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Distribution and behavioural dynamics of ocean feeding Norwegian spring
spawning herring: observations across spatio-temporal scales

Steven Mackinson, Leif Noitestad, Syivie Guéneiie,
Tony Pitcher, Ole Arve Misund and Anders Fernd
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High resolutmn sonar and e osounders were use d as our. observanon tools A protocol for the
meso-scale mapping of hemng schools is outlined. Two mesoscale patterns of school clustering
was observed as indicated by distribution of nearest neighbour distances; one at 0.05-0.2 km

revealed by sonar and another at 0.8-2.5 km revealed by echosounder. The cluster ratio {mean

nearest neighbour distance: mean of the average inter-school distance) provides a descriptive

index linking scales of distribution pattern within and between clusters of schools. In general,
schools were found to be tightly clustered, whilst clusters were patchily distributed. Heightened
feeding motivation appears to play the most important role in determining behaviour during this
life phase. Specifically, it explains the oredomlnance of relatweiv small schools and thclr
fpndpnr'v to hP found clog
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(i) schools were found to be distributed according to their size; both
having nearest neighbours of similar size more often than expected, (ii) sphttlng and j Jommg of
schools was the most frequenily recorded behavioural event. A considerable amount of variation
in distribution and dynamics can be accounted for by changes in activity associated with diurnal
vertical migrations. Some schools did not perform diurnal vertical migrations.: We suggest that
when profitable, some herring may ‘dip in to the fridge’ during the day rather than pursue food
on such high energy migrations. SR
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Description of paftern is synonymous with description of variation. Accofdingly, concepts
of scale and pattern are inevitably fused since determination of scales is a prerequisite to

understanding variation (Denman and Powell 1984). Lack of explicit consideration of spatial and

temporal variation often occurs because simple patterns are more easily observed from
‘homogenisation” of the data spatially or temporally. Yet, since each species observes the
environment on its own unigue suite of scales of space and time (Weins 1976), variability is not
an absolute and only has meaning relative to a particular scale of observation (Levin 1992).
Moreover, since variation in local density of marine organisms reaches high values at some

spatial scales and low at others, parameters characterising local density dependence may only
R Anstain amatial ananlag (Qahniadar 10200 Cancannantly nartionlar eonlnoisal nraceccec
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may be better studied by explicit simultaneous consideration of spatial and temporal components

(Resh and Rosenburg 1989).
Processes that result in the observed distribution pattern and structure of herring schools

can be viewed as being derived from a hierarchical complex of space-time events. At the lowest -
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level (micro scale,.cm to m), individual fish execute second. to second trade-offs, evaluating the
profitability of joining, leaving or staying with other fish (Pitcher - and Parrish 1993). Such
decisions generate the internal dynamics of herring schools, which are characterised by changes
in internal {packing; density) and external (shape) structure (Pitcher and Partridge 1979). At the
next level (small meso scale, 10’s m to 100’s m), we observe:school movements.and interaction
among schools such as joining and splitting. These actions can. also' be extremely dynamic,
occurring within a short time scale (minutes) and often in response to specific events (Pitcher et
al..1996). The huge natural variability. of school size testifies to this dynamic situation (Misund
1993).. It is at the small meso-scale that many of the interactions between predators and pelagic

prey take place (Schneider and Piatt 1986). The next two higher levels (1... ge meso, 100°s m fo
C10°s. km; and macro scale, 10°s to 100°s km} focus cur oboervancns on distribution patterns

between schools. or:school clusters-and the range occupied by a stock. Large meso and macro
scale. distribution vary during -different life. history. phases (Fernd et al: 1998), and have been
shown to'be directly linked to spatial and temporal distribution patterns of oceanographic features
and conditions (Reid 1993, Maravelias: et al. 1996): To:gain insight to the fundamental
mechanisms and processes that govern the repertoire of herring behaviour, and how. this relates to
distribution pattern of schools, requires-that our studies traverse spatial and temporal scales. In
this research; a deliberate attempt is made to achieve the end.. :

