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The spatlo-temporal dynamics of the SPAWNing process were 1nvest1gateu in shallow waters («-ou m)
for ‘a single medium sized school (~5 tons) of Norwegian spring spawning herring (Clupea
harengus). School dynamic parameters, e.g school area, density, vertical extension, shape and
movements observed with sonar and echosounder were related to biological parameters such as
onad mahrrnhnn and qfnmaoh ﬁrllnpqq nh’ramed from mllne‘r qamn]eq throughout the qnawnmg
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Priot to spawnmg, extended - cylmdncal school shape indicated different depth preferences of
1nd1v1dual herring within the school. As the majority of the fish became ripe, the school segregated
vert:lcally into one pelaglc component contractmg to a tight ball and one demersal component -
spreading out on the bottom. The two components kept close contact (2- 30 m vettical distance),
mterchange of 1nd1v1duals berng allowed thmugh temnoral relorrungs The school comnleted_
spawmng within three days After spamg, the two components rejoined to form a loose flake
feedmg at the surface Herring fed both pnor to and after spawning. Predatory fish (gadolds>50 crn) '
were present n the area.

The trade-off between survrval and reproduction prior to, during and after spawning may have
caused spawning substrate, predators and food to act as vertically splitting forces on the school.
Ripe’ individuals ' must descend to the bottom substrate to spawn, whereas immature and spent'
individuals may have preferred to stay in the pelagic envn'onment for safety and feedmg reasons.

Qihaaling fich Thava h-nrhhnnn“v been r-nﬂmﬂpﬂnrl to make one out of three hghnv‘lgm"a! decisions:
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unless a large group can leave together or there are other schools near-by. A fourth strategy, await,
without loosmg contact with the rest of the school, is suggested ﬁom thrs study Reasons why'
1nd1V1dua1 spawmng is not more synchromsed are discussed.

Keywords: Herfirig‘,’fspaﬁning, school, vertical split, coIleetive decisions, synchronisation, feeding.



INTRODUCTION

Herrmg (Clupea harengus) is adapted to a pelagic lifestylé (Harden Jones, 1968 Blaxter 1985
Froese and Rechlin, 1992) and utilises the pelagic environment for feedmg and protection by
making extended’ horizontal and vertical migrations (Ferné et al., 1998)." Schooling behavieur
commences at the larval stage and persists throughout the: llfespan (Breder, 1976; Blaxter and
Hunter, 1982; Blaxter, 1985; Fuiman and Magurran, 1994; Domenici and Batty, 1997). The
individuals swim in a synchronised and polarised manner, minimising the risk of predation (Pitcher,
1983) and have an extensive repertoire of predator responses (Pitcher and Wyche, 1983; Pitcher and
Parrish, 1993; Vabge and Nettestad, 1997).

Herring spawn demersally (Runnstrdm, 1941; Devold, 1963), thereby modifying their pelagic
lifestyle and regular schooling pattern. Pacific herring (Clupea palassi) spawn on seaweed and kelp
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contact with the bottom, spawners will have to leave the school to distribute their spawning
products on the bottom substrate, and fewer potential escape routes, difficulties to perform’
coordinated group manoeuvres and reduced dilution effect (Pitcher and Parrish, 1993) may:cause .
the fish to be more vulnerable to predators than in the pelagic. If spawning substrate is limited and
natchllv dlqtnhuted (Runnstrom, 1041‘1 the fish alqn have ‘m be relahve]v stati o dm-m
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further ncrease the tisk of predatlon -~

Indlvrdual hemng should therefore be expected to spend a minimum of time at the bottom andg_ .
benefit from coordinated spawning. Although Baltic herring typically spawn in multiple waves
(Aneer et al., 1983; Ware and Tanasichuk, 1989 a and b; Rajasilta et al., 1993), Atlantic herrrng is
capable of spawning, in just one baich (Bowers and Holiday, 1961) and spawning is thus potentially -
quite, rapld (minutes to hours) at an individual level. In spite of thls field studies indicate that
spawmng of a school of Atlantle herrmg takes from one (Furev1k 1976; Johannessen 1986) to"_
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reason wny the spawning grounds snould represent. an optimal location ‘concerning preaatlon risk or’
teedrng opportumtres and over time, predators can be attracted (Toresen, 1985 and 1991; Homes et
, 1995) and planktome food resources ‘may deplete (Nonacs et al., 1994). It is generall)r beheved
that herrmg start feeding shortly after spawning (Parson and Hodder, 1975; Messieh et al,, 1979;
Crawford, 1980; Slotte, 1993 and 1996; Huse and Ona, 1996; Nattestad et al., 1996). Spent herrmg -
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remaining at the spavwnine erounds mav thus encounter ]*'nnh nrpﬂnhnn nreseure and sub-o
remammg at the spawning grounds may thus encounter ation pressure ang sub-o
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Spawn ore ynchronously If each 1nd1v1dua1 choose time and locatron of spawning in aceordan_ e;;,
with its own . state regardless of the other school members the school should be expected 10 spht
into, multlple subgroups This could however 1ncrease the risk of predatron (Pltcher and Pa.rnsh .
1993) and hemng should be expected to comprormse reproductlon and survwal '

At the spawmng grounds off Karmay in south-western Norway, ‘Nottestad et al (1996) observed |
spawning herring both as a continuos layer on the bottom and as distinct schools above the bottorn .
However, the school dynamics throughout the spawning process are not known. Our aim was to
monitor the behaviour of a herring school throughout spawning. This requires an appropriate

observation method. Ideally, one should study a single school with no interference from other -
schiools. We combined the use of sonar and echosounder to resolve the three-dimensional school



dynamics. In order to relate the observed behaviour to different stages of the spawning cycle, the
maturation state -and stomach fullness ‘was- recorded from: gillnet. samples from -the - school
throughout the penod | : o ‘ : : -

MATERIALS AND METHODS

The investigation was carried out in Bildey bay in south-western Norway, in the period April 25-
29, 1994. A single school of herring was observed acoustically between 10:00 and 16:00 (local
time) every day, using the 96 GRT research vessel R/V “Hans Brattstrem™ (University of Bergen).
The vessel is equipped with a multi-beam scanning sonar-(Kaijoo Denkij KCH 1827) and a single--
beam echosounder (Simrad EQ 50). The sonar, set for rotated directed transmission (RDT), was

tl""‘“Sm‘ ine on 20 out of 48 rod elements in seauence for each ning. emitiing 164 kHz nulses with
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horizontally and 6.5° vertically. Reception was in sectors, 90 sectors compieung a 180° sweep. lne'
transducer head was tilted mechanically (1° steps). The echosounder transmission frequency was 49
kHz, pulse duration ranging from 0.3-1.0 ms at 50-300 m :range Beam mdth was 8.0° alongshrp
and H 0° athwardqhm . ‘

A sur vEY Was da.uy conducted south of Blldw_y in order to’ l.l.J.Cl.lJ the yrc:ﬂ;u\;c -of other SChGGlS in the

vicinity (figure 1). The observed school was tracked at a distance of 50-100 m, primarily; but low
echo’ intensity and navigational problems caused some variance (25250 m). The sonar image was
recorded on video tape (13 hours). Tracks shorter than 10 minutes were disregarded in order to -
minimise potential vessel avoidance (bursts). Freeze-frames of the sonar image were analysed every

1 min, obtained when the sonar image was the least affected by bottom echoes or noise within an
interval of + 5 seconds. If no acceptable image was observed within the 10 second interval, data :

were not collected Altogether 397 samples out of approx1mately 500 were accepted.

