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Adaptive collective behavioural formations are common in a range of social 
animals as different as insects, birds and fish1. There is theoretical acceptance that 
the majority of biological pattern formation is founded in the concept of self-
organisation with simultaneous local interactions leading to global patterns2-4. 
Model results further suggest that variable individual behavioural motivation 
constitute an important organising principle in animal collective formations4. 
There is, however, no empirical evidence to support the model theory and 
establish a link between behavioural motivation and observed natural formations. 
Among the most extreme pattern formations in nature are those displayed in free-
ranging fish shoals1, 5. Here, we document significant differences in maturation 
state between the upper and lower components of vertical hourglass formations in 
giant shoals of herring (Clupea harengus L.). The results imply conflicting 
individual motivation for spawning as the underlying mechanism of the 
formations, and provide unequivocal support for individual behavioural 
motivation as an organising principle in animal groups. 

Fish shoals are archetypal examples of collective systems3, 6, and a shoal is per se 
an adaptive formation with protection towards predators recognised to be the main 
function for most species7, 8. In situ studies of free-ranging marine shoals are typically 
descriptive of formation and structure based on hydroacoustics5, 9, 10 revealing little of 
individual positioning or underlying mechanisms behind observed formations. A body 
of works, mainly from lab and freshwater, on the other hand, has revealed that shoals 
need not be homogenous mixtures of individuals, but segregated according to 
phenotypical traits like length, body colour and parasite load (See review in11). In 
individual based schooling models such segregation is shown to emerge when simple 
behavioural rules differ between individuals12-14, and it has been suggested that 
motivation modifying the behaviour may be important in organising collective 
formations4. However, empirical evidence from the lab to support this is lacking, let 
alone from free-ranging marine aggregations. 

The herring is an obligate collective species living in a permanent context of social 
interactions through all stages of life15. Unlike most pelagic fish, herring are bottom 
spawners dependent on a habitat associated with high density of predators16 to 
reproduce. As a consequence, they should minimise the time spent at the bottom 
without loosing group contact. This pressing trade-off between reproduction and 
survival, with a short time window to complete spawning and a natural variation in 
maturity state17, makes herring spawning a rare example of a natural system where a 
link between individual motivation and collective behavioural formations has been 
suggested17, 18 and can be investigated - a link until now merely established in computer 
models4. 

By analysing time series of acoustic data from the herring spawning areas, we 
identified numerous vertical hourglass formations, previously only anecdotally 
reported17, and we tested the hypothesis that the formations are causally related to 
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conflicting individual motivation for spawning. To link acoustic and biological data, we 
selected acoustic recordings with a clear bimodal depth distribution (See Fig. 2) 
characterising the hourglass formations, and a herring sample taken from either upper 
or lower component of the formation (Fig. 1). 

There was a significantly higher proportion of spawning herring in the lower than 
the upper shoal components (Rao-Scott, p<0.005) (Fig. 3), indicating differential 
motivation for spawning as the underlying fundament of the hourglass formation. 
While spawning individuals totally dominated (>90 %) the samples from lower 
component, the upper samples had a mixture of pre-spawners, spawners and post-
spawners with dominance of pre-spawners (Fig. 3). Pre-spawners were totally 
dominating in two of the five stations taken from the upper component, and one of the 
five consisted exclusively of post-spawners (Fig. 2). The last two stations from upper 
component consisted of a mixture of pre-spawners and spawners. The samples from 
lower component did not have a single occurrence of post-spawners.  

Also on the one occasion with subsequent sampling from the upper and lower 
components done close in time and space (Fig. 1), the proportion of spawners was 
significantly higher in the bottom component (p<0.001). Although there was a 
difference in average body length between the components (p=0.034), the marked 
difference in proportion of spawners supports that there is a difference in motivation. 

A pressing question when observing collective formations in biological systems is 
whether they are adaptive behaviours or simply epiphenomenal patterns. Indeed, a 
formation perceived as a cooperative adaptive tactics may be conflict veiled by the 
necessity to perceive the collective1. However, when motivational conflict is inevitable 
due to the inherent natural variation in biological systems, natural selection may reward 
individuals in collectives large enough to persist despite diverging preferences for 
location. Given a temporally dynamic depth preference with progressing maturity state, 
the hourglass formation in our case may be maintained over time through a positive 
feedback loop, classical in self-organising systems3,4. Suggesting the structure to be 
adaptive is thus not implicating altruism, but merely a slightly higher average fitness 
for individuals in larger shoals during reproduction. 

Note that depth preference is not expected to automatically follow from maturation 
state since pre-spawners have to undergo a process of 24-h ovulation before being able 
to spawn19, whereas spawners can wait for days before depositing the spawn20. This 
important distinction may explain the almost absence of pre-spawners in the lower 
shoal components (Fig. 3), in contrast to the relatively high frequency of spawners from 
the upper components. 

