda! 1991, in press, Ikeda and Dixon 1982). These zooplankton species reproduce for the 

first tin1e and start their growth season at the anset of the spring bloom (Ruud 1932, Østvedt 

1955, Nlauch1ine 1959, Lindley 1978, 1980, Dalpadado and Skjoldal 1991, in press, Diel and 

Tande 1992, Hirche and Kattner 1993, Melle and Skjolda! 1994). The start of zooplankton 

production will therefore differ among the various water masses in the Nordic Seas. Although 
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there are year to year differences in timing and level of zooplankton production within water 

n1asses, the water masses will show the same sequence with respect to start of the production 

with generally delayed zooplankton development in the western Norwegian Sea. 

Varying degrees of competition may exist between herring and other pelagic planktivorous 

species such as blue whiting, mackerel, horse mackerel and Atlantic salmon (Daan 1980, 

Holst and Iversen 1992). During the feeding season the migration of herring may be modified 

by feeding interactions with other species. 

Norwegian spring spawning herring are predated upon by fish, marine mammals and sea 

birds. Although oceanic predators do not seem to be attracted to the coast to feed on herring 

(Høines et al.. 1995), there are probably a higher predation pressure in co as tal areas than in 

the Norwegian Sea. Fish predators like cod and saithe are abundant at the shelf and in 

behavioural studies of herring schools, a high occurrence of predatory attacks by cod and 

saithe was observed above the shelf (Pitcher et al. 1996). The most important bird predators 

like puffins have a restricted feeding range in Coastal waters (Anker-Nilsen and Barrett 1991, 

Ancker-Nilsen and Øyan 1995). Minke whales are abundant on the coast, but of minor 

importance as predators offshore in the Norwegian Sea (Øien et al 1987, Haug et al. 1993, 

1994) and seals are also most common at the coast (Wiig 1986, Bjørge 1991). However, the 

distribution of killer whales are closely related to the distribution of herring (Simula and 

Christensen 1992, Simula et al. 1996) and marine mamma! predators could be abundant in the 

Norwegian Sea, especially at oceanic fronts (Christenssen et al. 1992, Haug et al. 1995). 

As described, the environment in the Norwegian Sea shows consistent features with 

predictability in geographic location of oceanographic fronts, water mass distributions and 

timing of zooplankton production cycles. There are, however, variations in the timing of the 

plankton bloom within water masses and the location of the oceanographic fronts f~om year to 

year. These variations may be related to climate changes, to which the herring could respond 

to same extent. The environment with regard to food can be considered partly predictable, but 

with a stochastic element. Many features of the predation pressure are not known at present. 

The strong predation pressure by piscivores on the continental shelf may be predictable, and 

there are indications of significant pressure from predators at oceanographic fronts. However, 

for the large part, predation pressure could be unpredictable. From the perspective of herring, 

fishing pressure may occur as random events. 
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Temporal changes in migration patterns 

The migration pattern of adult herring has changed markedly during recent decades (Figure 

2). In the 1950s a large stock with a spawning population of more than 10 million tonnes had 

feeding areas north and northeast of Iceland with overwintering grounds in the Norwegian 

Sea. Spawning took place along the Norwegian coast from Møre in the north to Karmøy in the 

south. This is described in detail by Dragesund et al. (1980). From the mid 1960s a gradual 

shift towards north was observed in both feeding and wintering area in the Norwegian Sea and 

spawning area along the Norwegian coast (Devold and Jakobsen 1968, Dragesund 1970). 

After the late 1960s stock collapse, migration pattern changed radically. The herring now 

stayed within feeding areas close to the coast with no known migrations into the Norwegian 

Sea. Overwintering took place in two fjords in north west Norway and spawning grounds were 

restricted to an area off western Norway (Røttingen 1992). As the stock size gradually 

increased in the 1980s and 1990s the feeding migration into the Norwegian Sea restarted and 

continued to extend over larger and larger areas. Spawning grounds were also expanded, and 

in 1996 herring spawned along substantial parts of the coast up to the Lofoten area. However, 

overwintering concentrations of herring were still restricted to fjords in contrast to the 

situation in the 1950s (Røttingen et al. 1994). 

The change in migration pattern in connection with the collapse of Norwegian spring 

spawning herring strongly indicates a correlation between stock size and distribution. For 

many species, stock collapse is associated with a corresponding range collapse (Dragesund 

1970, Pitcher 1996). A possible mechanism is that small populations may become 

concentrated in a range-lirnited optimal habitat. Population growth may result in being forced 

out of optimal habitat due to shortage of food and suitable spawning sites. This may explain 

the gradual expansion of feeding and spawning areas observed in Norwegian spring spawning 

herring. A behavioural mechanism controlling preferred school size and distance between 

schools (see later) could reinforce such effects. 

Catalysts of change - driving forces and motivation 

An underlying assumption is that the migration pattern of herring reflects fitness 

maximisation, i.e. that migration leads to increased survival and growth and · thereby 

reproductive output. Migrating heiTing may for example utilise regional and seasonal 

production cycles. In the absence of any specific driving force herring should remain in an 
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area since movements demand energy expenditure and could lead to increased risk of 

detection by predators with a resulting decrease in fitness. 

Although the situation in the sea is complex, our hypothesis is that an interplay between 

relatively few key factors operating in conjunction with changes in the motivational state of 

the herring can explain the dynamics of spatial distribution. The major driving forces are 

believed to be food availability, abundance of predators, temperature regime and availability 

of suitable spawning sites. The first three of these factors may independently exhibit strong 

spatial and tempora! variations. 

Food is a major driving force. The amount of food available for herring is influenced by 

variations in the seasonal production cycles of zooplankton both with regard to the amount of 

zooplankton produced and to the timing of the production in relation to the herring feeding 

migration (Lie 1961, Østvedt 1965, Melle et al. 1994). Food shortage caused by competition 

in connection with increasing population size is believed to lie behind the gradual expansion 

of the feeding areas (Røttingen 1990, 1992). During the cold period from 1965 to 1971 giving 

rise to to the mid-seventies anomaly, the abundance of C. finmarchicus in North Icelandic 

waters decreased (Åstth6rrson et al. 1983) and this could also to some extent have influenced 

the migration pattern. 

Fish do not simply try to maximise growth rate by maximising food intake. Studies on fish 

schools demonstrate trade-offs of growth with safety (Nonacs et al. 1994, Mangel 1994). 

Threat of being eaten is a strong driving force. Herring may modify their behavioural 

responses in the presence of different types of predators. Such changes may result in quite 

different spatia! dynamics. 

Temperature influences many physiological processes in fish as digestion rate and swimming 

capacity (He and Wardle 1988, Videler 1993). When food supply is limited, fish should feed 

in areas where ingestion rate is maximised and then move to areas where energetic costs are 

reduced (Jobling 1995). Although changes in temperature across oceanic fronts aften coincide 

with changes in species, age and size composition of zooplankton (Østvedt 1965, Melle et al. 

1994), temperature effects on the distribution of herring have been reported (Devold 1963). 

Herring seem to avoid water below 2°C and generally stop westwards migration when 

reaching the Arctic front (Østvedt 1965), in spite of higher zooplankton biomasses on the 

c older side of the front (Melle et al. 1994). 

The availability of suitable spawning grounds is another important driving force governing 

spatial distribution. Spawning sites are in fixed positions from one year to the next. Herring 
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that have left a particular spawning site last year must rnigrate back to a suitable spawning site 

in time to reproduce again. Same time prior to spawning, changes in the relative contribution 

of each of the driving forces in conjunction with alterations of the motivational state of the 

fish will combine to result in a change of the spatia! dynarnics; the overall result being a 

tendency to migrate to the spawning grounds. 

Water currents are an additional external factor that can have an important influence on the 

distribution of herring (Harden Jones 1968). Whilst rnigrating, herring can take advantage of 

favourable currents with regard to direction and speed (Nøttestad et al. 1996). Overall 

population abundance could effect the distribution of hen·ing by influencing food abundance, 

predation pressure and availability of suitable spawning sites. 