Horizontal ared (a) of the schooi was measured on the freeze-frames -usir'ig a iight pen, correcied for
tilt" angle distortion (Misund, 1991), and 'compensatecl:- for distance-induced- bias using linear -
regression (R’=0.11, p<(0.001 (uncompensated); R*=0.00, p>0.05 (compensated)} (Axelsen, 1997):

‘ VSchool area'=a-sz-cos(e)-(d-b) “(mP) | B M

The circularity of the school (Gerlotio et al., 1994) was calculated as:
Circularity = 100-(p/@n-s-a))" (%) @
where p = school 'per‘im‘eter.- e

Relanve densny (%) was deﬁned as the extent of the overall school area covered by the core (the
densest part of the school, indicated red on the sonar screen).



GPS .positions of the:school were calculated using the position:of the vessel, the vessel to school
bearing and the distance from the vessel to the surface projection of'the school. Swimming speed
(m-s?) was calculated using the distance and time-lap between consecutive school positions. To
minimise bias caused by altering swimming direction, observations with more than two minutes
time-lap were excluded. Net displacement velocity (m-s") was calculated as swimming speed from
the first to the last school position each day. For comparison, centre:depth was calculated fromithe
sonar measurements as:

Centre depth (sonar) = (d-sin(e))-id - (m) -3
where td = transducer depth (1',.-m):;; &ndz- from the echo_sounder-measurements as: - -
Centre deoth ( echosoundeﬂ Dm.,—."‘( 0 5- szndﬁ) Am) .- (4)

ftha cohanl and
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v = vertical extension of the school.

Altogether 72 echograms from the tixne period of the sonar recordings were analysed. Single ﬁsh
echoes from larger fish in the immediate vicinity of the school were interpreted as fish predators.
Four. different shape. categories, discriminated according to horizontal to vertical extension ratio -
were defined, whereas various amoeba- like shapes that were not-persistent over time and deviated :
from the other categories were class1ﬁed as. Amorphous (table 1). Horizontal school. extension .
may ha_\{e been subject to some random error caused. by variation in passage speed, but the speed .
was reiatively constant and the margins between the various categories were large.

The .s-ch:o'ol was samplea oéing.foui' gﬂlnéts =al'igned in one chain (25 m loog and 4.m }ngh) -1.?-\f;i“r:ht32=-w _
34 mm meshes (stretched at 5 kg pressure). The nets were set each day around 16:00 in the vicinity,
of the school and collected around 09:00. Settlng depth was 40-50 m. Total length (10 mm groups)

and wet weight {01 ¢ resalution) of the hpmncr_waq me-nanpﬂ Stomach fullnees wag oraded 1.5 1

and wet weight (0,1 g resolution) of the herring was measured. Stomach fullness was graded. 1-5, 1.
- o T ~ : 3 O emniand.

corresponding to empty . and 5.to full, and gonad-mau_tmg' index classified accordi'*g to the .8 point
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1L no-mmaturily, scaie (Anon., 1502). -

Plankton in the surface water was sampled at the end of the study to investigate available prey
species and obtain a rough estimate of the zooplankton density. Altogether § parallel vertical

plankton hauls were worked in the upper 6-10 meters of the water column in the vicinity of.the
school, using a Tuday-sampler with circular opening (60 cm diameter) and 180 vm mpthq Twao

CTD—proﬁles were taken, one in the Bildey Bay and one in the connecting ijord.system_. _A standard
weather report was provided from the nearest meteorological field station (DNMI, Flesland).

RESULTS

Weather conditions were generally stable. The wind direction was predominately south-western;..
with wind force 5-8 m-s”. Total wave height did not exceed 30 cm. It was generaliy ciouded (1/8-
4/8),: The:surface layer (upper .50 cm) was relatively brackish (25-30 psu), salinity . steadily.:
increasing towards the bottom (33 psu). It was cold, coastal water in the area, with lowtemperature :




in the entire water column (5.2-5.6 °C). The zooplankton density in the:upper 10 meters was about.
90 mg-m” (total dry weight), dominated by juvenile stages ‘of Calanus finmarchicus. Juveniles-of
Pseudocalanus sp., Acartia sp., Temora sp. and Oithona sp. and. eggs ﬁ:om various specms Were
present 1in the samplcs as wcll : -

In each g}llnet sample 5 10: gadmds such as cod (Gadus morhua) haddock (Melanogrammus
aeglefinnus) and saithe (Pollachius virens), all > 50 cm (total length), were entangled. The number
of herring in-the samples ranged from 7 to 71. Length of the herring sampled ranged from:250 to
360 mm (average +SD {i‘i"ﬂ'ﬂ) =305+ 17) and 3 wmguL from 148 to 363 E \avcrage +SD (g} =232+

45). The sampies were dominaied by fish from 3 ito 5 years of age, bui 6, 7 and 11 years old
individuals (from the strong 1983 year class) were also present.

The two sexe
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were evenly present in the samples (49 8 % males and 50.2 % females, n=133). The

distribution of the gonad maturation indexes in the samples demonstrated a gradual development
from dominance of early stage maturing individuals tc dcmrnancc of spent individuals throughout
the period (figure 2). In the first sample, all the herring was maturing, or ripe, whereas only 10 % of

the herring in the last sample was in a pre-spawning state, the remaining 90 % being running or

spent. Fish at all maturation stages had food in their stomachs, but there was,a positive correlation
between stomach fullness and maturation stage (¥=0.19, p<0.05). Linear regression demonstrated .
only a weak, but 51gmﬁcant (R?=0.04, . p<0 05), increase .of stomach fullness with. increasing .
maturity stage. :

Only.one herring school was recorded, exclusively observed. inside the Bildey Bay. The size of the .
school was estimated to 3-5 fons, or roughly 15.000-20.000. individuals. Echosounder recordings .
the first day revealed that the schooi divided into two vertically segregated componenis, one peiagic -
and one demersal. Only the pelagic component could be detected by the sonar, and the sonar .
parameters - therefore exclusively refer to this part of the school. Vertical extension, minimum-,

maximum- and centre depth was only calculated for the pelagic school component, whereas school |
shape was considered for both pelagic and demersal component, if identified. The vertical extension

of the laver of snawnino fish at the bottom {Carnet_ see later) was estimated to annroximatelv 2 m,
fthe layer of gpawming fish at the bottom {Carpet, see later) wag eghimated to. approximately 2 m.