During April,, Norweg1an spring .spawning- herring mlgratc in schools (sensu, Pltchcr
: 1983’1 north-west to the region of the Paolar front, a rich feeding ground which they follow north
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herring are subject to significant predation pressure from a variety of species (Fernd et al. 1998).
We conjecture that the observed behaviour dynamics, school structure and school distribution
pattern of herring during this period is the consequence of evolutionary adaptive behaviour and
trade-offs associated with feeding and avoiding being eaten. With reference to previous
theoretical, experimental and field observations, we use this presupposition to focus our analysis
“and discussions towards interpreting; (i) macro-scale distribution of herring, (ii) meso-scale
pattern of school clustering, (iii) medium-term temporal changes in the shape, packing density
and size of schools, (iv) short term dynamics of individual schools.

Blologlcal physlcal and acoustlcal data were. recorded from a scientific crulse in the,
Norwegian Sea during 6™ —22™ April 1997, onboard the research vessel R/V “G.O.Sars”,
Continuous. aceustic recordings of fish and plankton were made by a calibrated integration unit
consisting of a 38 kHz Simrad EK500, connected to a Bergen Eche Integrator (BEI) for post-
processing. A 95 kHz Simrad SA950 sonar was used to determine the spatial distribution of
schools, and to track selected herring schools for periods of up to one hour. During tracking, -
behavioural events of schools were noted continuously by a reporter and also recorded on video
for later analysis. Behaviours were classified in three categories; predator, intra- and inter-school
events. Pltchcr,_l:t al. (1996\ nmwde detaﬂed deqcnnhnnq nf‘ the mtemre-red events in each

, All recordmg of schools was conducted within a range of 50-300 m either side of the
vessel and output to computer file and colour coded paper echogram. Accurate vesscl position
was obtained from a differential global positioning systeni. Migration speed, depth and direction
of schools recorded by sonar was calculated with specific software on a HP 9000 workstation
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(100-400 m) or shallow (0-50'm) schools: (Valdemarsen and Misund 1994) Sub-samples of upito

connected to the sonar system. Appendix 1 provides technical details on acoustic settings. Fish

schools of all species recorded by echosounder were identified using the BEI system which filters
echo data on the basis of strength of signal and amount of contiguous pings with: such a signal.
From the filtered data, those schools deemed to be herring were determined on the basis of: the
proportion of different species caught at trawl stations, target strength- distribution, and fish
behaviour. For sonar data, only those data log. periods previously:judged as herring ‘from
echosounder data, were 'used for analysis. Four petiods of recordings were identified, for each of
which conﬁrmatlon of 1nd1v1dua1 schools was later obtamed by v1sual Judgmg of paper
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100 specimens of herring were taken from each trawl catch. Length, weight, age (from scales),
sex, maturation stage and stomach content were recorded usmg standard procedures and notatron
of" Instltute of Marine Research (IMR:), Bergen (appendix 1). ' :

" During the cruise, a new protocol was devised for conducting small meso- scale SUrveys: of
schoo! distribution. Immediately after an individual school was tracked, the vessel surveyed the
surrounding area by running a cruise track of increasing concentric rings. The radius of the
outermost ring was approximately 1.2 km. Although it is possible to use way points plotted on

the automatic navigation system to'aid control of the gruige track, we congider in hindsight that-it

is 1iore convenient to Tun st aight ci"aise tracks creating squares of increasing width (r igure -1).

Three meso-scale surveys were completéd, but .due to poor weather conditions for se‘lar-
- operation the mapping was unsuccessful. Descnptlon here serves to outline the new pr: otoeol

Fi gu're 1 near here
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Within all samples, herring’ were recovering from: spawnmg (mean ‘gonad score: 7.8, spent to
recovering), actively feeding (mean-gut fullness index: 3.3, medium to full) ‘and with a low fat

- contént (mean fat-index: 1.2, non to-little). Most'schools were migrating in a westerly direction-
~ with average migration speeds ef between 0 05-1.8 m/s (equlvalent 0:16t0.5.6 body lengthsfsec '

for- a 32 em herrmg)

Large meso-scale observations

School srructure characterzstzcs B

which were recorded durmg darkness. In comparison, 604 schools were recorded by sidé-scan
sonar over four short perlods of observatlon dunng wh1ch tlme the echosounder recorded only

62 schools



Using the area back-scattering strength (S -valie) as:a proxy for relative school size,
individual schools were grouped into relative size categories (Figure 3). Very small, small and
medium sized school were most numerous (83%) but only accounted for approximately one third
of the total relative size.