Vertical migration- dynamic adjustment to environmental factors 

Environmental conditions in the vertical plane usually show much strenger variations than in 

the horizontal plane. Vertical migrations are aften observed in herring (Blaxter and Hunter 

1982, Melle et al. 1994, Blaxter 1985). Making diurnal vertical movements, the herring can 

rapidly adjust to changes in critical environmental parameters. For example, downward 

migrations take the fish to a habitat with lower light levels and could thus decrease visually 

mediated predation (Aksnes and Giske 1990,1992). Deeper water may offer other advantages 

in addition to predator avoidance. The Norwegian Sea exhibits strong temperature gradients, 

water being significantly colder at great depths (Nansen and Helland Hansen 1909, Blindheim 

1989). Herring may feed close to the surface at dawn and dusk then descend to deep colder 

water, saving energy during daytime. Observations of migrating herring in early spring show 

herring to swim deep both day and night (Melle et al. Linpublished data). This may be 

explained by feeding opportunities, as wintering Calanus (a primary food source for the 

herring) are distributed at intermediate depth during this period (Østvedt 1955). Changes of 

vertical distribution may also be determined by the ability of herring to choose specific depth 

layers with favourable current direction and speed, thus saving energy (Nøttestad et al. 1996). 

l\tiESOSCALE DISTRIBUTION AND l\tiiGRATION 

Spatial organisation of schools 

Reliable data about the three-dimensional distribution of schools can be achieved using sonar 

technology in conjunction with verification of target by fishing. Figure 3 shows a typical 
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picture of the distance between herring schools from a transect outside Northem Norway. The 

closest schools are only about 20 m apart and they seem to seem to occur in clusters. The 

observed mean interschool distance was 300 m in the frontal region between coastal and 

Atlantic water and 600 min Atlantic water (Misund et al. unpublished observations). 

Regulation of school size - dynamics of splitting and joining 

Herring is an obligate schooling species (Breder 1976). Variations in school size, from several 

hundred to millions have been observed in the wild (Misund 1993). It is inevitable that such 

wide variations have a significant influence on the distribution of fish at the mesoscale. 

It is assumed that school size in herring is an adaptation to the prevailing conditions, but the 

relationship is poorly understood. One exception is a study of schools on spawning grounds 

(Nøttestad et al. 1996). Large schools immigrating to the spawning area subsequently break 

into smaller units when searching for spawning substrate. Individuals within a school may 

inhabit different physiological states, leading to splitting of the school into smaller units with 

fish with similar gonadic index. After spawning, emigrating schools coalesce, increasing in 

size, but these schools were still smaller than pre-spawning immigrating schools. An 

explanation for these observations is the relatively rapid change in the relative influence of 

determinant factors goveming school size. For immigrating schools avoiding predation may 

have the dominating influence and large schools may give the best protection against 

predators (Pitcher and Parrish 1993). Ernigrating schools, preparing for feeding, may organise 

themselves in a school size that serves to achieve optimum feeding opportunities under 

prevailing conditions. 

For herring during the feeding season, there should theoretically exist an optimal school size 

where the trade-off between feeding and avoiding predation is maximised. Since there is no 

mechanism to prevent animals joining groups, and thus animals may join until there is zero 

net benefit, the idea of optimum group size being an evolutionary stable strategy has been 

questioned (Pulliam and Caraco 1984 ). However, herring do generally not occur as isolated 

individuals. As already fish in small groups have some advantage of schooling, they should be 

less likely to join another school than single fish. For joining schools, an increase in fitness is 

only attained if the size of the joined school deviates less from the optimal value after joining 

than befare. I is also possible that the school being joined could avoid the join by swirnming 

away. In addition, disadvantages incurred as a result of deviations from an optimal school size 

are not necessarily symmetrical. If a school 50% larger than optimal splits in two equal parts, 

it will form two schools 25% smaller than optimal, but there may be higher costs associated 
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with being toa small ( increased risk to predation) than toa large (decreased feeding rate), 

since survival has a higher priority than feeding (Life-Dinner principle, Krebs and Davis 

1986). Hence, It would seen1 likely that in reality, school size in herring may vary somewhere 

in between the optimal value and the value of zero net benefit. 

Within specific locations, large variations in school size have been observed (Misund 1993, 

Nøttestad et al. 1996). Such an observation could be accounted for with two opposing 

explanations. The first would be that school size is not sensitive to the environmental 

conditions; the second argues that in fact the large variation is a direct result of the ability of 

schools to fine tune school size relative to minor fluctuations in environmental 

conditions.There are observations indicating that frequent group size adjustment takes place in 

herring schools under certain conditions (Pitcher et al. 1996). 

For splitting and joining to take place it is required that fish have mechanisms to perceive 

deviations from optimal school size in addition to mechanisms to accomplish group size 

changes. School splitting can be initiated by increased hunger level leading to increased 

interfish distance (Robinson and Pitcher 1989). Tendency to join can be increased by a high 

perceived level of threat from predators. Performing splitting could be relatively complicated, 

since there may exist cohesive forces between the fish that depend on group size. A complete 

split may be unsuccessful, with for instance the smaller school rejoining. Splitting followed 

directly by joining has been observed in herring schools (Pitcher et al. 1996). Joining of 

schools may involve even greater difficulties, since joining requires coordinated movements 

of two originally independent units. Joining processes may also be restricted by the 

availability of nearby schools to join (Pitcher and Wyche 1983). In the study by Pitcher et al. 

( 1996) the density of schools was high and joining was frequently observed, but this rna y not 

be possible in areas with fewer schools. 

Given that the mechanisms involved in perceiving and compensating for changes in these 

conditions are sensitive enough, the result is a dynamic response of changes in school size 

with an associated time lag, but these mechanisms have probably serious constraints. 

A vailability of other schools als o restricts adaptive increases in school size. The great 

variations in school size observed in an area therefore probably reflect variations around a 

mean optimal, with a time lag befare schools changing habitat are adapted, and the constant 

risk of a school of optimal size that it will be joined by another school with more to win than 

to lose by joining. 
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l\tlovements of individual schools 

The swimming speed of herring determines how rapidly changes in spatia! distribution can 

take place. Speed of rnigrating herring can vary. Schools immigrating to the spawning grounds 

swim faster than schools searching for suitable substrate and emigrating schools, whereas post 

spawned feeding schools had the lowest swimming speed (Nøttestad et al. 1996). 

The swimming direction and pattern of herring schools can vary markedly. Figure 4 shows the 

swimming path of a herring school followed for one hour in the Norwegian Sea (Pitcher et al. 

1996). Despite many intra- and inter-school events, the school swam in a relatively straight 

line. Sonar observations on schools disturbed by fishing vessels show more complicated 

patterns associated with an avoidance response (Misund 1994 ). Other sonar studies showed 

herring schools migrating to the spawning grounds swim on a straight course, whereas s~hools 

feeding after spawning show less directional swimming (Nøttestad et al. 1996). 

MICROSCALE DISTRIBUTION AND MOVEMENTS 

The optimal distance between individual fish may be expected to vary according to the 

optimum distance required to perform feeding and avoid predators. The mode of feeding 

(filter or particulate, Gibson and Ezzi 1985) and perceptive distance to prey are important 

considerations. In contrast to what is the case for school size, school density could potentially 

be rapidly adjusted in response to external environmental factors. Possible restrictions to this 

may occur when for instance different hunger states exist. Marked density variations within 

herring schools have been observed and are believed to reflect the dynamics of a moving mass 

(Misund 1991, Misund 1993), rather than fine adjustments to environmental factors. 

School density of adult herring can vary between O.l and 20 fish per m3, but usually Iies 

between l and 2 fish 1m3 (Misund 1993). During spawning season, herring schools searching 

for suitable spawning substrate have the highest density, followed by immigrating, ernigrating 

and feeding schools (Nøttestad et al. 1996). This could be explained by changes in 

motivational state in conjunction with changes in the relative importance of spawning, feeding 

and avoiding predation. Laboratory experiments on herring show that density is decreased by 

starvation (Robinson and Pitcher 1989). 

School shape influences the distribution of herring. Changes in school shape may also be 

associated with changes in motivational state. Herring schools migrating to spawning grounds 

were observed to be more elongated than spawning and feeding schools (Nøttestad et al. 
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1996). Microscale distribution is also influenced by coordinated movements of schools. 

Antipredator behaviour patterns such as dumping and deorganization (Pitcher et al. 1996) 

result in changes in local densities. 

THE MOD EL APPROACH 

Individual based modelling and simulations of fish schools has been reported by several 

authors (e.g. Anderson 1980, Okubo 1986, Swartzman 1990 Niwa 1994). However, most of 

them have been purely theoretical, with few practical applications. A few recent papers have, 

however. tried to include biological realism (Ruth and Wissel 1994, Reuter and Brechling 

1994). Techniques of Individual-Based Modelling (IBMs) which model the internal structure 

of populations and communities can be devided into two methodologies; l) i-state distribution 

and 2) i-state configuration approach (DeAngelis and Rose, 1992). The i-state configuration 

models should give accurate descriptions of populations that are likely to have strong 

stochastic components and to be subject to highly localized interactions (DeAngelis and Rose, 

1992). This model approach may be fruitful when considering the high interaction between 

n1embers in a fish school. A class of n1odels that are specifically designed to mimic systems 

with strong interactions like fish schools are Cellular Automata (CA). This approach has been 

employed to describe the polarised and synchronised behaviour of individuals within a school 

(Huth and Wissel 1992, 1994, Reuter and Brechling 1994). CA have the property that 

individual entities change from one state to the next through time in parallel or concurrently, 

:which is true as well of entities in nature (Phipps 1992). In stochastic (or probabilistic) CA, 

the selection of a state at each time step, is done subject to a probability function (Lee et al. 