During the following three days, the distance between the components varied from 2-30 m, but was
mainly 10-20 m. The two subgroups were consequently aligned vertically and rejoined temporarily
(20 out of 59 occasions). When divided, thin connections between the components could sometimes
be observed. Towards the end of the period, the components rejoined to form a 5-10 m thick surface
layer.

Net .displacement. velocity was highest prior to spawning (0.20. m-s" the first day), lowest as
spawning: commenced (0.01 m-s” the second day) and increased towards the last day of the period
(0.14 m-s"' the last day). School area was relatively low the first two days (~240 m?) but increased
the last three days (~550 m?). Swimming depth and vertical extension decreased steadily throughout
the period, from about 25 m and 22 m the first day o about 10 m and 8 m the last day, respectively.
The relative- density of the school was. significantly higher on average prior to spawning (41 % the
first. day) than after spawning (25.% the last day) (p<0.001; Mann- Whitney U- test, Bonferroni
correction of .- level). Swimming speed and circularity on the other hand showed little variation.
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The changerof school shape (figure 3) throughout the period supports this explanation, as the school -
underwent a' transformation from being. stretched out vertically prior to spawning, splitting
vertically as:spawning commenced, and finally joining to form a horizontally prolonged.flake:at the -
surface after spawning. The most common category or combination of :categories was: “Cylinder™:
the first day (47 %), “Amorphous/Carpet” the second day (42 %), “Ball/Carpet” the third day (30

%), “*Cylinder/Carpet” (24 %) and “Flake/Carpet” (19 %) the forth-day and “Flake™ thé fifth day -
(48 %). The shape categories were associated with different depth intervals (Tukey HSD test with -
unequal n; p<0 001) (table 1). The school dynamtcs throughout the spawnmg process are 111ustrated.'
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Using both:sonar and echosounder permitied us i6 cmsely follow the spatial and temporal dynamiics
in a herring school throughout the' spawning period.: The demersal school component was rer:tdﬂ),r"E
identified with the echobsounder, despite potential problems with shadow effects and bottom’ echoes
(Ond, 1990; MacLennan and Simmonds, 1992), whereas area, density and movements of ‘the

pelagic school could be described using the' sonar. - Although the school tended to be récorded

deeper with the sonar than with the echosounder, nossible due to sound wave refraction, the trends
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in the observations with the two instruments were the same. Vessel avmdance caused by noise from
‘propellers and ‘engines has been reported for Atlantic: herring (Olsen et al., 1983; Misund, 199F;
Misund and Aglen, 1992) and consequences for abundance estimiation have been‘identified: (Olsen :
et ali, op. cit:; Fréon et al., 1992; Soria ‘et al., 1996). There was, however, no relatlonshtp between
vessel to ‘school distance and depth of the school, and the echosounder did not indicate deeper
school positions than ‘the sonar or any dwmg act1v1ty The vessel was thus con31de1:ed to have'
neghglble mﬂuence on' the observed behavrour ' : A
Claoauyrug the gonad ‘maturity index pcfi"ﬂitted us to ::l.uu_y the beliaviour of hemring at' differént
 maturity stages. The gillnets were fishing from the botiom to four meters height, and the entire
school may therefore not have been ‘sampled. ‘Although ‘this may have caused a bias towards'a -
hrgher frequency of ripe fish close to the bottom, the 'samples are believed to give'a valid indication’
of the changes in matunty, as the gonad matlmty of the fish 1ncreased gradually throughout thez‘
period. : ’ '

- o, ffin 1 i Iaviretrar otohla and 4ha
Eﬂ‘vrlrcruueﬂtal factﬂ}'s may affect ﬁSh beha‘vrlﬁm' ‘vVeaﬂ'ier Cﬂ.udj. 10115 WOt NOWEVEY 51ao:C, and ac

CTD ‘profiles indicated cold, ' coastal water; which herring searches for prior to- spawning
(Runnstrdm, 1941). The' environmental: conditions were thus typical for a spawning locality, ‘and.”
change's-"iﬂf b'ehaviOur could not haVe 'been triggered' by'sudde'n' changes in the prevailing'c:ondit-‘iohs.- o

No -othér ‘schools ‘were observed if’ the area, consequently no interactions between schools may
have taken place. Our observations therefore show that isolated schools of spawning herring’ exist; *
even though Norwegian spring spawning herring generally gather in dehse ‘aggregations along the
coast to spawn (Devold, 1963 and 1967; Dragesund, 1970; Dragesund et al., 1980; Nottestad et al.;
1996). Hence, our observations are first of all relevant for isolated schools. On the other hand,
Slotte (1998) observed that herring spawning in shallow areas are distributed in demersal layers and

pelagic schools, suggesting that our findings may be representative for the spawning dynamics at



the spawning grounds, even though some: aspects of the behaviour may be modified by: interactions
between schools. ‘Qur: observations were .restricted to day—tlme but Slotte: (op 01t) observed the -
same: d1stnbutlon pattern at mght-tlme = - : SRR

Schoof Shape

Prior to spawning, the shape of the school was mostly cylindrical, stretched out in the vertlcal
plane. Although vertically extended fish schools exist (Wrzesinski, 1972), horizontally stretched
schools are more: comrnon-(Wrzesinski op. cit.; Misund, 1993; Nettestad et al;; 1996). Individuals -

‘citiang 1 tha ratar anliamn
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preference for the pelagic environment. Yet, staying with the group may be more important than
vertical position alone,:and this Inay have caused the school to stretch out in the vertical plane
without sphttlng : : :

n the first day. was followed by predominately amorphous hane the next dav. At .
vandncal shap L the hirsl dav.wag rollowed by nredominate! amorphons gnape the next day. At
this pﬁint, the school divided in two 'v’eﬂ.lcaﬂy distinct pﬂmpﬁﬂeuts The amorp Phul.io ahuy\.« may

result from reduced synchrony and polarity in the school (Pitcher and Parrish, 1993) as individuals
were about to ‘break out of the pelagic school to spawn on the bottom. The following Tight: Ball -
formation of the pelagic schoél component could have been caused by individuals searching for the
centre: of the sehoolfor protection (Pitcher and Wyche, 1983 Parrish, 1992; Fréon et al 1993;
Pitcher and Parrish, 1993}

Parttal vertzcal school split o P
Traditionally, schooling fish has.-been. thought to make one out of three alternatwe behav1ou.ral :
decisions: :siay, join or leave (Piicher and Parrish, 1993). For an obiigaie schooiing species like

herring; /eave might not be an altermative unless other schools to join are present in the vicinity; or
mdividual . fish-can. coordinate leaving. We suggest that a fourth strategy, await, without loosing .
contact with the group, might-be involved when. comprormsmg the trade-off between reproducnon '

and: survival in a spawning herring school.