Figure 3 near here
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~ expression of the relative echo intensity (Misund et al. 1997), and is directly related to: the
relative: density of a school (Misund pers. comm). Using an approximate conversion to calculate
fish biomass based on school area recorded by sonar (Misund 1996), the average school size was
estimated to-be 1969 kg, approximately 2 metric tons.

Figure 4 near here
Figure S near here

Spatial-distribution pattern
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6a J, ii} Sonar, data shows a mgn number of schools with, NND between 0.05- u .3 km (Figure 6b) ).
Based simply: on. detection- capabilities (volume coverage), it-is unsurprising that sonar results

- suggest a finer scale of spatial pattern. Also.noteworthy is the occurrence of a few ‘seemingly
isolated. schoels with NND 8-35km as detected by the. echosounder.. In addition to highlighting
these isolated schools, cluster analysis of schools recorded by echosounder _provides supporting
evidence for the scale of clustering determined from the NND distributions. From visual
inspection of Figure 7 linkage of schools by nearest nelghbour reveals most clustering occurs on
a scale of 1 to 2 km.

1r11ra 7 noaar hora
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.. . The ratio-of mean nearest nelgunour distance {o the mean average mter—scnom distance
(mean ISD; where ISD = average distance of a school to all other schools) serves as a useful
descriptive index prowdmg information on the meso- scale.patterr_l Q_f school clustering, viz;

Cluster raﬁd =. -meanM\JD-: meanlSD ._

SNND LISD

wh,éfe, y meanWD——w .. and meanISD _ — o
o n o | | —"'—"”_ R
and n = number of schools : : L

Alone, each statistic tells us small pieces of information. The mean ISD tells us about the
scale of observation; the area over which schools are distributed together with an indication of the
survey extent and the equipment used. Mean NND tells us how close schools in a cluster are.
But together as a ratio, the mean NND: mean ISD provides us with a more powerful comparative



distribution index. Not only does it allows us to deduce facts about spatial scale, it prov1des
m51ght into-the intensity and pattem of school clustering (Figure 8). -

Ifwe -reduce the ratio to the coefﬁc1ent;

meanNND
meanlSD

Cluster coefficient =

we lose the information on scale but still retain ‘an impression of what the everall'pattem and
degree of clustering 1s like. Lluster coefficient Vaiues can range from 0 to 1 bui are iikely to be
the lower end of this scale, since it is rare that-mean ISD distance would be close or equal mean
NND:" A low CC value (mean NND low and méan ISD high) would suggest that individual
schools'in close proximity are tightly clustered whilst those clusters are dispersed (Box 1, Figtire
8). A CC close to I suggests may schools are diffuse, not forming strong clusters (Box 9, Flgure-
R).

Figure 8 near here

The distribution of NND/ISD for individual schools can be used to describe their- inten‘sity
of Clusterlrlg and thus 1s mote 1n10rmat1ve man the distribution' of NND alone: Ulvmg
cons1derat1on to- the distribution of NND (b1gure 6) -our- 1nterpretat10n of Figure 9 'is that
individual ‘schools ‘are aggregated into intense clusters and these clusters appear to be patcmly
distributed (a pattern similar to Box 1, Figure 8). ‘Furthérmore, comparison of the sonar and
echosounder mean NND, mean ISD and cluster coefficient values ‘confirms that: despite
differences in detection capabilities of sonar and échosounder, there is s1m1lar1ty in the pattern iof
cchonl r-lnqrermo across scales (Table 1).- - : Sl
Fi'gur'e")near here
Table 1 near here

