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Density-dependent variables have long been established as an important area of
ecological research, but the effects of the local density of conspecifics on grouping
behaviour are less well-studied. We compared the influence of the density of
conspecifics on the shoal size distribution of killifish, Fundulus diaphanus, in the
laboratory and the field. In both environments we observed an increase in shoal size
and shoal number with the density of individuals present. The increase in shoal size was
markedly steeper in the field than in the laboratory, but direct comparison of the two
was complicated by the fact that the absolute numbers of fish present at the field site
were considerably higher than those used in the laboratory trials. We developed an
individual-based model that was first used as a null model of shoal formation (defined
by proximity to others) in fish with no shoaling tendency over the same range of
densities used in the laboratory. Group size increased much more rapidly with
increasing density in the laboratory than predicted by the null model. When we
incorporated shoaling behaviour into our model, the laboratory results could be
reproduced with high accuracy. However, when extrapolated to match conditions in the
field, the model predicted smaller, more numerous shoals than were actually observed.
We suggest this is due to heterogeneity of the field environment because fish were found
to be highly aggregated in certain areas of our field site. The predictive power of
laboratory studies for the field is discussed with regards to using individual-based
modelling as a tool for deriving such predictions.

E. Hensor and J. Krause, School of Biology, Univ. of Leeds, Leeds, UK, LS2 9JT
(J.krause@leeds.ac.uk). — I D. Couzin, Dept of Zoology and Evolutionary Biology,
Princeton Univ., Princeton, NJ 08544, USA and Dept of Zoology, South Parks Road,
Univ. of Oxford, Oxford, UK, OX1 3PS. — R. James, Dept of Physics, Univ. of Bath.
Bath. UK, BA2 7AY.

Many processes affecting the survival of individuals are
density-dependent, and the effects of density at both the
local and population level have long been a focus of
study for ecologists (Begon et al. 1996). Large-scale
density-dependent variables such as birth rate, death
rate, dispersal, migration and immigration are influ-
enced at the fine-scale by interactions among individuals.
By altering levels of predation, competition and/or
aggression among individuals, density can in turn affect
their internal state, thereby potentially influencing
behavioural decisions based on a cost/benefit analysis
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(Houston and McNamara 1999). The local density of
conspecifics can affect a great many processes including
courtship (Gaskin et al. 2002), fertilisation (Powell et al.
2001), foraging effort (Davidson and Morris 2001), and
settlement of juveniles (Kent et al., 2003), and density is
an increasingly important area of research for the
farming industry, where the density of housed animals
can greatly affect their welfare. The stocking density of
commercially exploited fish, for example, can have far-
reaching consequences for their growth and health
(Glasser and Oswald 2001).
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In general, density has wide-spread implications for
research in the field of behavioural ecology, whether pure
or applied. Few density-dependent behavioural traits are
readily observed in both the laboratory and the field.
One such trait which has been studied to varying degrees
in both environments is the shoaling behaviour of
various fish species (Krause and Ruxton 2002). The
ease with which small fish can be kept in captivity, and
the suitability of some species for direct field observa-
tion, make them ideal subjects for the study of density-
dependent behaviour. In addition to providing insights
into the field as a whole, the study of the dynamics of fish
shoaling behaviour should allow better management and
conservation of commercially exploited or endangered
fish stocks (Pitcher 1997).

The majority of teleost fishes shoal at one stage or
another during their life history (Pitcher and Parrish
1993). Shoaling confers benefits to individuals in terms
of reduced predation risk, through such mechanisms as
risk dilution and predator confusion (Godin 1986,
Pitcher and Parrish 1993), and can also increase their
foraging success (Pitcher et al. 1982). Given the ubiquity
of shoaling as a behavioural strategy in fish, it is perhaps
surprising how little we know about the mechanisms
underlying the establishment and maintenance of the
range of shoal sizes we observe in the field (Niwa 1998).
Clearly these mechanisms must integrate the social
interactions among a number of individuals moving
within a given area, as well as processes arising from the
physical properties of the environment itself.

The shoal size distribution in a particular area is
largely dependent on the number of individuals present,
their external and internal behavioural motivations
(Flier]l et al. 1999), and the rates of shoal fission and
fusion (Okubo 1986). Two distinct, yet inter-linked,
processes operate to bring individuals together in this
way. Social aggregation, such as shoaling, by its nature
causes a local increase in density, which in turn
determines the number of individuals with which a focal
individual can interact. Furthermore, non-social aggre-
gating forces may be superimposed on social aggregating
processes. By causing a local increase in density these
can influence the rate of interactions among fish, thereby
affecting their shoal size distribution (Flierl et al. 1999).
Such aggregating forces are numerous: fish may con-
gregate in certain areas depending on the local predation
risk, shelter availability, and foraging opportunity
(Huntingford 1993), or may show a preference for a
certain light intensity, current strength, water tempera-
ture, or oxygen concentration (Fréon and Misund 1999),
and their distribution can also be affected by chemical
gradients or weak turbulence (Flierl et al. 1999).