Tha tenot tmtacsnoting ~lhoseornd tlad 1 i i
The most interesting observation in this study was the pm’tr‘l split of the school into one pelagic
VXX
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assume: that the demersal-.component was dominated by spawning fish and: the pelagic component-
of pre- and postspawners.. There were no. indications that spent individuals left the school. No
echoes outside. the school characterised as herring were detected; and the estimated school area
actually increased throughout the spawning period, presumably because the school flattened out.
Although split into two components, the school seemed to remain one unit during spawning. The
observed connection between the components is interpreted as fish descending to the bottom to
spawn and fish ascending after spawning. This connection may be seen as a confusion zone with
low levels of synchrony and:polarity due to differences in individual behaviour (Pitcher and Parrish;
1993, Pitcher et al., 1996) inducing searching towards safer parts of the school. The connection was -
discontinuous, suggesting that mdlwduals moved between the compartments n groups decreasmg
the risk of predatlon C g5 S :

School sphttmg has earher only been observed in the honzontal plane {Pitcher et al., 1996) In
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et al., 1996; Misund et al.,~1997), the two vertical components remained vertically aligned: during -
spawning. It has been observed that schools in the: pelagic have remained in contact between



splitting :and rejoining .events (Pitcher et al., 1996), but these connections. lasted much sherter
(minutes) ‘than the.contact observed:between the two divisions of the spawning school (days). -
Contact between school components may be more readily facilitated for spawning schools splitting -
vertically close to the bottom, since the bottom restricts downward movements and the spawnmg
substrate is sPatlally restricted. T

The ﬁndmg that pre-spawmng and post-spawnmg herrmg do not: stay on the bottom supports the :
assumption that staying demnersally ‘is associated w1th costs. Predation is considered the: primary :

3‘1«’011;3011&"}’ force ahul.uus auhuvluxs behaviour in’ yu;abu.» fish D}JU\.«IDD I\J. uiman and- }v{asl.ulau, ;
0AN EPPT .
1994). The preaation risk 1s presumably higher close io the bottom because of resiricied -

- possibilities to-escape and the large area to volume relationship (Parzish, 1992) in the horizontaily
flattened ‘spawning layer (Carpet) compared to the pelagic school (Ball). During the -herring
spawning period several piscivores and benthivores have been reported to show diet shifts,-

abandoning their normal prey in favour of herring eggs and herring (Heines et al., 1995) and we

observed potential predators close to the hemng school both acousticallyrand in the-gillsnet -

Although . feeding prior to spawning has been reported for spring spawning herring  (Clupea -
harengiis) in Minas Basin, Nova Scotia (Bradford and Iles, 1992), it has generally been believed -
that herring do not feed prior to spawning but start shortly after (Parson and Hodder, 1975; Messich. -
et al., 1979; Crawford, 1980; Slotte, 1993 and 1996; Huse and Ona, 1996; Neitestad et ali; 1996);
presumably due to the change in trade-off between reproduction prior to and after spawning

(Nottestad et al., op. cit.). The present study however demonstrates that Atlantic herring may feed
both priorto and after spawning. ‘The vertical distribution of zooplankton is not known, but.herring .
should improve feeding conditions by migrating to the depth with maximum feeding opportunities,
and-after:spawning the spent school formed a loose feeding fiake at the surface. The relatively high
food concentrations may have permitted the herring to filter-feed (Gibson and Ezzi, 1985 and
1992). Using this feeding technique, a:pelagic herring school may combine predator defence and. -
feeding (see Magurran, 1993), and feeding at spawning grounds:may: thus depend largely -on food -
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During. the spawning 'aci, herring. must. keep in coniact with ihe ‘boiiom io-shed their ‘eggs on
appropriate substrate. Hence, costs:and ‘benefits of staying at the bottom should change throughout
the :spawning period, varying between:fish of different maturation stages. This conflict between.
individual-fish within the:school could-partly be reselved by forming vertical divisions. The:gradual -
ascent of the pelagic component illustrates. the dynamics of the process over time,: and may:be -
explained by an 1I!Gl'easl11§r ‘nrnnnrhnn of spent. fish-‘and decreased attraction to: th_f_- bottom. "
Individual-position preferences in ﬁsh schools have earlier been postulated (Magurran, 1993):and to" -
some extent observed (Krause, 1993), but to our knowledge this is the first observation iof:a fish
school where: 1nd1v1duals of dlfferent states move apart yet holdmg contact for a period of several o
days . _ e : . :

Ripening fish waiting above the spawning substrate to spawn is not unexpected, but why would -
post-spawners not leave the area? Although herring may seldom occur in schools of optimal size
(Fernd et al., 1998), the pelagic Spawning schools ob’served-by Npttestad et al: (1996) were of about -
oo moman aimie nia tha anhonl Ahesweorad 1 s IRy ey e A wmdriadi s A aslian] adoa Tamloeer oo smerbdd e
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threshold could be strongly selected against, and at this point, the risk of predation could increase
markedly- because of lower probability:of detecting an: approaching predator, less protection by



dilution and reduced ability to perform coordinated evasive actions (Pitcher and Parrish, 1993).
Herring often move between schools:of different size and.composition (Pitcher et al., 1996), but:are
not-likely to leave a school unless there are other schools: to join (Fernd et al., 1998). Even if the
optimal situation: differs :between -individual fish,.a school of herring' often ‘make collective:
decisions -and remain one -unit (Ferné et al.; op. cit.). Spent individuals may thus: do: better .
remaining in the school, paying the costs of reduced feedmg opportumtles and genera]ly hlgher. =
predation risk. compared to more preferable sites. ' :
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Norwegian spring spawning herring (Slotte, 1998) confirms that: our observations of herring,
divided .into a demersal layer and pelagic schools are representative. for the general pattern of .
Spawning'behaviour in shallow areas in south-western Norway: Herring: in shallow: spawning areas .
off Karmsay stay in‘dense schools both day and night with no.apparent vertical migrations (Slotte,
whereas at the deeper (100-200:m) spawning grounds off Mare, herring is observed. in -
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lose to the bottom. Predatlon ay thus be a key factor 1nducmg vertical school splitting.

nc_:.

Duration and timing of Spawnmg . : : :

The school in the present study.completed spawmng n three days This is in accorda.nce w1th-'
previous studies indicating that herring: spawning takes from one (Furevik, 1976; Johannessen,
1986) to several (Aneer et al., 1983; Kjersvik et al., 1990) days, and the present study is to our -
knowledge. the first direct study of the entire spawning period. Nettestad et al. (1996) suggested that .
schools migrate in, 'spawn and migrate out again on a 4-6 day basis at the- 'Karmsay spawning -
grounds, but they had no obsers vations on smgus schools T.h.i‘\‘)dghﬁ‘dt the Spawiliiig pi‘OCGSS The _
duration of spawning infiuences the residential period in the spawning area and thereby the

assessment of the spawning stock {Axelsen and Misund, 1997).