Spatial distribution by size
' " Both frequency of ocourrence with, and average distance to other surrounmng schools
were found to be different for different size of schools. Firstly, for certain school sizes there was
significant- difference in frequeneies of occurrence with neighbour schools ‘of a particular size
(x°=41.37, df=16, p<0.001, Table 2). In particular, small schools had other small and very small
sehools as nearest neighbour more often than expected whilst medium and large schools were

fhnn fwo tlmgs more frpmuﬂnﬂv ﬂmn mme(‘ted {although note that the total freauencv was lowl
Secondly, average distance between schools increased with school size, small schools being
closer to other schools than large schools were (x*=11.82, df=4, p<0.02) i.e. small schools were
more t1ghtly clustered than large ones (F1gure 10) However school 51ze d1d not speclﬁcally'

nelghbours was produced, it d;d not cl1IIer SIgnmcantly from what may be expeczea Dy cnance
(x*=60.7, df=48, p>0.11).

Teble_é:neefhere '_



Figure 10 near-h’ere _

Dumml tempoml varzatzon in pattern and dtstr;butwn

- An attempt-was made to see if there was any dlfference in clustering pattem of scheols
between day and night. Te remove differences due to spatial variation we focused the analysis: on
small -data. periods’ in which schools were continuously recorded and where there were
approximately the same number of schools recorded during day and night. Schools were found to

be significantly more tightly clustered during the night than day (Table 3), and as schools became
e aliotanad of mioht Hha aviamt e romos AF thacas aliiatacs fiediacdad b s nnae TOTYY domlia..d
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significantly also (Table 3). The implicaiion of the result that the clusier coefficient is ne

different between day and night for the echosounder, whilst it is more than double for the sonar,
is.that changes in the pattern of clustering was only observed on the finer scale. At this scale,
schools are closer together at mght whilst distribution of clusters:is more dlffuse than in the day

Table 3 near. here .

Wrthm 1nd1v1dua1 clusters, a typ1cal strong dlumal Vertlcal nngratmn was observed the
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day (Figure 11a). Both echosounder and sonar data showed, depth of schools was significanths
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deeper during the day than night; i) Echosounder: (One tailed t-test, t=15.13,-df=260, p<0.0001;

Figure :11b), ii): Sonar: many more schoels were detected, during the mght (78%) :and were

significantly shallower than daytime schools (One tailed t-test, t=15.6, df=147, p<0.0001, Figure

12). Althbugh-not significant; mean relative density of night schools (746 colour sum units) was

appreciably lower than daytime schools (848 colour sum units). No difference was detected in the

-area of schools (mean. area = 107 m ‘both night and dav) or the relatlve size {Sa. Value)

Daytlme schools were also found ACTOSS a greater depth ranges

Sma]l meso—scale uhservatlons
Behavioural dynamics : o :
One hundred and four behavioural events were recorded frorn 31 herring sehools tracked

for an ‘average of 40 min each, giving a total of 20 heurs and 41 minutes total observation:time:
Some kind nf' change in qphnnl behaviour eccurred every "11.9 min. (n=104, 95% CL:0-26).

. Behavioural events were classified in to three categories. Inter—sckool (between schools) events

include approach, join, leave, split and occurred every 29 min (n=50; 95% CL:5-54). Intra-school
(Within a s’chdol)- events include shape and depth 'changes and occurred every 25 min (n=50' 95%
CL:0-52 ) Predator events UIII(:‘J.'dLElUHb lI}[EI'pIGIGU as Iﬂbu.lﬂ]lg lTDIIl pI't'-(.id'LUI'b ) occurred at IllgﬂI
évery 61 min (n=12; 95% CL:63-143). We infer from sonar observations that aitack from marine
mammal predators occurred every 180 min (nr=4; 95% CL:90-270), while attacks from predatory
fish were observed every 361 min (n=2; 95% CL:241-481). The distribution of total events per
hour (event rate) provides a guide for-classifying the overall dynamics of the schools observed.