1990). A simple CA model describing internal dynamics of herring schools including 

antipredator tactics in herring is under preperation (Vabø arid Nøttestad, unpublished). This 

model are able to mimic highly complex and coordinated behaviour in herring schools as we 

observe them in nature, based on simple individual descicion rules, interpreting realistic 

biological variables. This model visualises the fact that certain behaviour characteristics of 

whole schools can be explained by the action of the individual. 

Another type of modelling approach; dynamic programming has lately been widely used in 

behavioural ecology (e.g. !vfangel and Clark 1986, 1988, McNamara and Houston 1986; 

Houston et al. 1988, 1993, Rosland and Giske 1994, Fiksen et al. 1995). However, few papers 

have applied Stochastic Dynamic Programming (SDP) approach on schooling dynamics in 

pelagic planktivorous fish (but see Nonacs, 1994 ). The model approach makes it possible to 

predict optimal habitats (e.g. school density and size) over several time scales for animals 

trading off predation risk and growth. Density and size distributions in schooling fish in 
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dynamic optimization models not only depend on external physical or biological properties of 

the environment, but also on the internal or motivational state of the fish. The optimization 

criterion must be related to the Darwinian concept of maximization of fitness, established 

through the action of natura! selection (Dawkins 1989). The method implies that animals 

behave optimally (i.e. maximise fitness). A mesoscale dynamic model on optimal school size 

and density, based on join, lea ve and stay decisions of individual herring, is under preparation 

(Nøttestad and Giske unpublished). This model will be developed through Stochastic 

Dynamic Programming (SDP, Mangel and Clark 1988, McNamara and Houston 1996). The 

physiological state of the herring and the environmental factors change with time, thus 

optimal behaviour changes with time. Input variables to the model will include realistic values 

for schooling parameters such as school density and fish size in addition to depth, prey 

dens i ty, temperature and light lev el. A preliminary quantification of feeding rate and I?Ortality 

risk will also be included. A random influence parameter will be added to allow for stochastic 

nature of events. 

THE BOTTOM-UP APPROACH - FROM INDIVIDUAL FISH TO lVIACROSCALE 

DISTRIBUTION 

SDP models are based on individual fitness maximization and it ought to be possible to 

understand some features of the horizontal distribution of herring schools from an 

understanding of those factors that influence individual fish. For a species such as herring that 

typically exists in very large schools, school behaviour does not, however, directly reflect the 

need of the individual. Fish in a school are not identical, and if a fish is to keep within the 

school it has to make compromises. Although little is known about the dynamics of school 

movements, mechanisms of social facilitation and individuål variations in feeding efficiency 

and risk-taking, it takes presumably many individuals with the same tendency to influence 

school behaviour. 

Herring from the same school have been found to differ markedly in stomach contents 

(Dalpadado 1993). Presumably, a hungry herring should maintain a large distance from its 

neighbours to improve feeding conditions (Robinson and Pitcher 1989), however, the 

behaviour of other school members could modify this. As mentioned previously, to 

accomplish splitting or joining of schools appears to require an even stronger dependency of 

one fish with another. 

School behaviour not only reflects a collection of individual behavioural decisions. There are 

cont1icts between individuals and different fish may not have the same information. 
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Behaviour of individuals within the school may then to some extent be governed by 

neighbours. For example, by reacting to other fish moving in relation to environmental 

gradients (Kils 1986, Hurth and Wissel 1992, Wodemeyer and Kils 1996), the swimming 

direction of an individual is partly controlled by others. Reactions to predator attacks release 

evasive manoeuvres, the dynamics of which can be explained at both the school and 

individual unit. Thus, although natura! selection works at the individual level and many 

observations on the behaviour of schools can be understood in terms of individual fitness 

maximisation (Pitcher and Parrish 1993), the school in many cases may constitute the 

functional unit appropriate to study. 

The distribution of schools themselves constitutes another level of analysis. Herring schools 

seem to occur in patches (Misund et al. unpublished data). Such clusters of schools can be the 

result of attraction of schools to each other and not merely caused by aggregations to 

favourable areas. Clusters can decrease predator pressure through the dilution and abatement 

effect (Pitcher and Parrish 1993), although they may also attract predators. In addition, 

clusters constitute a pool for school size adjustments. 

Modelling over a range from individuals to schools, populations and metapopulations may be 

done with nested models, each of which considers processes over a limited range of space and 

time scales (US. Globec 1995). For modellers to successfully address this "scale-transfer" 

issue will require coordination among empirists working at different scales and in scale 

interfaces. 

ORIENTATION MECHANISMS 

In studies of fish distribution it is often assumed that fish have perfect knowledge about the 

environment and can distribute themselves according to some optimality criterion. However, a 

prerequisite is that the fish have proximate mechanisms enabling them to orientate towards 

the optimal area. Some candidate mechanisms and their limitations will be briefly discussed 

below. 

l. Kineses 

Using the case of temperature gradients, if the non-orientated activity level is proportional to 

the deviation from the preferred temperature, animals can concentrate in the area with the 

optimal temperature. Although individual fish through synchrokineses (Kils 1986) can react to 
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environmental gradients some distance away by following neighbours, the large distances and 

the dynamic nature of the temperature, food and predator fields in the Norwegian Sea would 

seem to make kinesis too imprecise to lead to an optimal distribution of herring. 

2. Predictive mechanisms: Genetic factors and learning 

Disregarding the near field, animals use predictive mechanisms if they orientate towards 

where the habitat quality is predicted to be higher. Predictive mechanisms may be based on 

both genetically based tendencies to orientate and previous experience. Younger fish have 

been observed to follow larger fish during migrations (Harden Jones 1968, Hourston 1982, 

Rose 1993). Older fish would then follow known landmarks experienced and learned in 

previous years (Baker 1978). In herring, there is evidence that migration is controlled by both 

genetic factors and through learning processes (Corten 1993). The choice of spawning 

grounds is an example of a tradition that is passed on by one generation of herring to the next 

and learning may affect also the choice of feeding and overwintering area (Corten 1993). 

Directional cues may be acquired using the sun, currents and geomagrietic fields (Runnstrom 

1936, Fredriks on 1944, Hard en Jo nes 1968). 

For predictive mechanisms to work, the environment should be predictable. Although 

variations exist, environmental factors in the Norwegian Sea show regular features with 

respect to water mass distributions and seasonal zooplankton cycles (see above). Therefore, 

orientated swimming based on predictive mechanisms could partly explain the observed 

westwards feeding migration of herring. The initiation of such migrations could depend on the 

inner motivational state of the fish, with westwards migrations only released when herring 

exceed a critical hunger level. 

3. Reactive mechanisms: Response to near field and State · Space comparisons 

Near-field orientation demands that the fish can perceive gradients in the sea. Herring could 

detect a temperature difference of 0.6°C (Shelford and Powers 1915). Fish swimming 1rnls 

could be able to react to temperature gradients of 0.003°C perm (Harden Jones 1968). Well 

defined gradients could exist in the Norwegian Sea at oceanic fronts. At the front between 

Atlantic water and polar water, the maximum temperature change in intervals of 180 m was 

0.005°C per m (Nielle unpublished observations). Zooplankton in the Norwegian Sea is 

unevenly distributed at the large scale and shows marked changes in species and size 

distribution in connection with fronts between water masses (Wiborg 1955, Østvedt 1965, 

Pavshtiks & Timokhina 1972, Blindheim 1989, Melle et al. 1993, 1994). The mesoscale 
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distribution has not been studied in such detail, but based upon studies from other areas 

(Wiebe 1970, Steele 1978) it can be assumed that zooplankton is patchlly distributed. 

Reactions to gradients in such patches are possible, although fish are generally believed to 

keep within patches because of non-directional changes in swimrning speed and frequency 

plus angle of turning (Thomas 1974). 

Fish can concentrate in the front area with higher zooplankton abundance due to the same 

mechanisms that enables them to find and stay in the highest concentration of a patch. 

Movements in a front should thus mainly be along the front and herring schools have been 

observed to swim along oceanographic fronts (Misund et al. 1996). Migrating herring do not 

swim in straight tracks but frequently make side-to-side movements, indicating search for 

directional gradients (Misund et al. unpublished data). Reactions to the near field may thus 

exist in connection with water fronts and in mesoscale. 

There is another reactive mechanism herring can use to attain an optimal distribution. State

space comparisons allow fish to compare the habitat quality between different sites. If the new 

locality has higher quality than the locality the fish came from, the fish should stay in the new 

place and eventually proceed in the same direction. If not, the fish should return. In laboratory 

studies, such mechanisms based upon a memory of the previous patch have been shown to 

result in an ideal free distribution (Fretwell and Lucas 1970) with fish distributed according to 

the resource value of the patches (Dill 1983, Milinski 1984). A state-space comparison 

mechanism could be based on evaluation of the major driving forces. 