Individual herring should be expected to spend a minimum of time at the bottom, thus benefiting
from coordinated snawmng Evidently, : Atlantic herring is capable of spawning quickly (Harden
Jones, 1062\ even in one batch (Rnwm'q and T-Tnhdnv 1961), but. the literature
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maturity stage 4 and 5 on the first two days and the high percentage of spent individuals on the
third day in the present study indicates that herring can develop from. stage 5 to stage 7 in one or |
two days. s :

+

The duration of the:spawning period may to a certain extent be influenced by school size. Pacific
herring -distribute their spawning products repeatedly. in brief peniods, and small schools (10-20
individuals) have in laboratory experiments been demonstrated to-complete spawning more rapidly
(3 hours) than larger (100-200 individuals) schools (12 hours) (Stacey and Hourston, 1982). A high
number of individuals may have less synchronised maturation and take longer to spawn. Available
area of spawning substrate couid be a limiting factor for school size, and variations in school size
and available spawning substrate can thus cause variations in the duratio_n of spawning.._

The cluster tendéﬁcy-'of .s;:-hodl the pawnmg grounds may also mﬂuence duratlon of spawniﬁg.

In 2 gituation with several. schools in the vicinity (Ngttestad et al., 1996), spent individuals from
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grounds for an: 1nd1v1dual fish could in this case be reduced.



We have argued that there are costs involved in staying at the bottorn and that herring: can. benefit-
from forming a pelagic. component. However, if the school is to remain one unit; fish in the pélagic -
must keep-in contact with the fish on the bottom, and this may restrict the herring moving to more -
favourable locations: Although a spawning period of three days represents a considerable: degree of .
synchronisation: compared-to the ‘total duration of the spawning period in Norwegian: spring: -
spawning herring (about four weeks) (Devold, 1967; Johannessen et al., 1995}, a crucial question

could thus be why a herring schooi needs three days to accomplish spawning Reorganisation of
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constraints-in the mechanisms leading te. splitting and joining (Fernd et al., 1998). The: maturing

process could-be synchronised by pheromones (Scott, 1994), and spawning could be triggered by an: -
external stimulus:such as sperm release, as suggested by Stacey and Hourston (1982). The time that .
individuals-ina school have been in.contact can however vary.: and a.prerequisite for release of milt .-

tn induce. e?aum1ng ig'that the figh are mature, Henee, even if there ig a selection nressure.to -
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The strength: of the selective forces: is also uncertain. The costs of waiting in’ the pelagic have not

been quantified. In addition, all individuals in a school may not be able to spawn simultaneously.
Spawning involves selection of spawning substrate (Holliday, 1958) and the area of suitable- -
substrate may be limited: The male releases milt inito the water around the female with no evidence -
of pairing (Ewart, 1884; Holliday, 1958; Aneer at al., 1983; Stacey and Hourston; 1982); but"
individual herring has been obsérved to dive rapidly towards the bottom to distribute the spawmng-‘ :
products (Aneer et al., op. cit.; Ware and Tanasichuk, 1989 a and b). The spawning layer in the
present stiidy was estimated to be about two' meters thlck and all:fish could not- be in contact w1th :
tneoonomatmesamemne e o : : e

An altemative explanation is that perfect synchronisation is not selected for, but that the costs and- -
benefits of spawning may vary over time and depend on when other individuals spawn. Herring

often iay their eggs in thick layers (Runnstrém; 1941) and egg$ in lower layers can suffer both slow
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individual herring suffer a certain risk of being taken'by a predator before spawning. Thete isoften’
strong competition within a'species, the best strategy depending on what other individuals are doing
(Smith, 1982). The situation for spawning herring is however unstable concerning both population:
size (Anon., 1998), with resulting competition for spawning substrate, and the abundance of
nrf-rim‘m'q (Rernqmri et al’, 1991; T)mﬁeqimd ‘IQQ’i ‘Haines et al., 1695), nn’renﬁa"v derrezqmﬂ the® ¢

con51stency of thie selectlon pressure. Though speculative this gamc theoretlcal approach remams '
an alternative explanation of the' 1mperfect tirmng of Spawning R R

(,onc!udmg remarks -
The' changes over time in school area;”depth, ‘shape ‘and vertical ‘extension observed in' this’ study' '
demonstrate the dynamics of a spawning herring'school. Individual state differencés withii & schiool
seem to be reflected in individual position preferences influencing school shape, eventually leading

to p‘ar'ti:ai "V'ertical‘ “school ‘splitting. Fish- 'schools ~forming "distinct, stable subgroﬂps- is ‘to our
ST P ki -L"...-I....n [ i PRGN P, 13 Tiimduxra el e dewre daam b Al Taen aln  Aoen e e o
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their demands and remain in contact during a period-of three days. This illustrates how  strongly
individual fish in a school depend on each other, especially’ when there are no‘other schools to join'



near-by, fish breaking away in small.groups: presurnably.having -a: high risk of predation. This .
explains ‘the observation that herring stay at:the spawning grounds in & suboptimal locality with
respect to predation and food, awaiting in the pelagic for the other fish in the school'to spawn, and
supports the suggestion that a school of hernng generaily makes couectwe decisions even if tne
optimal situation dlffers between 1nd1v1duals (F ernd et al, 1998).

Svend Lemvig’s (Institute of Manne Research) efforts locahsmg the hemng school subject for this
investigation are highly apprecmted

Aneer, G., Florell, G., Kautsky, U., Nellbring, S., and Sj&stedt, L. 1983. Iri-situ observations of
Baitic herring (Ciupea harengus membras) spawning behaviour in the Askd-Landsort area,
northern Baltic proper. Mar. Biol., 74: 105-110. :

Anon. 1962. Recommendations adopted by the Herring Committee. Rapports et Procés-Verbaux
-des. Réunions Conseil International pour 1’Exploration de-la Mer (Append.), 1: 71-73..

Anon. 1996. Report of the northern pelagic and blue whiting fisheries WOI‘klIlE group. ICES C.M.
. 1Q06/A_QQP¢.Q_ 14,33 p. + figs. and tabs.

Anon. 1998. Report of the Marine Resources. Fisken og Havet, Spemal edition 1, 1998. Institute of

~ Marine Research, Bergen. 152 p. _ : : : _
Axelsen, B.E. 1997. Stimdynamikk hos sild (Clupea harengus) under gyting. Cand. Sc1ent thesis,

- University of Bergen. (Norwegian) 95 p. : '
Avaloan - R.E and. Micnd. N A 1007, Qr-hnn]:nn Atmnm‘lf'c of snavwmino  herrino (C!upga

4 kA Ly u-u-, Clilve IVLLOULIEy el ke ) ALAE  RANARLARE

harengus) in a bay in south-western Norway. Proceedmgs of the 7" Russian/Norwegian
Symposmm .Gear Selection and Sampling Gears, Murmansk, June 1997. pp.: 65-76.

Blaxter, J.H.S., and Hunter, JR. 1982. The blology of the clupeoid fishes. Advances in Marine
.. Biology 20: 1-224, '

Blaxter, J.H.S. 1985. The herring: A successful speeles‘? Can. J Flsh Aquat Sci., 42 (1): 21-30.