This index, which we have called dynamic tendency, is a measure of the propensity. for schoolsito
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move, split, join or change shape. Note that the dynamic tendency is significantly higher during
the night than day (Figure 13). This point is born out in greater detail in Figure 14 b-d that show
intervals between behavioural events within each category. Most events occurred more frequently
during the night than day. In particular, schools were-observed more frequently changing shape,
surfacing, joining leaving and splitting. No' predator ‘events were recorded during: the day.
Although:the data: do not support close scrutiny it is noteworthy that dusk appears to be a. very
active period. Of those intra-school events oceurring at night only 15% of ] _]OIIIS occurred at dusk
Whereas 54% of sphts and 100% of leaves were observed in this penod

Discussion

Durmg April 1997 rhacro- scale d1str1but10n of ocean-feedmg Norweglan Spring spawrning
hemng was centred around the Polar front region mainly between 65°30% 67°30 N, 003°30” W-
002°E. At the Polar front, warm Atlantic water rising northwards meets with cool polar water
travelling south. The front is characterised by a sharp decline in temperature together with high
concentrations of zooplankton. We presume the Polar front offers profitable foraging on
zooplankton for actively feeding herring that are highly motivated by hunger following the non-
feeding pcfiods of overwintering and spawnjng (Slotte 1996, Naottestad et al. 1996, Fernd et al.

I N g .E“.. | RS-

lh’b’b ) rUl' similar rt:d::unb pULclludl picUdu}lb of m::uulg, uiuuuulg 1180, birds \uvu\ cruise repoit
1997y and marine mammais (Lﬂnsrensen et-al. 1592, Haug et al. 1995 Slmlld et al. 1996) are
also abundant at the front. IR - ' e
“Within the region, two levels'of meso—scale d1str1but10n ‘were observed, one at 0 05 to 0 3
km recorded by sonar and another at 0.8 to 2.5 km'recorded by echosounder. Despite differences
in ‘detection capabilities (M1sund et al. 1996, Misund 1997), pattern ‘of distribution was ‘similar
between scales, as revealed by comparison 'of ‘mean inter-school distance’ and meannearest
néighbouir distance. Roth scales indicated a patchy distribution of intensely clustered schools. The
cluster ratio, mean NND:mean ISD-is a relatwe measure of the intensity and pattern of clustering.
By identifying and characterising changes in the dispersion pattern of schools, it offers a
descnptlve index to make comparisons between surveys conducted in d1fferent places and at

different iimes.

e sOoAnsN 1 e e e e e Y

Within clusters, thie majority of schools (83%) recorded by echosounder were DdlcgUllqu I

as very small to medium size, and most of those recorded by sonar were between 50 io 200 m’
(mean 107 m?) with an equivalent biomass estimated at 0.9 t0-3.7 t (mean 1.96 t). Tokarev (1958,
in Radakov 1973) similarly noted that foraging Atlantic herring occurred predominantly as small,
schools with ‘diameter.1-20m and average height 2-7m, with the largest rarely extending >350m.
Average school size for herring during . overwintering and pre-spawning life history- stages-is.
generally miuch larger {(Winters 1977, McCarter et al 1994, Wood. 1930, , Naottestad et al. 1996,
Mackinson unpubhshed data).

Small and very small schools were more t1ghtly clustered than mednun or large schools
and oecurred as neighbours more frequently than -would be expected by chance alone. Close,

: pLUAuuuy pluudes small schools possibilities for rapid size adjustment through srﬂiﬁmc and

- chiava boaafita o A
_]()lnnlg, and thus individuals - achieve benefits of ﬂufublluy of responses- to th\‘:}}‘: d}’namlc

- environment. Whilst: hunger reduces school cohesiveness (Morgan 1988, Robinson and, Pitcher
1989)..and active feeding may result in icomplete splitting of schools-in to. smaller units
(Keenlyside. 1955), anti-predator advantages associated with larger school size (in partlcular:
dilution) are diminished (Magurran. 1990). However, intense clustering of schools comblned with -