There are some indications that herring use state-space comparisons. Herring schools tracked 

with sonar generally swam with a component westwards in the spring but the most western 

schools swam in an eastwards direction (Misund et al. unpublished). Temperature decreased 

towards the Arctic front in the west and the herring seemed to swim ahead of the preferred 

place, evaluate local conditions and turn. 

Predictive and reactive mechanisms working together 

Since the herrings information about the environment is not perfect, the use of predictive 

mechanisms only would mean excessive distances may be covered during migration as a 

result of deviations due to the unpredictability of the environment. For example, an initial 

prediction that high food concentrations are found further west may be wrong, and when the 

fish return to the initial habitat the situation could have changed. On the other hand, using 

only reactive mechanisms can lead the fish into higher and higher food concentrations within 
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a particular location, but when food abundance becomes low in the whole area, the herring is 

left with no directional cues. 

To salve such problems the herring could use a combination of predictive and reactive 

mechanisms. In birds, detailed orientation studies have demonstrated that they do not depend 

on a single factor for orientation, but that many different mechanisms are involved (Delius 

and Emmerton 1977). A single mechanism is not reliable in all circumstances, and when the 

situation changes, an alternative mechanism is activated. 

Since information on orientation mechanisms in herring is scant, available evidence from 

other animals is used to support a proposed mechanism to account for the control of migration 

and distribution of Norwegian spring spawning herring (Figure 5). If herring has good feeding 

conditions, they seem to stay close to the coast in spite of a high predation pressure. Poor 

feeding conditions on the coast may release large-scale westwards migration based on the 

prediction of high food concentrations. This predictive mechanism may have a basis in vol ving 

both genetic and learning mechanisms, the combination of which holds greater flexibility 

allowing herring to adapt to its variable environment. The observation that herring has taken 

many years to gradually resume the old migration pattern into the Norwegian Sea gives same 

support for learning mechanisms, although the simultaneous gradual increase in population 

size can also be involved. Oldest individuals, presumably with the greatest experience, 

migrate the longest distance to the west (Barden Jones 1968, Melle et al. 1994, Slotte and 

Johannesen 1996), although this can also be explained by large fish having higher swimming 

speed and large surplus energy reserves (Ware 1975, 1978). 

Travelling west herring find the front between Atlantic water and the Arctic Intermediate 

water of the East Icelandic current in the Norwegian Sea. Although its position may vary, this 

frontal system may be considered stable and predictable. The mixed water of the frontal sone 

is richer in zooplankton than Atlantic water. West of the front high concentrations of 

zooplankton may still exist, but here the water is colder and possibly not suitable for the 

herring. It is likely that herring adjust to these local environmental features by finding a 

combination of rich plankton concentrations and favourable temperature. 

Secondly, superimposed on the predictive migration mechanism could be a system involving 

state-space comparisons. If the initial prediction of high food concentrations is supported, the 

fish should continue to swim to the west, but if no food is found or the temperature decreases 

to a critical value, the fish can compare the state in the two habitats and turn back to the 

original habitat. Thirdly, herring may be a ble to record the streng gradient in oceanographic 

fronts which can enable orientated swimming in the fronts. Forthly, re action to food gradients 
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1n patches may occur by use of kinesis mechanisms, food concentration influencing 

swimming speed and turning. Response to predators may be govemed by reactive 

mechanisms. 

FLEXIBILITY IN DIFFERENT LIFE STAGES AND STRATEGIES OF 

~IINil\tiiZING RISK 

The extent of the westward feeding migrations into the Norwegian Sea of adolescent and adult 

herring in the spring seem to depend on population size, extended feeding migration being 

correlated with an increase of population size (Røttingen 1990, 1992). Norwegian spring 

spawning herring thus seem to adopt a flexible feeding migration strategy. Spatio-temporal 

variations in food abundance de man ds gre at flexibility. 

Norwegian spring spawning herring always spawn near the coast on hard bottom. Herring has 

spawned in the Møre area in western Norway during the whole 20th century and after the 

stock collapse in the late 1960s this was the only spawning area (Røttingen 1990). As the 

population size increased, the herring again spawned at the grounds used befare the collapse, 

first at the grounds in the Lofoten area and then eventually at those in southwestern Norway 

(Bergstad et al. 1993 ). Competition for space offers o ne explanation for the extension of 

spawning areas. In this respect, the changes in spawning and feeding areas show similar 

features. In both cases, it seems that when competition is low, herring have a preferred area 

with same variation, but with strenger competition the fish migrate to alternative habitats. The 

distribution may approach an ideal free distribution (Fretwell and Lucas 1970), with the fish 

distributed according to the density-dependent resource value of different habitats. Variations 

in spawning localities over time complicates, however, this pi~ture. 

Herring more than 3 years old may overwinter either in the Norwegian Sea or in fjords in 

northern Norway. In the 1950s when the population was large, the vast majority were found 

in the Norwegian Sea (Røttingen 1990). At present, the whole population overwinters in the 

fjords. It is tempting to speculate that there is a connection between choice of wintering area 

and how far west the herring migrate or how late in the autumn the fish turn east. Herring may 

reach a threshold where the energy costs or the time left until the anset of the winter prohibit 

return to the coast for hibernation. Another explanation is that the population size could have 

becon1e so large that the strategy of hibernating in dense concentrations in the traditional two 

small fjords may become less successful. A marked decrease in oxygen contents in the fjords 

with hibernating herring has been observed (Dommasnes et al. 1993, Røttingen et al. 1994). 

According to that view, if the population continues to increase we rna y expect in the fu ture a 
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sudden shift to the old hibernating areas in the East Icelandic Current and in the polar front 

further north. 

The choice of overwintering area should be expected to be an adaptive response to predation, 

energy costs, gonad development and other factors. Since herring do not feed during the 

winter, the effects of cold temperature in reducing metabolic costs are likely to be significant. 

The lowest temperature is found where the herring hibernate in the Norwegian Sea 

(Dommasnes et al. 1994, Røttingen et al. 1994).The Atlantic water masses in fjords are 

warmer and Atlantic water outside the shelf still warmer. On the shelf there are additional 

disadvantages as high predation pressure and strong currents and herring has never been 

observed to hibernate in this area. The wintering area may thus be determined by a choice 

between discrete alternatives. 

In spite of the flexibility in different life stages there are also strategies of rninimizing risk. 

Norwegian spring spawning herring usually spawn the first time at an age of three or four 

years (Blaxter 1985, Hamre 1988). They may attain an age of up to 20 years old and could 

thus have up to about 15 spawning opportunities. Herring is typical of species exhibiting great 

variations in reproductive success. Strong year classes occur on a time horizon of 10-20 years 

(Cushing 1981). Fitness of individual herring could thus depend more on the number of 

spawnings than the number of eggs each year. This should lead the herring to adopt a low-risk 

strategy, with survival to next spawning as the most important factor. 

A way to adopt such a strategy in an unpredictable environment is to be conservative until it is 

necessary to change strategy. Laboratory experiments have shown that when fish can choose 

between two patches with the same mean food level but with different variance, they prefer 

the patch with lowest variation when satiated but the risky patch when hungry (Young et al. 

1990). As long as conditions are favourable, herring should thus stay in an area, but at a 

certain stage it may become necessary to take risks. Such reasoning could explain both the 

feeding and spawning migrations (see also Corten 1993). A theoretical model on pelagic fish 

also supports a low-risk strategy (Salvanes and Giske 1995). According to this model, pelagic 

fish should be unselective feeders, since the benefit of ascending to a habitat with improved 

visibility permitting selective feeding is less than the cost of increased predation in that 

habitat. 

Adoption of low-risk strategies by herring is supported by several observations. Herring seem 

to feed close to the coast until the increasing population size and resulting increase in 

competition for food, releases westwards n1igration. That herring still overwinter in crowded 

fjords even when the population size is much larger than when herring hibernated in the 
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Norwegian Sea before the collapse also indicates a conservative strategy. The threshold 

initiating strategy change in herring seems to be high. This could reflect threshold levels in 

individual fish, but collective decisions taken by schools may increase the threshold further. In 

addition, neighbouring schools could influence each other. It may have high costs to be the 

first school wintering in the Norwegian Sea if the rest of the stock returns to the coast. The 

risk of predation can be high without the dilution effect caused by neighbouring schools. 

Since strategies are clearly going to be subject to compromise, herring may be thought of as 

adopting a preferred-conservative strategy. A preferred-conservative strategy is concurrent 

with observation that herring populations display persistent repeatable features during their 

life history while retaining the ability to be extremely flexible under highly variable 

circumstances. Herring may be forced to move from preferred locations when for instance 

food or predator pressure becomes limited beyond some threshold. Under such conditions the 

herring have to leave the low-risk situation and try their luck in the dynamic environment. 