Bowers, A.B. and Holhday, F.G.T. 1961. Hlstologlcal changes in the gonad assomated Wlth the
' reproductive cycle of the herring (Clupea harengus) Mar. Res., 5. 16 P

Bradford, R.G., and Iles, T.D. 1992. Umque biological characteristics of spring spawning herrmg

S AClupea horengus) in ‘Minas Bagin, Nova Scotia, a tadallv dynamic environment. Can, I
Tl arr Moam Tanl Vel 7004V EAT £A4Q
Ll BV Ul LU0, VUL S Ul\"l'}. VT LU0,

Breder, C.M. Jr. 1976. Fish schools as operational structures. Fisheries Bullentin U.S. 74: 471-502.



Crawiford, R.H. 1980. A biological analysis of herring from the Atlantic coast of Nova Scotia-‘and -
Eastern Northumberland Stralt Manuscrlpt Thec Rep. Ser. N. S. Department of Flsherles
Halifax 80-03: - S : ‘ L :

Devold, F. 1963. Life history of the' ‘Atlanto-Scandian herring, Rapport et procés _verhan
g

réuninns, Conszeil intarnational 1‘\(\111"] “Bynlaration dala 'i\/l'er 154: 98-10%8°

Alwiiafeeansasian A AAR AR PR AL W AR LT A

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

Domenici, P., and Batty, R.S. 1997. Escape behaviour of solitary herring (Clupea harengis) and
comparlsons with schooling individuals. Mar. Biol,, 128 29-38.

Dragesund 0.1970. Factors 1nﬂuencmg year-class strength of Norweglan Sprlng Spawmng herrmg
(Clupea harengus) FiskDir. Skr. Ser. HavUnders., 15: 381-450.

Dragesund, ., Hamre, I, and Ulltang @. 1980. Biology and population dynamics of the
. KTnﬂxrnn1nn enTrinao- anqxlm'hn harring Rann n v Dn'nn TCane 1int Bvnlnr Mar 177 A2_T1
& el Ut"-l‘-l& U}J ‘.u‘.‘-& Ju‘.V‘-l-‘.LJ.E' J.\bl-y‘t.h .t-ru ¥ AWWwiidlia %rVWSAAWs LlALs J_Jf‘.l)l-ul J.YJ.VL, i rJ T f 4+

Dragesund, O. 1995. Recruitment and trophic interaction between oceanic fish populations and -
coastal stocks. Pp. 305-322 in: Skjoldal, H.R., Hopkins, C., Erikstad, K.E., and Leinaas,
H.P. (eds). Ecology of fjords and coastal waters. Proceedings of the Mare Nor Symposium .

on ﬂnn pnn]nnw n-F rhnrrle- nﬂﬂ ancfn] ‘anfarq F"]cpwn:w Amoat pfﬂnm
I.V ' A i ALALn? L%/l WA LALLL

Ewart, J.C. 1884. Natural history of herring. Rep. Fishery Bd Scotl., 2:61-73.

Fernd, A., Pitcher, T. J., Melle, V., Nettestad, L., ‘Mackinson, S., Hollingworth, C., and Misund, -
O.A. 1998. The challenge of the hernng Makmg optimal collectlve spatlal de(:lsmns Sarsia

83: 149-167. ; g
Tednm D ol T nd Qara M 1007 (Changeg achonl strmchire decording toy aywtarnsl
1'1lv ].1 F TS \JC].IULLU, 1 .y ana QUllﬂ.’ ¥l. L7274, L:ua.u.Bea 111 ol Ol LV L] AT 15 g CALCL

- stimuii: descripiion and influence on:acousiic assessment. Fish. Res., 15:45-66. .. .

Fréon, P., Gerlotto, F., and Soria, M. 1993. Variability of Harengula spp. School reactions to boats
or predators in shallow waters. ICES Mar. Sei. Symp., 196: 30-35. - SR g

Froese, R., and Rechlin, O. 1992. Synopsis of biclogical data on (Clupea harengus) ICES
- assessment units 22 and 24, using the fishbase format. ICES C.M. 1992/1:40 Pelaglc Fish
- Commiittee. N -E

Fuiman, L.E. and Magurran Al E 1994 Development of predator defences in ﬁshes Rev. Fish
Biol. Fish.: 146- 183 ‘ L e

Furevik!'D.M. 1976. Beskrivélse 'a‘\ff&dfcru igy Lepermden og undersgkelse pi de tidlige stadier hos

sild (Clupea harengus) i Lindaaspoliene. Cand. Real.  thesis, rges FlsKennzgsKoie/
University of Bergen. 79 p.. -

Gerlotto, F., Fréon, P., Soria, M., Cottais, P.H., and Ronzier, L. 1994 Exhaustive observations of

MATY wwl e o bt Y e Y Lo R, I,
2Lz SLHOG] :itruuu.u'c USIIE ] IIIULtlUUd.Ill SIUC 5Can Sunr: -pUtGl ld..l USC 10T 5CA00L L«l.dbblilbd.I.LUu,;;
I CM. 1

.

DlOIIlaSS esumatlon and Denavmur SIU.CIIES I.Cbb

G1bson R N and Ezm L. A 1985 Effect of parucle concentratlo f lter- and partlculate feedmg ;
in the herrmg Clupea harengus Mar. Biol., 88: 109-116.

Glbson RN and Ezzi, 1A, 1992 The relatlve Droﬁtablhtv of particulate and ﬁlter feedmg in the |
hemng Clupea harengus. J. Fish. Biol., 40: 577-590.

Harden Jones, F.R. 1968. Fish Migration. Edvard Arnold Ltd., London: 325 p.



Hooliday, F G.T.:1958. The spawning:of: herrmg Scott:‘Fish. Bulil:, 10: 11-30.

Huse, 1., and Ona, E. 1996. Tilt angle distribution and sw1mm1ng speed of Wmtermg Norwegla.n
spring spawning herring. ICES J. mar. Sci. 53: 863-873.

H@mes A, Bergstad U A and Albert 0.T. 1995. The food web of a coastal spawnmg grouna of
the herring (Clupea harengus). Pp. 17-22 in: Skjoldal, H.R., Hopkins, C., Erikstad, K.E.,
- and Leinaas, H.P. (&ds). Ecology of fjords and coastal waters. Proceedings of the Mare Nor
Symposium on the Ecology of Fjords and Coastal Waters. Elsevier, Amsterdam.

Johannessen, A. 1986. Recruitment studies: of herring (Clupea harengus) in melaaspouene.
Western Norway, 1-3. FiskDir. Skr. Ser. HavUnders., 18:'139-240. o

Johannessen, A., Slotte, A., Bergstad, O.A., Dragesund, O., and Rattingen, 1. 1995.-Reappearance
of Norwegian spring  spawning :herring (Clupea harengus) -at spawning grounds off
southwestern Norway. Pp.: 347-363 in Skjoldal, H.R., Hopkins, C., Erikstad, K.E. and

. Lelnaas HP. (eds) Ecology of F_]OI'dS and Coastal Waters, Elsev1er Smence '

PR [N S o
Kjersvik, E., Luras, 1.J., Hopkins, C.C.E., and Nilssen, E.M. 1950..0n the intertidal spawming of

Balsfjord herring (Clupea harengus) ICES C M. 1990/H:30. Pelaglc Fish Commutte. -
Krause, J. 1993. Positioning behaviour in fish shoals - a cost-benefit analysis. Journal of Fish

D-/\]r\.ntr A2 2N0_214
: .l..u\_uus)‘ T YIS

Lambert T.C. 1987 Duratlon and intensity of spawning in-herring (Clupea harengus) as related to
the age structure of the mature populatlon Mar, Ecol. Prog. Ser., Vol. 39(3): 209-220.