In the laboratory it is relatively easy to control for
environmental heterogeneity. However, comparisons be-
tween the laboratory and the field are also made difficult
by the difference in scale. Take for example, a field study
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site of 100 m? holding 400 fish at a density of 4 m ~2 (the
shallow water in which direct observations of behaviour
were made in this study makes “fish per m> a relevant
expression of density). The practical equivalent in the
laboratory would be an experimental arena of 1 m?
containing 4 fish. However, despite the densities being
the same, the implications for the shoal size distribution
are markedly different. Even the measurement of density
itself is scale-dependent (Horne and Schneider 1995). In
order to compare laboratory and field results, models of
shoaling behaviour need to be generated, in which the
effects of potentially confounding variables can be
identified and controlled for. Comparison of observed
data with these models then provides useful tools with
which to investigate the main factors involved in
producing the distributions of shoal sizes observed under
different conditions.

In this study we compared the effects of varying
density on the distribution of shoals both in the
laboratory and the field, with the aid of models which
controlled for the problems inherent in comparing
(small-scale) laboratory arenas with (large-scale) field
sites. Our aims were to quantify the relationship between
fish density and shoal size distribution, and to ascertain
whether laboratory studies can be used to make relevant
predictions about shoaling behaviour in the field.
Comparing the observed data with a null model, which
assumed no interaction between ‘fish’ within a given
area, also allowed us to elucidate whether the observed
shoal size distribution at a particular density was due
mainly to the social behaviour of the fish or a result of
the physical properties of the system: there may be an
increase in shoal size with density simply because fish
have a greater probability to occur close to each other at
higher densities.

Laboratory trial
Material and methods

In July 2001, 200 juvenile banded killifish, Fundulus
diaphanus, were caught from the littoral zone of Morice
lake (near Sackville, New Brunswick, Canada; 45°55'N,
64°21’'W) using a beach seine. The fish were kept in a
holding tank (diameter 1 m, water depth 20 c¢cm) in the
laboratory and fed on freeze-dried chironomids (Hagen
Ltd., Montreal) ad libitum twice daily.

The experimental arena (1.5x1.5 m and 10 cm
high, water depth 6 cm) was filled with well-water
and had rounded corners to facilitate continuous
swimming behaviour. A digital video camera (SONY
DSR-PD100AP) was suspended directly above the tank
so that its field of view encompassed the entire arena.
The arena was constructed from white plastic to provide
a good contrast of the fish against the background for
subsequent analysis of the video films. The shallow water
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and white background colour are unlikely to be
perceived by Kkillifish as artificial because this species is
often found in very shallow water over light-coloured
sand in nature. The tank containing the arena was
surrounded by opaque black plastic sheets to minimise
disturbance to the test fish.

At the start of a trial, fish of similar body length
(35-40 mm) were netted out of the holding tank and
transferred into a transparent release cylinder (diameter
12 cm) in the centre of the arena, which was then lifted
by remote pulley once the black plastic sheets had been
placed around the tank. At this point filming started and
continued for 20 min. At the end of each trial, the fish
were removed from the arena and placed in a bucket,
whilst the next set of test fish were removed from the
holding tank. The first set of fish was then returned to
the holding tank. Although this could lead to fish being
used repeatedly in different trials, keeping back the
previous set of fish until the next test group had been
removed avoided any fish being used in consecutive
trials. In the wild, the shoal composition of killifish
changes every 3.3 min on average (Krause et al. 2000),
and fish were allowed to mix freely in the holding tank
for at least 20 min. Therefore the probability of any of
the subsequent trials containing many of the same fish
was very low.

In order to assess the effects of fish density on
shoaling behaviour, different numbers of fish were added
to the arena. We carried out trials with 2, 4, 6, 8, 10, 12,
14 and 16 fish in the arena with 2—3 replicates for each
density (giving a total of 20 trials). This allowed us to
create a range of densities from 0.9-7.1 m 2, which is
similar to observed natural densities of 0.2-4.2 m >
(Krause et al. 2000).