ST A TUS AND CURRENT BOTTLENECKS 

For Norwegian spring spawning herring the environment in the Norwegian Sea is to a certain 

degree unknown, a Mare Incognitum. Yet herring seem to be able to utilise the knowledge 

that major features of the zooplankton production are predictable in time and space. Although 

there may be an optimal environment at any moment, many localities exist where herring can 

survive and grow and the problem for the herring becomes one of choosing acceptable 

solutions. Which place is the best can also be influenced by what the rest of the population 

does. The mere fact that herring persists demonstrates it has the ability to adjust its behaviour 

to a changing environment by shifts in feeding, spawning and overwintering migrations. 

Adoption of a low-risk strategy by the herring together with the observations on flexible 

migration patterns creates some kind of paradox. The idea of the herring as having a 

preferred-conservative strategy is appealing to explain this paradox. Apart from some local 

populations, Norwegian spring spawning herring cannot be divided into genetically different 

units (Smith and Jamieson 1986) and thus seems to have a flexible migratory reaction norm 

that is expressed in different ways under different conditions. 

A bottleneck for an improved understanding of the spatia! dynamics of herring is near-field 

studies with detailed recordings of search patterns of schools by use of high resolution sonar, 

differential global positioning system (GPS) and continuous recordings of zooplankton 

distribution. Studies on the mesoscale distribution of zooplankton lag behind those of fish 
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schools, and acoustic or optical methods are required to get satisfactory resolution in time and 

space. More quantitative knowledge about the predator pressure and abundance of competitors 

is also needed. Continuous current measurements in deep water (ADCP Doppler) could give 

better estimates of swimming speed. Data storage tags on individual herring and satellite 

pictures of temperature and chlorophyll could also gi ve valuable information. 

With increasing knowledge it will be possible to test more specific hypotheses on orientation 

mechanisms by collecting selected field data on distribution and swimming direction. 

Temperature preferences, reaction to temperature gradients and bioenergetic studies on the 

energy costs of swimming can be investigated in the laboratory. 

Low population size during the rebuilding of the stock seems to have restricted the seasonal 

feeding migration to Norwegian waters. In connection with an increasing population size 

during the last few years the distribution has extended towards the west into international 

waters. This season ( 1996) is the first when the stock has reached a similar population size as 

befare the collapse in the late 1960s. It is thus tempting to speculate, that herring will now 

resume its original migration pattern with overwintering grounds northeast of Iceland. This 

shift would have large consequences not only ecologically but also economically for the 

coastal and oceanic fishing fleets of the fishery nations in vol ved. The distribution of herring in 

the economic zones could change dramatically in the next few years, and influence the 

determination of fishing quotas. 

In this situation it would be very useful for fisheries management to have some kind of 

predictive tool like a dynamic model of the herring migration. Devising such a tool is a 

difficult task and is hindered by bottlenecks in our understanding of the dynamics of the 

herring population in the Norwegian Sea. A dynamic modelling approach based on the costs 

and benefits of migration may be worth while. At a critical distance between the feeding area 

in late summer and the previous wintering area, the herring may change wintering area. The 

difficulties to accurately estimate such threshold values must, however, be appreciated. One 

question is how much of the physical and biological environment in the Norwegian Sea is 

deterministic and how much is stochastic. Predation and feeding may include streng stochastic 

elements that should be included as a part of dynamic models. Increasing knowledge about 

proximate orientation mechanisms and about the role of decisions of individual fish within the 

dynamics of large schools should also influence models. 



23 

ACKNOWLEDGEMENTS 

vVe thank Olav Dragesund and Arne Johannesen for critical remarks on the manuscript. 

REFERENCES 

Aksnes, D.L.; & Giske, J. 1990. Habitat profitability in pelagic environments. Mar. Ecol. 
Prog. Ser., vol. 64(3):209-215. 

Aksnes: D., & Giske, J. 1992. On the significance of light in the predation process. Nordic 
Workshop on Predation Processes and Predation Models, Stykkisholmur (Iceland),7 -11 
Sep.1992, 572:156-168. 

Anderson, J.J. 1980. A stochastic model for the size of fish schools. Fish. Bull. 79:315-323. 

Anker-Nilssen, T., & Barrett, R.T. 1991. Status of seabirds in northern Norway. Brit. Birds 
84:329-341. 

Anker-Nilssen, T., & Øyan, H.S. 1995. Hekkebiologiske langtidsstudier av lunder pÅ R-st. 
NINA Fagrapport 15: 1-48. 

Astthorrson, O.S., Hallgrlmsson, I., & Jonsson, G.S. 1983. Variations in zooplankton 
densities in Ice1andic waters in spring during the years 1961-1982. Rit. Fiskideildar7: 73-113. 

Baker, R.R. 1978. The evolutionary ecology of animal migration. Hodder and Stoughten, 
London. 

Bergstad, O.A., Røttingen, I., Toresen, R., Johannessen, A., & Dragesund, O. 1991. Return of 
Norwegian spring spawning herring (Clupea harengus L.) to historical spawning grounds of 
southwestern Norway. ICES C.M: 1991/H:24 Pelagic fish conunittee, 

Blaxter, J.H.S. 1969. Swinuning speed of fish. FAO Fisheries Report 62, 69-100. 

Blaxter, J.H.S., & Hunter, J.R. 1982. The biology of the clupeoid fishes. Adv. Mar. Biol. vol. 
20, pp. 1-224. 

Blaxter, J.H.S. 1985. The herring: A successful species? Can. J. Fish. Aquat. Sei. 42 (Suppl. 
l): 21-30. 

Blindheim, J. 1989. Ecological features of the Norwegian Sea: 366-401. In: L. Rey & V. 
Alexander (ed.s), Proceedings of the sixth conference of the Comite Arctique International 13-
15 Nlay 1985. E. J. Brill, Leiden. 

Bjørge A. 1991. Status of the harbour seal Phoca vitulina L. in Norway. Biol.Conserv., 
58:229-238. 

Breder, C.M. Jr. 1976. Fish schools as operational structures. Fish. Bull. U.S., 74(3): 471-502. 



24 

Christensen, I., Haug. T., & Øien, N. 1992. Seasonal distribution, exploitation and present 
abundance of stocks of large baleen whales (Mysticeti) and sperm whales (Physeter 
n1acrocephalus) in Norwegian and adjecent waters. ICES J. mar. Sci.,49:341-355. 

Clark, C.V., & Levy D.A. Diel vertical migrations by juvenile sockeye salmon and the 
antipredator window. An1. Nat., 1988; 131:271-290. 

Conover, R.J. 1988. Comparative life histories in the genera Calanus and Neocalanus in high 
latitudes of the northern hemisphere. Hydrobiologia 1671168: 127-142. 

Corten, A. 1993. Learning processes in herring migrations. ICES C.M.1993/H: 18 Pelagic Fish 
Committee. 

Cushing, D.H. 1981. Fisheries biology. A study of population dynamics. The University of 
Wiscounsin Press. 295 pp. 

Dalpadado, P. 1993. Some observations on the feeding ecology of the Norwegian Spring
spawning-herring Clupea harengus, along the coast of Norway. ICES CM 1993/L:47, 12 pp. 

Dalpadado, P. & Skjolda!, H.R. 1991. Distribution and life history of krill from the Barents 
Sea: 443-460. In: E. Sakshaug, C.C.E. Hopkins & N.A. Øritsland (eds.), Proceedings of the 
Pro Mare Symposium on Polar Marine Ecology, Trondheim, 12-16 May 1990. Polar Research 
l 0(2). 

Dalpadado, P., & Skjolda!, H.R. (in press). Abundance, maturity and growth of the krill 
species Thysanoessa inermis and T. longicaudata in the Barents Sea. Mar. Ecol. Prog. Series. 

Daan, N. 1980. A review of replacement of depleted stocks by other species and the 
mechanisms underlying such replacement. Rapp.P.-v.Reun.Cons.int.Explor.Mer, 177:405-
421. 

Dawkins, R. 1989. The selfish gene. Oxford University Press, Oxford. 

DeAngelis, D.L., & Rose, K.A. 1992. Which individual-based approach is most apprpriate for 
a given problem? In: Individual-based models and approaches in ecology. (Ed. by DeAngelis, 
O.L., & Gross, L.J.). Chapman & Hall. 525 pp. 

Delius, J.D. & Emmerton, J. 1977. Sensory mechanisms related to homing in 
pigeons.In"Animal migration, navigation and homing. Ed. by Schmidt-Koenig, K. and 
Keeton, W.,T. Springer-Verlag. Berlin. 

Devold, F. 1950. Sildetokt med lG. O. Sars1 5 juli- 24 august 1950. Fiskets Gang, 36: 464-
466. 

Devold, F. 1963. Life history of the Atlanto-Scandian herring. Rapp. P.-v. 
Reun.Cons.int.Explor.Mer. 154:98-108. 

Devold, F. 1967. The behaviour of the Norwegian tribe of Atlanto-Scandian herring. FAO 
Fish. Rep., 62: 534-549. 