MacLennan D.N.; Simmonds, E.J. 1992. Fisheries Acoustics. Chapman and Hall, London. 325 p.

ndividual differences in fish behaviour. Pp.: 441-477 in: Pitcher, T.J. (ed.), -

Al LALPR) AAWLACLY LUS A AVWLEwE g e | Sl fy

L. 4.
A 1T-1 \T‘,Vn!
1 OTK.

Teleost fi ECS, 2nd Ed. buapma.u and: na.u INCW
Messieh, S., Powles, M., and Cote, G. 1979. Food and feeding of the Atlantic herring (Clupea
. harengus) in the Gulf of St. Lawrence and adjacent waters. Canadian Atlantic' Fisheries
Scientific Advisory Committe Res. Doc. 79/15, Department of Fisheries and Oceans,

UI.L(.!.WG., \Jll.l .

Misund, O.A: 1991 Svnmmmg behavxour ofschools related to ﬁsh canture and acoustic abundance
estimation. Dr. Philos. Thesis, University of Bergen. 132 p.

Misund, O.A., and Aglen, A. 1992, Swim_ming. behaviour of fish schools in the North Sea during -
acoustic surveying and pelagic trawl sampling. ICES J. mar. Sci., 49: 325-334.

i

Misund, O0.A. 1993. Dynamics of moving masses; variability in packing density, shape and size .
among pelagic schools. ICES J. mar. Sci., 49: 325-334.

Misund, O.A: A. Fern6, T.J.'Pitcher and: B. Totland. 1997, Trackmg hemng schools with a h1gh
. Tesolution sonar. Vanatmns in honzontal area and relative echo intensity. ICES J. Mar. Sci.
54:

Mo}u H. 1964. Reaction of herring to fishing gear revealed by echnsoundmg In: Modern Flshmg :
" Gear of the World. 2, Fishing News (Books) Lmuted London. '

Nonags, P., P.E. Smith, A. Bouskila and B. Luttbeg 1994. Modeling the behav10ur of the northern _

amchcvlu"yr Engraulis mordax, as a schoolmg predator explomng patchy prey. Deep-Sea
Research II, 41: 147-169.



Nottestad, L., Aksland, M., Béltestad, A., Fernd, A., Johannesen, ‘A., and Misund, O.A. 1996.
Schoolmg dynamics of Norwegian spring spawning herring (Clupea harengus) i in a coastal_
spawning area. Sarsia, 80: 277- 284.

Olsen K., Angell. I, and Levik, A 1983. Duantttatwe

est m
]'\p'h aviour on gnnnch{-n”v ripi‘pﬂ—-rnnr:-r] 'Fc:]ﬂ nhnnr]nnm:- F ‘O 15}1_ Rea

AUTLEE R Gl L LAl Y M LA LALARAN A ARl SRS LA, L

Ona E 1990. Physmloglcal factors causmg natural vanatlons in acoustlcal target strengt ﬁsh J.
Mar. Biol. Ass: UK., 70: 107-121. : - .

Ona, E., and Mitson, R.B. 1996.. Acoustic sampling and signal processing near tne seabecl the
deadzone revisited. ICES J: mar. Sci., 53: 677-690. :

Parrish, J.K. 1992, Do predators ‘shape’ fish schools: interactions bétween predators and their
schoohng prey. Netherlands Journal of. Zoology, 42 (2-3): 358-370. :

Parsons, 1.8, 'and Hodder, V.M. 197‘5 Bt_legrca_l characteristic of south-western Newfoundland

arrimo 10£<_71 Dnanu Aag n illatin T\Tn 11" Trnfarnatinnal Cammicinn 3 nrlf]—i';: Tf"‘l:'r"']"n'lrnaf

Al%wr LA lll&, d fds LWWwidWidl Wi AL SBALAWLLLL L YU, i L » ALl LLICLLAVSALGAE W WSLAARILL DAL LV AW 0 WWIL WAL VY W gk
Adloeids » ool medns Thamadens ekl BT O 1AL 120
AUCILIC FISIHCIICS, LAdl LILIHILLL, (AN O, 132710 :

Pitcher, T.J. 1983. Heuristic definitions of Shoaling behaviour. Animal Behaviour 31: 617-613.

Pitcher, T. J. and C.J. Wyche 1983. Predator avoidance behaviour of sand-eel schools: why lscl'iio:c")‘lsg :
seldom split. Pp. 193-204 in: Noakes, D.L.G., Lindquist, B. G., Helfman, G S., and Ward
JA. (eds) Predators and prey in fishes. Junk, The Hague. - :

Pitcher, T. 1, and Parrish, 7.X. 1993. Functions of shoaling behaviour in teleosts. Pp.: 364-439 in:
Pltcher, T.J. The Behaviour of Teleost Fishes; 2nd ed. Croom Helm, London and Sidney. - .

D1 I"T'I‘Fl‘l" T T T\/He'nhr! n A pprnn A ! Tnflﬂﬁr‘ n CI‘I"I('] K/TP]]P W 1006 3 H'JIT\"'T‘)’P BF‘}\Q‘?‘II‘\I:'I'I' n'F
Pitcher, T. . J.,, Misund; O.A., Ferng, A, Totland, B.) and Melle, W. 1996, Adaptive behavicur: of
Limmetiner sabhoala da tha Wassrmmiam . Qoo ao wagianlad e high_ sacalotioce ammaoe TOODQ T cnaw
JALI SN ER § SULIVLLS 111 LG INVLWERELALL: o0 a2 L VEAILU - WY LUSINSLEOUTULIVLE 201l . dvlnd . . L
- =% A AN Wt
Sci., 531 449-432.

Polder JIW.1961. Cyclical changes in testes and ovary related to. matunty stages in The North
-Sea herring, Clupeda harengus. Archs neetl. Zool., 14: 45-60.: :

Rajasilta, M., Eklund, J., Hinninen, J., Kurkilahti, M., K#zri4, J., Rannikko, P., and Soikkeli, M.
- 1993. Spawning of herring { C'Iupea harengus membras) in the Archmelago Sea..ICES.J.
mar. Sci., 50: 233-246. : : SR : T

Runnstrém,.S.-1941.-Quantitative investigations on herring spawning- and its yearly ﬂuctuatlons at’
the west coast of Norway. FiskDir. Skr. Ser: Havlnders., 6(8): 5-71. -

T 21, BT T e e Y

. . R.T A 1004 T LT 1 AAd, 1731 . 1A -
DLULI., H-I' LIKCY, NN, d..[lu VC[.I.I llbb 1 D L..dvl, 1275, 0. LId1 DI1UL, 94, 121-1% 1,

Slotte, A. 1993, Norsk vargytende sild (Clupéa h.a‘rengus)' Bestands’strtiktur og modning‘sﬁtvikling
- under gytevandringen 1992. Cand Scient. thesis, University of Bergen. (Norwegian). 66 p:i

Slotte A. 1996. Relations betwéen seasonal mlgratlons and fat content in Norwegran sprmg
spawmng hernng (Clupea karengus) ICES CM. 1966/H 11.