-8
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a dynamic adjustment regime may- enable schools to - maintain . ‘collective’ Vlgllance whilst
simultaneously benefiting from foraging benefits associated with:smaller schools (Pitcher :and
Parrish. 1993). Indeed, our small meso-scale behavioural observations support the contention that
dynamic adjustments among.schools -may aid transfer of information with respect to their
surroundings. Inter-school events, the meost frequent of which was joining and splitting, ‘occurred
on average every 29 mins. As previously observed (Pitcher et al. 1996), changes in shape and
density of individual schools occurred meore frequently than behavioural events among schools.
Our observattons of predator events are very lumted 'S0 desplte ev1dence that risk of predatlon
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 The few recorded large schools occurred as neighbours more frequently than expected yet
were more-isolated with respect to other schools. Distance to nearest neighbour was higher and
their-average distance to-all other schools also higher. Occurrénce of dense food patches may-in .
part explain the more diffuse distribution of large schools: When food is very abundant there is
likely a threshold beyond which no foraging benefit is gained from splitting and leaving a.school.
Reduced competition may allow for the persistence of larger schools. The range of school sizes
observed lends supporting evidence to this: An alternative suggestion is that these larger schools
are migrating schools that are somehow distinct from those classified as feeding. Larkin and -

7o 1
YW LLiL
ST

psented fhpgretl al ‘avidence cunocecting laros Schnnl iza 1w mnra afFniant frr

walteaa (1969 -p;v Rl g 'U“A A ek Tt L3, N u&avub;;a.g‘ m& AT SR E R N R S A UJ.J.J.UJ\JJ.LL A
niigrating to a specific point since the error in navigation is reduced
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- A considerable arnount of variation in structure and distribution of herring schools can be

attributed to scale changes associated with diurnal activity, Changes in depth distribution of many
schools displayed a typical vertical migration, presumably as herring moved with their food.
However, some schools remained deep (300 m) even at night. Although there was no apparent
difference in school size, density of schools was appreciably lower at-night and we assume this to
be adirect result of feeding activity (Pitcher and Partridge 1980, Morgan 1988, Robinson and
Pitcher1989) and- reduced: light level (Radakov 1973, Blaxter and. Hunter 1982). Yudovich
(1954, in Radokov 1973) recorded a: packing density- of 0.6-0.7 kg per m> (equivalent to

. approximately .2 fish per m’ for 30 cm heérring) in foraging Atlantic herring. Comparison of
distribution of NND and ISD for individual schools indicate that on hoth geales. 0.05 t0 0.3 km
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reaucea at nignt. The paticri of schoo clustering is also. Sigulﬁﬁaﬁﬂ'_‘}" ifferent ¢
clusters being relatively more patchy. The dynamic tendency of individual schools was
significantly higher at night than during the day. In particular, shape of schools together with
splitting and joining events occurred much more frequently at night, presurnably reflecting the
dynamics associated with active feeding. Much activity associated with change in school size
occurred specifically at dusk. Although some of the events recorded by sonar can be attributed to
varying degrees of distortion- (Misund et al. 1997), rapid changes in tilt angle distribution
associated with feeding: most likely .account for the observed dynamics. Moreover, the
observations support our hypothesis that the dynamics reflect individual behavioural decisions.
-From .our -interpretations of school tracking we infer that no predator events occurred

dnrmcr the dav, but nnﬂhwpd on average pvprv 61 min at. nmrhf During ﬂnq fime. nredatore which

sen 2l (RIS e g FRREL L L e =k 2 L -Liimea A AR ALLES AAAD bAsallry AL NAAGAILD VR Akl

rely on vision to detect and .capture their prey may not present such a risk to herring when
compared to marine mammals using sonar to detect their prey, and are known to be abundant at
the Polar front (Pitcher et al. in prep). Behavioural studies on the Norwegian shelf region in May




1994-show predation pressure to be a powerful driving fotce giving rise to high dynamics within
and between schools (some kind of events occurring every 5.5 min, Pitcher et al: 1996}