25 

Devold, F. 1968. The formation and the disappearence of a stock unit of Norwegian herring. 
FiskDir. Skr. Ser. HavUnders.,15: 1-22. 

Devold, F. 1969. The behaviour of the Norwegian tribe of the Atlanto-Scandian herring. FAO 
Fish. Rep. 62:534-539. 

Diel, S. & Tan de, K. 1992. Does the spawning of Calanus finmarchicus in high latitudes 
follow a reproducible pattern? Mar. Biol. 113(1):21-32. 

Dill, L.M. 1983. Adaptive flexibility in the foraging behaviour of fishes. Can. J. Fish. Aquat. 
Sei., 40:398-408. 

Dragesund, O. 1970. Factors influencing year-class strenght of Norwegian spring spawning 
herring (Clupea harengus L.). FiskDir. Skr. Ser. HavUnders., 15, 381-450. 

Dragesund, O. & Ulltang, Ø. 1978. Stock size fluctuations and rate of exploitation of the 
Norwegian spring spawning herring, 1950-1974. FiskDir. Skr. Ser. HavUnders.,16: 315-337. 

Dragesund, 0., Hamre, J., & Ulltang, Ø. 1980. Biology and population dynamics of the 
Norwegian spring-spawning herring. Rapp. p.-v. Reun. Cons. int. Explor. Mer 177: 43-71. 

Dragesund, O. 1995. Recruitment and trophic interaction between oceanic fish populations 
and coastal fish stocks. 

Dommasnes, A., Rey, F., & Røttingen, I. 1994. Reduced oxygen concentration in herring 
wintering areas. ICES J. mar. Sei. 51: 63-69. 

Fisken, Ø., Giske, J., & Slagstad, D. 1995. A spatially explicit fitness-based model of capelin 
n1igrations in the Barents Sea. Fish. Oceanography. 4:3, 193-208. 

Foote, K.G. & Røttingen, I. 1995. Acoustic assessment of Norwegian spring spawning herring 
in the wintering area, December 1994 and January 1995. ICES C.M. 1995./H:9 Pelagic Fish 
Cornmittee. 

Fosså, J. H., L Røttingen, T. Noji, J. Chr. Holst, W. Melle, T. Manstad, F. Rey, D. Skagen, H. 
R. Skjolda! and N. Øien 1994. MARE COGNITUM. Large scale survey of summer 
distribution of plankton and fish in the Nordic Seas 1993. Data Report. 
Havforskningsinstittuet, Interne notat, Nr. 12, 96 pp. 

Fretwell, S.D. & Lucas H.J.Jr. 1970. On territorial behaviour and other factors influencing 
habitat distribution in birds. l. Theoretical development. Acta Biotheoretica 19: 16-36. 

Gibson, R.N., & Ezzi, LA. 1985. Effect of particle concentration on filter- and particulate
feeding in the herring Clupea harengus. Mar. Biol., 88,109-116. 

Giske, J., & Salvanes, A.G.V. 1995. Why pelagic planktivores should be unselective feeders. 
J. Theor.Biol. 173(1):41-50. 



26 

Halldal, P. 1953. Phytoplankton investigations from weather ship M in the Norwegian Sea, 
1948-49. Hvalrådets Skrifter Seien. Results Mar. Biol. Res. 38: 1-91. 

Hamre, J. 1988.Some aspects of the interrelation between the herring in the Norwegian Sea 
and the stocks of capelin and cod in the Barents Sea. ICES C:M:H42. 

Harden Jones, F.R. 1968. Fish Migration. 325 pp. Edvard Arnold (Publishers) Ltd. London. 

Haug, T., Lindstrøm, U., Nilssen, K.T., & Røttingen, I. 1994. Studies of minke whale 
(Balaenoptera acutorostrata) ecology in the Northeast Atlantic: Description of the 1993 
scientific catch operations and preliminary results from stomach analyses and resource 
surveys. ICES C.M.1994/N:14 Marine Mammals Committee. 53 pp. 

Haug, T., Gjøsæter, H., Lindstrøm, U., & Nilsson, K.T. 1993. Studies of minke whale 
Balaenoptera acutorostrata ecology in the Northeast Atlantic: Preliminary results from studies 
of diet and food availability during summer 1992. Int. Whal. Commn. SC/45/NA3: 32 pp. 

Haug, T., Lindstrøm, U., Nilssen, K.T., Røttingen, I., and Skaug, H. J. 1995. Diet and food 
availability for Northeast atlantic minke whales Balaenoptera acutorostrata. ICES C.M./N: 19. 
Marine Mammals Committee. 33 pp. 

He, P., & Wardle, C.S. 1988. Endurance at intermediate swimming speed of Atlantic 
mackerel, Scombrus scombrus L., herring, Clupea harengus L., and saithe, Pollachius virens 
L. J. Fish Biol., 1988; 33:255-266. 

Helland-Hansen, B., & Nansen, F. 1909. The Norwegian Sea- Det Mallingske Bogtrykkeri, 
Kristiania, 390 pp. 

Hirche, H.-J., & Kattner, A. 1993. Egg production and lipid content of Calanus glacialis in 
spring: indication of a food-dependent and food-independent reproductive mode. Mar. Biol. 
117: 615-622. 

Holst, J.C. & Iversen, S. 1992. Distribution of Norwegiån spring-spawning herring and 
mackerel in the Norwegian Sea in late summer, 1991. ICES C.M.1992/H:13. Pelagic Fish 
Committe. 8 pp + figs. 

Hourston, A. S. 1982. Homing by Canadais west coast herring to management units and 
divisions as indicated by tag recoveries. Can. J. Fish. Aquat. Sei. 39: 1414-1422. 

Houston, A., C. W. Clark, J. McNamara, & M. Mangel 1988. Dynamic models 1n 
evolutionary ecology. Nature (London) 332:29-34. 

Huth, A., & Wissel, C. 1994. The simulation of fish schools in comparison with experimental 
data. Ecol. Mod. 75/76:135-145. 

Hutchings, J.A. 1996 (submitted). A spatial model for the decline of the Northern cod and a 
review of the hypotheses fort the stock collapse. 



27 

Huth, A., & \Visse!, C. 1992. The simulation of the movements of fish schools. J.Theor. Biol., 
156:365-385. 

Høines, Å., Bergstad, O.A .. & Albert, O.T. 1995. The food web of a coastal spawning ground 
of the herring (Clupea harengus L.). Ecology of fjords and coastal waters. Proceedings of the 
Niare Nor Symposium on the Ecology of Fjords and Coastal Waters, Troms-, Norway, 5-9 
December, 1994. Ed. Skjolda!, H.R., Hopkins, C., Erikstad, K.E., & Leinaas, H.P. 623 p. 

Jakobsson, J. 1968. Herring migrations east of Iceland during the summer and autumn 1966 
and 1967. FiskDir. Skr. Ser. HavUnders.,15: Appendix, 17-22. 

Jobling, M.J: 1995. The intluence of environmental tempe4rature on growth and conversion 
eficiency in fish. ICES C.:\.{ 1995/P:4. 

Johannessen, A., Slotte, A., Bergstad, O.A., Dragesund, 0., & Røttingen, I. 1995. 
Reappearence of Norwegian spring spawning herring (Clupea harengus L.) at spawning 
grounds off southwestern Norway. Pp.347-363 in: Skjolda!, H.R., C. Hopkins, K.E. Erikstad 
& H.P. Leinaas (eds.). Ecology of Fjords and Coastal Waters, Elsevier Science. 

Johansen, A. C. 1927. On the migration of the herring. Extrait du journal du conseil 
international pour lfexploration de la mer. Vol. Il. No. l. 27 p. 

Kils, U. 1986. Verhaltensphysiologie Untersuchungen an pelagischen Schwarmen 
Schwarmbildung als Strategie zur Orientierung in Umwelt-Gradienten Bedeutung der 
Schwarmbildung in der Aquakultur. Habilitationsschrift, Institut fuer Meereskunde, 
wlatematisch-N aturwissenschaftliche Fakultet, Christian-Albrechts-U ni versitat, Kiel, 
Germany, 168 pp. 

Krebs, J.R., & Davies, N.B. 1991. Behavioural ecology: An evolutionary approach. Blackwell 
Sei. Publ. Third ed. 482 p. 

Lee, Y. C., Qian, S., Jones. R.D., Barnes, C.W., Flake, G.W., OfRourke, M.K., Lee, K., Chen, 
H.H., Zun, G.Z., Zhang, Y.Q., Chen, D., & Giles, C.L. 1990. Adaptive stochastic Cellular 
Automata: theory. In Cellular Automata: Theory and Experiment, H. Gutowitz (ed.) 159-180, 
Physica D 45. Elsvier, North-Holland. 

Lie, U. 1961. Zooplankton in relation to herring in the Norwegian Sea, June 1959. 14 pp. 
FiskDir. skr. Ser. Havunders. 13 (1): 

Lindley, J.A. 1978. Population Dynamics and Production of Euphausiids. I. Thysanoessa 
longicaudata in the North Atlantic Ocean. Mar. Biol. 46: 121-130. 