In summary, our study demonstrates that internal motivational conflict is the 
behavioural basis of collective mass formations in free-ranging shoals of herring. The 
study provides empirical support to the hypothesis of individual motivation as an 
important organising principle in animal aggregations and new insight into the 
underlying mechanisms of fish shoal patterns. 
 
METHODS 
Data collection. The acoustic data material was acquired along the Norwegian coast in 
February-March 1994-2006 (except for the years 1996 and 2002) in part as abundance 
estimate surveys of Norwegian spring spawning herring, in part as distribution mapping 
and/or behavioural studies within selected herring spawning sites (Fig. 4). The data 
were collected during 170 days at sea covering roughly 30000 nautical miles (n.mi.) (1 
n.mi.=1852 m). Biological data from a total of 260 trawl stations were available from 
the surveys.  
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The collection of data is done by experienced personal and follows a standard 
scheme. Acoustic recording is done with a 38 kHz SIMRAD EK 500 echo sounder and 
integrator (replaced with EK 60 in 2005) and post-processed using the Bergen Echo 
Integrator (BEI)21. In the herring spawning areas, acoustic signal characteristics 
combined with trawl catches provide unambiguous evidence in cases of herring 
presence. Biological sampling is done by use of pelagic trawl. Trawling is carried out 
upon recordings of herring and not at random or fixed stations. A total of 100 random 
herring are sampled from each catch. The maturity state is categorised according to a 
standardised scale (Anon., 1962), where the categories maturing (‘4’) and mature (‘5’) 
in this study are pooled into a common ‘pre-spawner’ category. The transformation 
from ‘pre-spawner’ to ‘spawner’ (‘6’) happens through an ovulation (female) or 
spermiation (male) phase, lasting for approximately 24 hours19. Individuals with empty 
or quasi-empty gonads are categorised post-spawners (‘7’).  
Data processing. The acoustic density values originating from herring were stored in 
the unit of nautical area scattering coefficient (NASC) (m2 n.mi.-2)22 in a database with 
a horizontal resolution of one n.mi. and a vertical resolution of 10 m, referenced to the 
surface. In the final selection of stations (N=8), the raw data were displayed at 
maximum resolution in depth bins ranging the equivalent length of the distance 
between two pings (transmitted sound signals) in the horizontal direction (5.14 m at 
standard ping rate of 1 sec-1 and cruise speed of 10 knots) and 1 m in the vertical (see 
Fig. 1) in the unit of Sv (dB re 1 m-1). 
Analyses. Only acoustic recordings that could be linked to biological samples from 
trawl catches were selected for the analyses. In addition, only stations where the 
acoustic density between the modal peaks did not reach zero, indicating a split between 
the two shoal components were considered. All trawl stations without a full herring 
sample (100 fish) were discarded. Two stations were excluded due to mix-in of saithe 
(Pollachius virens) in the catch. Eventually, eight stations were left, five from upper 
shoal components and three from lower including 100 fish from each station. The 
stations originated from four different years. Importantly, selection was done prior to 
looking into the biological data. 
Statistics. A two-way Rao-Scott likelihood ratio chi-square test design-adjusted to 
stratified cluster sampling23 was applied to test the effect of shoal component on 
proportion of spawners. Each trawl sample is here treated as a cluster (N=8) and the 
two shoal components (upper and lower) as strata. For the separate comparison between 
the two adjacent samples displayed in Fig. 1 each sampled fish was assumed to be 
independent, and a Fisher-Irwin exact test was used to investigate differences between 
the shoal components regarding proportion of spawners. A regular Student’s t-test was 
used to test for differences in average length between the components.  
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Figure 1. Gonad maturation state of herring in the upper and lower components of an 
acoustically displayed hourglass formation. a, Acoustic echogram displaying herring 
recordings coloured according to density. Ping number refers to each transmitted sound pulse 
fixed at a rate of 1 s-1. The trawl path is represented by black lines (α=pelagic and β=bottom) 
corresponding to covered ping numbers and average trawling depth. Frequency histograms of 
the three herring maturation states pre-spawning (Pre), spawning (S) and post-spawning 
(Post) are given in histograms above their appurtenant tow. b, Geographical survey track 
(grey line) with ping numbers covered and trawl path corresponding to (a). Time elapsed 
between the midpoints of α and β is approximately 30 minutes. 
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Figure 2. Acoustic density profiles and appurtenant gonad maturation states and length 
distributions of herring. Lower, vertical distributions of nautical area scattering coefficient 
(NASC) of herring. Vertical resolution is 10 m and the NASC-values are sampled over a 
distance of 5 nautical miles with starting position of trawling within the third nautical mile. 
Black lines indicate average trawling depth relative to the density profiles. Middle-Upper, 
frequencies of the three herring maturation states pre-spawning (Pre), spawning (S) and post-
spawning (Post) and length distributions of herring by trawl sample. 
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Figure 3. Overall percentage of spawners in upper and lower component 
of the hourglass formations. The confidence bands are based on the design-
adjusted Rao-Scott likelihood test taking into account clustering effects. 
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Figure 4. Map showing all available trawl stations from the herring spawning 
survey (N=260). 
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