Given the significant energetic costs ‘of ‘performing diurnal vertical migrations, the
adaptive benefit should necessarily exceed these costs. Several studies point to multiple causality
with trade-offs occurring among factors including feeding, temperature optimisation and predator
-avoidance (Neilson and Perry 1990, Olla and Davis 1990, Sogard and Olla 1993, Brodeur and
Wilson 1996). Herring that choose not to perform diurnal vertical migrations may have feeding
opportunity in deep, cold water where food can also be abundant (Melle et. al. 1994). Vertical

micration to helow a thermocline can be stimulated by feedine nhﬂnrh]hth.r {Rradant and- W ilenn
rigration to below a thermocline can be stimulated by feeding opportunity (Brodeur and-"Wilson
996, Galaktionov 1984), particularly if food i5 limited above the Lhenneclme-.\ualle"s 1989).
¥ PN RIPNLE DI TS |7 S DUUUUUY  SIUIUNVINORUIE I DNISURESURL T S SRR SRRy £, SR - SN
¥V I PICY &vallaoiity was 10w, U-g1oup Walgys PoilUcK acciucd an energelic auvantage: ol
diel migration to cold water since.growth was enhanced through exposure to low temiperatures

(Smith et' al. 1986). Risk .of predation may provide additional motivation for preventing the
herring: from performing vertical migration. In -lab experiments, juvenile pollock generally -
remained:above a thermocline but were motivated fo go:below when food was introduced below
or a predator from above (Olla and Sogard 1990, Sogard and Olla 1993). Furthermore, very deep
water may present a physiological limit'to potential predators, thus providing a safe haven for
herring. For migrating fish, lower temperatures and deep currents may also confer energy saving
advantages : : L CE

_.Hj

VIR PN R et

ihis study ‘our tovls, eclios 0118 window. Recognising limitations
associated ‘with both - the use and mterpretatlon of these methods (Misund 1997), they. have
nevertheless provided insight to two scales of spatial pattern of herring schools. However it is
important for us to understand the system description changes among scales. The use of fractals
(Sugihara and May 1990). in. our studies may take us in this direction in the future. At-some
scales, responses of herring occur to a narrow range of stimuli (e.g. predator attacks) and others
are diffusely linked to-a broad range of conditions. such as food distribution and temperature
gradients. Coirelations of the distribution of avian predators and schooling fish have been shown

to be scale-dependent, not simply a reflection of each others general distribution (Schneider and
Piatt 108£ Qo]ﬂﬂr—nr‘p‘r 1929y Sinee our nh::pnmhrmq of nredator events were limited, we (‘r‘mchldf‘

Atk A el N ALl LTl Ll J A AR AN N Wl Rk Tl e Nt ML AF RS A R AL o AR it ana - . e -
that for the most part, activity motivated by feeding opportunities is the primary behaviour giving
[UCEARIRYE SRS NV (FRUTRTI S B L 3PS SRS KU § MR BUQUT YR RTUMSERP A [ MU SRy P P 4 ~lb . 2o
rise to the observed variability in distribution, structure: and dynamics. of herring schools-in:the
Norwegian Sea during May : a s
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Appendix 1 - Acoustic settings

1 Echsoitﬁdef

a

TT

Max. pOWEI ‘|-U W
Time Varied Gain: 2
Pulse length: 1 ms
Bandwidth: wide
Angle sensitivity: 21.9

2-way beam angle: -21.0 dB

Sv transducer gain:- 25.0 dB

TS transducer gain: 24.9 dB

3dB beamwidth: 7.0 dB

‘The s4 recordings per nautical mile were - .
averaged over a five nautical miles distance.
Echo sounder recordings were presenied in
echograms, . :

0 logR

Display gain: 9
Time Varied Gain: 30 log R
AGC: weak

: Normahzat_mn., ;we_a.k '

Ping-tbn-ping filter: weak.

3. HE 9000 workstatzon Sckool detectwn

SySteir

_M1mmum range: 50 m

Maximum range width 5 m

- Minimum interval 5 m

Minimum detection pings: 4. .