Lindley, J.A. 1980. Population Dynamics and Production of Euphausiids. Il. Thysanoessa 
inermis and T. raschi in the ~orth Sea and American Coastal Waters. Mar. Biol. 59: 225-233. 

Lima, S.L., & Dill, L.M. 1990. Behavioural decisions made under the risk of predation: a 
review and prospectus. Can. J. Zool., 68:619-40. 



28 

Longhurst, A., & Williams, H. 1979. Material for plankton modelling: vertical distribution of 
Atlantic zooplankton in summer. J. Plankton Res. l: 1-28. 

MacLennan, D.N., & Simmonds, E.J. 1992. Fisheries acoustics. Chapman & Hall. London, 
317 p. 

McNamara, J.M., & Houston, A,I. 1990. State-dependent ideal free distributions. Evol. 
Ecol.,4:298-31l. 

NicNamara, J.M., & Houston, A,I.l996. State-dependent life histories. Nature, 380:215-221. 

Malmberg, S. A.. 1969. Hydrographic changes in the waters between Iceland and Jan Mayen 
in the last decade. Jøkul 19: 30-43. 

Mangel, M. & C. W. Clark 1986. Towards a unified foraging theory. Ecology 67:1127-1138. 

Mangel, M. & C. W. Clark 1988. Dynamic modelling in Behavioural Ecology. Princeton 
University Press. 308 pp. 

Mangel, M. 1994. Climate change and salmon life history variation. Deep-Sea resarch 
41(1):75-106. 

Marshall, S.M. & Orr, A.P., 1972. The biology of a marine copepod. Olivier & Boyd, London. 
195 pp. 

Melle, W., T. Knutsen, B. Ellertsen, S. Kaartvedt & T. Noji 1993. Økosystemet i østlige 
Norskehavet; sokkel og dyphav. Havforskningsinstituttet. Rapport fra Senter for Marint Miljø 
4. ISSN 0804 - 2128. l 08 p p. 

Melle, W. & H. R. Skjolda!. 1994. Spawning and development of Calanus spp. in the Barents 
Sea. Coun. Meet. int. Coun. Explor. Sea, L:22, Ref D 43 p p. 

Melle, W., I. Røttingen & H.R. Skjolda! 1994. Feeding and migration of norwegian spring 
spawning herring in the Norwegian Sea. ICES C.M. 1994, R:9. 25pp. 

Milinski, M. 1984. Competitive resource sharing: an experimental test of a learning rule for 
ESSs. Anim. Beh., 32:233-242. 

Misund, O.A. 1990. Sonar observations of schooling herring. School dimensions, swimming 
behaviour, and avoidance of vessel and purse seine. Rapp. P. -v. Reun. Cons. int. Explor. 
Mer., 189:135-146. 

Misund, O.A. 1991. Swimming behaviour of schools related to capture and aqoustic 
abundance estimates. Dr. Philos. Thesis, University of Bergen, 132 pp. 

Misund. O.A. 1992. Predictable swimming behaviour of schools in purse seine capture 
situations. Fish. Res., 14: 319-328. 



29 

Misund, O.A., Aglen, A., Beltestad, A,K., & Dalen, J. 1992. Relationship between the 
geographie dimensions and biomass of sehools. ICES J. mar. Sei., 49:305-315. 

i\!Iisund, O.A. 1993. Dynamies of moving masses; variability in paeking density, shape and 
size among pelagie sehools. ICES J. mar. Sei., 49:325-334. 

Misund, O.A. 1994. Swimming behaviour of fish sehools in conneetion with eapture by purse 
seine and pelagie trawl. In"Marime fish behaviour in eapture and abuncance estimation". Ed. 
by Ferno, A. & Olsen, S. Fishing News Books. 

Misund, O.A., Aglen, A., & Frønæs, E. 1995. Mapping the shape, size, and density of fish 
sehools by eeho integration and a high resolution sonar. ICES J. mar. Sei., 52:11-20. 

Misund, O.A., Aglen, A., Hamre, J., Ona, E., Røttingen, L, Skagen, D., & Valdemarsen, J.W. 
1996. Improved mapping of sehooling fish near the surfaee: eomparison of abundance 
estimates obtained by sonar and eeho integration. ICES J. mar. Sei., 53: 383-388. 

Misund, O.A., Melle V. and Femo, A. 1996. Migration behaviour of Norwegian spring 
spawning herring when entering the eo1d front in the Norwegian Sea. ICES C:M: H13. 

Nonacs, P., Smith, P.E., Bouskila, A., & Luttbeg, B. 1994. Modeling the behaviour of the 
northern anehovy, Engraulis mordax, as a sehooling predator exploiting patchy prey. Deep
Sea researeh Il, 41(1):147-169. 

Nøttestad, L., Aksland, M., Beltestad, A., Ferno, A., Johannessen, A., & Misund, O. A. 1996. 
Sehooling dynamics of Norwegian spring spawning herring (Clupea harengus L.) in a eoastal 
spawning area. Sarsia 80, 277-284. 

Okubo, A. 1986. Dynamieal aspeets of animal grouping, swarms, sehools, floeks and herds. 
Adv. Biophys. 22:1-94. 

Paasche, E. 1960. Phytoplankton distribution in the Norwegian Sea in June, 1954, related to 
hydrography and compared with primary produetion data. FiskDir. skr. Ser. Havunders. 12 
(11): 77 pp. 

Pavshtiks, E.A. 1956. Seasonal ehanges in plankton and feeding migrations of herring. Trud. 
PINRO, 99: 3-123. (In russian). 

Pavshtiks, E.A. & A.F.Timokhina 1972. History of investigations on plankton in the 
Norwegian Sea and the main results of Soviet investigations. Pros. R.S.E. (B) 73 (27): 267-
278. 

Phipps, M.J. 1992. From local to global: The lesson of Cellular Automata. In: Individual
based models and approaehes in eeology. (Ed. by DeAngelis, D.L., & Gross, L.J.). Chapman 
& Hall. 525 pp. 

Pitcher, T. J. & Wyehe, C. J. 1983. Predator avoidance behaviour of sand-eel sehools: why 
schools seldom split. In: Predators and Prey in Fishes. (Ed. by Noakes, D.L.G., Lindquist, 
B.G .. Helfman, G.S., & Ward, J.A.), Junk, The Hague, pp. 193-204. 



30 

Pitcher, T. J., Magurran, A. E., & Edvards, J. I. 1985. Schooling mackerel and herring choose 
neighbours of similar size. Marine Biology 86, 319-322. 

Pitcher, T.J., & Parrish J.K. 1993. Functions of shooling behaviour in teleosts. In: The 
Behaviour of Teleost Fishes, 2nd ed., Ed. by T.J. Pitcher: Croom Heim, London & Sidney, 
364-439. ' 

Pitcher, T. J., Misund, O. A., Ferno, A., Totland, B., & Melle, V. 1996. Adaptive behaviour of 
herring schools in the Norwegian Sea as revealed by high-resolution sonar. ICES Journ. Mar. 
Sei. 53, 449-452. 

Pitcher, T.J.l996. The impact of pelagic fish behaviour on fisheries. Scientia Marina 59:295-
306. 

Pulliam, H.R., & Caraco, T. 1984. Living in groups: is there an optimal group size? in J. R. 
Krebs & N. B. Davies (eds.). Behavioural ecology. An evolutionary approach. 2nd ed. 
Blackwell Sei. Publ., The Hague.122-147. 

Rey, F. 1980a. The development of the spring phytoplankton outburst at selected sites off the 
Norwegian coast: 649-680. In: R. Sætre & M. Mork (ed.s) The Norwegian Coastal Current. 
University of Bergen. 

Rey, F. 1980b. Primary production estimates in the Norwegian Coastal Current between 62° N 
and 72° N: 640-648. In: R. Sætre & M. Mork (ed.s) The Norwegian Coastal Current. 
University of Bergen. 

Re y, F. & Loeng, H., 1985. The influence of ice and hydrographic conditions on the 
development of phytoplankton in the Barents Sea. In J.S. Gray & M.E. Christensen (eds): 
ivlarine biology of polar regions and effect of stress on marine organisms. pp. 49-63. John 
\Viley & Sons Ltd. 

Reuter, H., & Breckling, B. 1994. Selforganization of fish school: an object-oriented model. 
Ecol. Mod. 75/76:147-159. 

Robinson, C.M., & Pitcher, T.J. 1989. The influence of hunger and rations on shoal density, 
polarisation and swimming speed of herring (Clupea harengus L.). J. Fish. Biol., 35:459-60. 

Rose, G.A.1993. Cod spawning on a migration highway. Nature, 366: 458-461. 

Rosland, R., & Giske, J. 1994. A dynamic optimization model of the diel vertical distribution 
of a pelagic planktivorous fish. Prog. Oceanog., 34:1-43. 