Slotte, A. 1998. ‘Patterns of aggreganon in Norweg1an sprlng spawmng herring (Clupea harengus) :
durmg the spawmng season. ICES CM. 1998/] 32.

Smlth J M 1982 EVOIUUOII and the theory of games Cambndge Umversrty Press Cambrrdge e

[



Soria, M., Fréon, P., and Gerlotto, F. 1996. Analysis of vessel influence on spatial behaviour of fish
schools using a multi-beam sonar and consequenses on biomass estimates by echosounder.
ICES J. mar Sci., 53: 453-458.

Stacey, N.E., and Hourston, A.S. 1982. Spawning and feeding behavior of captive Pacific herring
(Clupea havengus pallasi). Can. 1. Fish. Aquat. Sci,, Vol. 39: 480.498

Suuronen, P., Lehtonen, E., and Wallace, J. 1996. Avoidance and escape behaviour by herring
encountering midwater trawls. Fish. Res., 29: 13-24.

Taylor, F.H.C. 1971. Variation in hatching in success in Pacific herring (Clupea harengus paliasi)
eggs with water depth, temperature, salinity, and egg mass thickness. Rapp. p. -v. Retn.
Cons. perm. int. Explor. Mer, 160: 34-41.

Toresen, R. 1985. Predation on the eggs of Norwegian spring-spawning hermnng at a spawning
ground outside the west coast of Norway in 1981. ICES C.M. 1985/H:55 Pelagic Fish
Committee.

nnnnn T 1001 Dheadadaan On +T
.I. ULCDCJJ., In. 1771 L 1vUaliviiy vl Lu.

on a spawning ground on the west coast of Norway. ICES J. mar. Sci., 48: 15-21.
Vaba, R., and L. Nettestad 1997. An individual based model of fish school reactions: predicting

antinradatnr hahavionr ac ahearved in nature. Ficherias nnpnnnmnnhv A 155171
ylwuul.ul. AN A AR Y AW R e B, LN aA

antl AL D U A B B i, LT

-F“!\T OTA IAMTON Qo orav i h

Acroed o o o "
UEED UL BN wELall BPIIILE-D}JGWLU.JJE L =]

4]

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

Ware, D.M., Tanasichuk, R.W. 1989a. Biological basis of maturation and spawning waves in
Pac1ﬁc herring (Clupea harengus pallasi). Can. J. Fish. Aquat. Sci., Vol. 46, 10: 1776-1784.

Ware, D.M., Tanasichuk, R.W. 1989b. Biclogical basis of maturation and wave spawning in Pacific
T ..t I"i __TI7 =y ™. - . 1.. 120 1. I sl sl I L. .4 TMTCoY oo o o Y
IlClTlIlg mpea narengu.s pauubz). 11C Carly 11ic U.lbl.U[ UL LIl LIHA OO SYINPOSIUI )
Bergen, October 3.-5., 1988. Blaxter, JH.S., Gamble, J.C., and Westernhagen, H. von

(eds.), Vol. 191. 446 p.

animal-r Y 1Q7Y A A anhanline = a ~f tha R oeantc aan samalie and and Wa =Y

¥YY Lo ollldhl, W LA Mo, I [SE1E il DUI.LUUJJ.J.J.E POI-I-DVJJ.J.D Vi Ml O WiIllD JwWill Wil P Ll CRLIAL CRLLARE L YRPL LI OWEL
T 131 1. TATIO MALS 10O 7Moo A 1B 1 e e
NAUdoCKk. 1D vl 1 F 2/ D6 \JIOCdl Il LA VIOULD COIILITILCT






TABLES AND FIGURES

Table 1 Vertical placement of the school components classified according to shape (n: number of
observations; V: Vertical extension; H: Horizontal extension; Pel.: % pelagic observations; Dem.:
% demersal observations; Vert.: Vertical extension).

Shape Definition n Pel. Dem. depth + SD range  Vert. £ SD range
Flake V:H<1:5, pelagic 15 1000 31 £152 -8 53 +22 3 -11
Ball V:H=3:4-5:4 16 1000 11.8 =415 -23 148 £ 39 8 -24
Cylinder V:H=3:1 20 90 10 208 *+ 68 13 -42 218 £ 58 13 - 36
Carpet @ V:H<1:5,demersal 37 0 100 392 % 97 25-59 2*

Amorphous Others 20 55 45 287 £ 17 8 -57 141 + 89 3 -34
All 10869 31 246 16 2 -59 102 + 90 2 -36

@ All recordings of “Carpet” were estimated to 2 m vertical extension (see text).






Table 2 School dynamic parameters from sonar and echosounder (SD: standard deviation).

P 3

pu

Parameter April 25 April 26 April 27 April 28 April 29 total
Sonar
School area (m?) min 67 23 79 130 28 23
max 541 930 1284 952 1513 1513
mean 237 249 566 525 588 444
SD 135 146 278 192 400 278
Relative density (%) min 19 6 5 8 7 5
max 71 58 69 75 50 75
mean 41 28 37 38 25 33
SD 16 11 15 12 11 14
Circularity (%) min 41 24 23 39 31 23
max 85 96 99 92 90 99
mean 65 67 59 65 69 64
sb 17 15 14 14 i3 15
Swimming speed (ms') min  0.20 0.07 0.07 0.04 0.08 0.04
max 2.2 3.1 3.4 3.1 23 3.4
mean 0.96 0.90 0.77 0.95 0.54 0.84
SD 063 0.62 0.51 0.67 .46 0.60
School depth (m) min 13 1 3 1 H i
max 60 33 26 23 49 60
mean 34 17 13 8.5 9.6 14
SD 11 8.4 4.7 5.5 11.8 8.9
Echosounder
School depth (m) min 13 26 5 2 2 2
max 28 45 24 22 42 45
mean 20 37 13 9.7 8.2 14
SO 4.5 i0 4.8 7.5 9.7 i0
Vertical extension (m) min 13 22 8 3 4 3
max 36 30 34 24 23 36
mean 21 25 18 12 92 16
S &7 3.4 6.4 8.0 56 21
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Figure 2 Gonad maturation indexes (GMI) (Anon., 1962) in the herring samples in percent (%o).






Figure 3 Different school shapes cbserved throughout the period: A) “Cylinder”, a thin connection
can be seen towards the bottom (typically day 1 (and 4)); B) “Amorphous” (typically day 2); C)

“Ball/Carpet” {typically day 3); D) “Flake” (typically day 5). Single fish targets can be seen

underneath and next to the school (particularly in B). Bottom depth is about 50 meters in A)-C) and
20 min D).
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Figure 4 Schematic illustration of herring spawning dynamics.