4. Institute of Marine Research Biology codes for fish data -

Parameter
Scale  Fat Sex Stage Stomach content
i Nothing Male Empty
2  Small Female Immature Small amount - open stomach to find it
3 More Maturing  Medium - clearly see content
4 Alot Maturing  Full
5 Can't see gut for fat Maturing  Distended - food visible through lining
6 Spawning Food expelled
7 Spent
8 Recov

13



Appendix 3~ School tracking
School 6 10:4:97

‘lden9253Q3ddﬂA ‘ . G

Start 01:24. 2 distinct schools, depth 153m Range 130m. Several small dense targets v131ble close
to the school. Area 800-900m2. Other-small schools in close vicinity B :

01:28 A school joins. School structure seems to be looser now. Larger area but lower dens1ty
School fragmenting whereas nearby school seems to be increasing. Pseudopodium visible.
Joining. First school now dispersed. New school very elongated. School heading north

-

01:34 A different school appears on the echosounder : >
01:38 Depth 163m Schoel fraomentmcr‘? Mavhf' change in direction is-causing poor aspect angle
for visibility - S ¥ :

01:41 Found again, 167m deep

01:43 Fa1r1y circular. Dense, 15m deep. This is a different school -

01:53 Turning vessei to improve the aspect angle Now have a better view of ihe school

01:56 Back to the larger elongated school. It is about 50m from the other. Depth 167m -

01:59 School joined from below Ongmal school becoming more elongated. Depth range 115~ .
185m ‘

02:042 schools appear on top nght of the sereen. Now there are three schools close together. Top

2 found to be connected.

02:16 Appeared to fragment - changed boat d1rectmn and qchoul anneared clearlv agam
02:29 End. Travelled 5 Omin1hr=014m/s -
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TABLES

Table 1. Comparison of school distribution parameters

mean NND (km) mean ISD (km)  Cluster coefficient

Echosounder - 1.83 127.8 0.0141
Sonar 0.163 11.62 . 0.0143
Table 2. Observed and expected frequencies of occurrence of schools of certain sizes as nearest
neighbours.
Observed frequencies _
V.small Small Medium FLarge V.Large
V.small 7
Small 43 40
Medium 25 53 39
Large 9 10. 37 12
V.Large | 0 5 3 0
Expected frequencies o
V.small Small Medium - Large V.Large
- V.small- 7
Small 30 30
Medium 32 65 35
Large 13 27 29 6
V. Large 2 3 3 1 0.1

Table 3. Differences in diurnal distribution pattern. Standard errors are given in brackets. Note: *
one tailed t-test with unequal variances; > one tailed t-tests with equal variances
e ' Day Night  Significance -
Echosounder Mean NND (km) - 4.5.(0.753) . -- 2.8 (0.33). . P<0.05 .. ..
Mean ISD (km)  95.6 (4.55) 56.5(2.37) *P<0.001

n 54 - 35

Cluster Index 0.047 0.050 " Not signif.
Sonar Mean NND (km) 0.4 (0.06) 0.1 (0.004) * P<0.001

Adanm TATY lren 2 5 1 Ny 20 N DAY 4 DN NNt

A¥A0WCLLL L3l r \ML].) ol ot rad \J..UUJ e \U.UU} PR VIR VLAY N}

. 127 1190

1 1oL 130

Cluster Index 0.011 0.024 B P<0.001
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Figure 1. Meso-scale mapping of herring schools
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Figure 2. Distribution of herring schools in the Norwegian Sea recorded by EK 3500 echosounder
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Figure 3. Size class frequencies and proportion contribution to total relative size (Sa value) of
-echosounder recorded schools. Relative size classes based on area back-scattering coefficient (Sa
value): Very small <50, Small 50-250, Medium 251-1000, Large 1001-5000, Very Large >5000.. -
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Figure 4. Frequency distribution of school area. A gamma distribution (scale parameter: 83,
shape parameter: 1 28) is fitted to the data, although the observed data are si gnlﬁcantly different

from that expected (y, *=32.55,df =3 (adjusted), p = <0.0001).
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that expected (x*=30.77, df = 6 (adjusted), p = <0.0001).
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Linkage Dié.tance (kmy)

Flgure 7. Cluster analys1s tree, derived matrix of 1nter—school distance linked usmg single lmkage
(nearest neighbour) basis.
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Figure 11. Diurnal changes in vertical distribution recorded by echosounder. a).depth distribution
with running average line plotted on figure, b) number of shoals recorded at each depth
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Figure 13. Distribution of behaviour events
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" Figure 14. Behavioural event intervals of tracked schools. No error bars are displayed for events

recorded less than twice.
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