Ruud, J.T. 1932. On the biology of Southern Euphausiidae. Hvalrådets Skrifter 2: 1-105. 

Runnstrøm, S. 1941. Quantitative investigations on herring spawning and its yearly 
fluctuations at the west coast of Norway FiskDir. Skr. Ser. HavUnders., 6(8), 5-71. 
Røttingen, L 1990. A review of variability in the distribution and abundance of Norwegian 
spring spawning herring and Barents Sea capelin. Polar Research, 8: 33-42. 



31 

Røttingen, I. 1992. Recent migration routes of Norwegian spring spawning herring. ICES CM 
1992/H: 18, 8 pp. 

Røttingen, I., Foote, K.G., Huse, I., & Ona, E. 1994. Acoustic abundance estimation of 
wintering Norwegian spring spawning herring, with emphasis on methological aspects. ICES 
C.M. 1994/(B+D+G+H): l. 17 pp + figs. 

Sambrotto, R.N., H.J. Niebauer, J.J. Goering & R.L. Iverson 1986. Relationships among 
vertical mixing, nitrate uptake, and phytoplankton growth during the spring bloom in the 
southeast Bering Sea middle shelf. Cont. Shelf Res. 5: 161-198. 

Shelford, V.E. & Powers, E.B. 1915. An experimental study on the movements of herring and 
other marine fishes. Biol. Bull., Woods Hole, 28, 315-334. 

Simila, T., & Christensen, I. 1992. Seasonal distribution and abundance of killer whales 
around Lofoten and VesterÅlen islands, northem Norway. ICES C.M.1992/N: 11. 10 pp. 

Simila, T., Holst, I. C., & Christensen, I. 1996. Occurrence and diet of killer whales in 
northern Norway; seasonal patterns relative to the distribution and abundance of Norwegian 
spring-spawning herring. Can. J. Fish. Aquat. Sei. in press. 

Skjolda!, H.R., Noji, T.T., Giske, J., FossÅ, J.H., Blindheim, J., & Sundby, S. 1993. Mare 
Cognitum Science Plan for research on Marine Ecology of the Nordic Seas (Greenland, 
Norwegian, Iceland Seas). 162 pp. 

Sl otte, A. & Johannesen A. 1996. Exploitation of Norwegian spring spawning herring (Clupea 
harengus L.) before and after a stock decline; Towards a size selective fishery. Proceedings 
second World Fisheries Congress. Vol. 2. July 1996. 

Smith, P.J. & Jamieson, A. 1986. Stock discreteness in herrings: a conceptual revolution. 
Fish. Res. 4, 223-234. 

Steele, J.H. 1978. Spatial patter in plankton communities. Plenum Press. New York. 

Sundby, S., & Fossum, P. 1990. Feeding condition of Arcto-Norwegian cod larvae compared 
to the Rothschild-Osborn theory on small-scale turbulence and plankton contact rates. J. 
Plank. Res., 12:1153-1162. 

Svendsen, E., P. Fossum, M. Skogen, G. Eriksrød, H. Bjørke, K. Nedreaas & A. Johannessen, 
( 1995). Variability of the drift patterns of spring spawned herring larvae and the transport of 
water along the Norwegian shelf. ICES, C.M., Q:25: 15pp + figs. 

Sverdup, H.U. 1953. On conditions for the vernal blooming of phytoplankton. J. Cons. Perm. 
Int. Explor. Mer 18: 287-295. 

Swartzman, G. 1991. Fish school formation and maintanance: a random encounter model. 
Ecol. Mod. 56: 63-80. 



32 

Thetmeyer, H., & Kils, U. 1995. To see and not be seen: the visibility of predator and prey 
with respect to feeding behaviour. Mar. Ecol. Prog. Ser., 126:1-8. 

Thomas, G. 1974. The influence on encountering a food object on the subsequent searching 
behaviour of Gasterosteus aculeatus L. Anim. Behav. 22, 941-952. 

U.S.GLOBEC. 1995. Secondary production modeling workshop report. U.S.Global Ocean 
Ecosystems Dynamics. Report number 13. June 1995. 17 pp. 

Valdemarsen, J.W., & Misund, O.A. 1994. Trawl designs and techniques used by Norwegian 
research vessels to sample fish in the pelagic zone. The Sixth Norwegian-Russian 
Symposium, Precision and relevance of pre-recruit studies for fishery management related to 
fish stocks in the Barents Sea and adjacent waters, Bergen, 14-17 June 1994. Paper 3.1. 17 pp. 

Videler, J.J., & Wardle, C.S. 1991. Fish swimming stride by stride: speed limits and 
endurance. Reviews in Fish Biology and Fisheries; 1:23-40. 

Videler, J.J. 1993. Fish swimming. Chapman & Hall. 260 p. 

Walters, C. and Maguire, J.J. 1996. Lessons for. stock assessment from the northern cod 
collapse. Reviews in fish biology and fisheries, 6: 125-137. 

Ware, DM. 1975. Growth, metabolism, and optimal swimming speed of a pelagic fish J. Fish. 
Res. Baard Can. 32, 33-41. 

Ware, D. M. 1978. Bioenergetics of pelagic fish: theoretical change in swimming speed and 
ration with body size . J. Fish. Res. Baard Can. 35, 220-228. 

Wiborg K.F. 1954. Investigations on Zooplankton in Coastal and Offshore waters off Western 
Northwestern Norway. Rep. Norw. Fish. Invest. 11 (1): 1-246. 

Wiborg, K.F. 1955. Zooplankton in relation to hydrography in the Norwegian Sea. Fisk.Dir. 
Skr. Ser. Havunders. 11(4): 1-66. 

Wiborg, K,F. 1976. Fishery and commercial exploitation of Calanus finmarchicus in 
Norway. Fisk. Dir. Skr. Ser. HavUnders., 9(3): 1-27. 

Wiborg, K.F. 1978. V ariations in zooplankton volumes at the permanent oceanographic 
stations along the Norwegian coast and at the weather-ship station M(ike) in the Norwegian 
Sea during the years 1949-1972. FiskDir. Skr. Ser. HavUnders.,16:465-487. 

Wiebe, P. H. 1970. Small scale spatia! distribution of oceanic zooplankton. Limnol. 
Oceanogr. 15: 205-217. 

Wiebe, P.H., Burt, K.H., Boyd, S.H., & Morton, A.W. 1976. A multiple opening/closing net 
and environmental sensing system for sampling zooplankton. J. Mar. Res., 34:313-326. 



33 

Wiebe, P.H., Morten, A.W., Bradley, A.M.'; Backus, R.H., Craddock, J.E., Barber, V., 
Cowles, T.J., & Flierl, G.R. 1985. New developments in the MOCNESS, an apparatus for 
sampling zooplankton and micronecton. -Mar. Biol. 87:313-323. 

Wiig, Å. 1986. Status of grey seal Halichoerus grypus in Norway. Biol. Conserv. 38:339-349. 

Young, R.J., Clayton, H. and Barnard, C.J. 1990. Risk-sensitive foraging in bitterlings, 
Rhodeus sericus: Effects of food requirements and breeding site quality. Anim. Behav. 40, 
288-297. 

Østvedt, O.J. 1955. Zooplankton investigations from weathership M in the Norwegian Sea 
1948-49. Hvalrådets Skr. 40: 1-93. 

Østvedt, O.J. 1965. The rnigration of Norwegian herring to Icelandic waters and the 
environmental conditions in May-June, 1961-1964. Fisk. Dir. Skr. Ser. HavUnders. 13(8):29-
47. 

Aas, E. 1969. On submarine irradiance measurements. Institut for fysisk oceanografi, 
Københavns universitet, Report No. 6. 23 pp. 



34 

Figure l. Bathymetry and surface currents of the Norwegian Sea (after Blindheim 1989). 

Depth in metres. 
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Figure 2. Distribution and migrations of Norwegian spring spawning herring befare 1970 (a) 
and in the period 1986 - 1988 (b ). (After Røttingen 1990). 
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Figure 3. Recordings of herring schools by the SIMRAD SA950 sonar in the Norwegian Sea. 
The sonar is tilted -5° and directed 90° port. The dotted horizontallines are spaced 30 m apart, 
and the figure shows a recording along a transect of about l nautical mile. 



School 6, R/V "G.O. Sars", May 1994 

68.018 

68.017 

",......... 

68.016 0 

..c ....-
1.... 

68.015 o 
z 

68.014 
l_,. t School 

\ /;ttock 

68.0 13..J ,.---,--.--.--.----.---r-----,r---r--.---,--.,---, 
9.938 9.942 9.946 9.950 9.954 9.958 9.962 

East (') 

Figure 4. Swimming path of a herring school followed for one hour in the Norwegian Sea. 
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Figure 5. Proposed mechanisms for the control of migration and distribution of Norwegian 
spring spawning herring. 
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