All trials were filmed and digital video footage was
then played on a large monitor to record the number and
size of shoals in the arena. The first four minutes of
playback were not included in the analysis, to allow for a
settling-in period for the fish. From the fourth min
(T4.00) onwards, the video footage was paused every 20 s,
and shoal size and number was counted. Fish were
considered to be associated with one another if they were
within four body lengths of each other. This has been
demonstrated to be a suitable criterion for defining shoal
membership (Pitcher et al. 1983). Records were taken
every 20 s until Tg.49, which yielded 45 data points for
shoal size and shoal number for each replicate at each
density. For mathematical purposes, during our analysis
of the size and number of groups formed in both
the laboratory and the field, we counted single indivi-
duals as groups, of group size 1. Every record of group
size was a list of all the group sizes observed at that point
(i.e. if the arena contained 8 fish, one record of group
sizes observed at a particular ‘pause point’ might be 4, 2,
1, 1). A mean group size for each pause point was
calculated, then a further mean of these means was
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taken, to give one overall mean group size for each
replicate at each density. An overall mean group number
was also calculated for each replicate at each density.

Modelling

We created two models: one which simulated shoaling
interactions, and one null model in which the fish
showed no shoaling tendency at all. In our laboratory
experiments we decided to keep area size constant and
changed fish number. Alternatively, we could have kept
the number of fish constant and changed the tank size.
The latter is probably a better way of investigating
density effects but also much harder to do experimen-
tally and was therefore not adopted. Thus the null model
serves the important purpose of controlling for the
change in fish numbers and allows us to assess how
much of the shoal size distribution observed in the
laboratory trials was due to underlying physical proper-
ties of the system. We matched the shoaling simulation
to the observed laboratory data, and then extrapolated
this to include the range of densities seen in the field, to
assess whether the trends observed from the laboratory
trials were good predictors of behaviour in the natural
environment.

We simulated the behaviour of individuals as resulting
from “repulsion”, “alignment” and “attraction” tenden-
cies based upon the position of individuals relative to
one another, in accordance with previous work (Aoki
1982, Huth and Wissel 1992, 1994, Couzin et al. 2002,
Couzin and Krause 2003, Hoare et al., 2004). In fish,
co-ordination of collective movement is primarily
achieved through using two of the sensory modalities:
vision and lateral line mechanoreception (Partridge
1982, Kalmijn 1988), although the relationship between
perception and movement tendencies is still poorly
understood. In our simulation model, therefore, indivi-
duals were accorded simple behavioural rules intended to
characterise generic behavioural tendencies to approach
or avoid other fish. These behavioural rules are:

1) individuals attempt to maintain a minimum dis-
tance & between themselves and other individuals at all
times. This represents a minimum ‘personal space’
within which individuals will avoid collisions with others,
and represents the zone of repulsion.

2) If individuals are not performing an avoidance
manoeuvre (1) they exhibit a behavioural tendency to be
attracted towards and to align themselves with neigh-
bours. Individuals respond in this manner to all other
individuals within a local interaction zone of radius p,
which is equal to or larger than the zone of repulsion.

3) Individuals also tend to maintain a minimum
distance o between themselves and environmental
obstacles, such as simulated arena walls in this case.
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This represents avoidance of collisions with such
obstacles.

In our model, there are N simulated fish, with
individual i having position vector c¢;(t) and direction
vector vj(t). Fish are simulated in two domains, one
measuring 1.5 x 1.5 m with a reflective boundary, where
fish rebound from the edges, (to model laboratory
conditions), and one measuring 6 x100 m with a
periodic boundary, where fish leaving the domain
through one edge reappear from the opposite edge (to
more accurately model field conditions where fish were
free to enter or leave the transect area).

Time is partitioned into discrete steps t with spacing
At =0.1 s chosen to approximate the response latency of
shoaling fish to external stimuli (Partridge and Pitcher
1980). At each time step, the direction vectors and then
the position vectors of all fish are updated in parallel.

The updating of the direction vectors is as follows. If
there are other fish j within a distance ¢ of fish i it avoids
them by turning towards a desired vector

dﬁ+A0:_§:£ﬁL;%Q

M
j#i |Cj(t) - Cl(t)|

If there are no fish within distance 9, the individual
will respond to fish k within the interaction range p

)

v, (1) ¢ () — ¢(t)
d(t+A=1/2 = k ‘}
a0 =12[3 S e

where the first term within brackets represents a
tendency to align with neighbours, and the second
term within brackets the tendency to be attracted to
neighbours. If there are no neighbours within distance p,
then di(t+At) =vi(t).

Fish also attempt to keep a certain minimum distance
6 from the borders of obstacles: in this case the four
edges of the domain. Therefore a border (each domain
edge) B exerts a repulsive effect, which can be described
by

rg(t) — ¢;(t)

fy(t)=—
sV Irp(t) — ¢;(1)]

(3)

where rp(t) denotes the location of that point of the
border B that lies closest to fish i. The repulsive forces
are summed for all borders within distance & of fish i,
and this cumulative force is normalised, becoming fg(t).
Replacing d;(t+At) with d;(t+At), the influence of the
borders is incorporated as dj(t+At) :% (di(t+At)+
fa(t)). In the eventuality that the social forces result in
a zero vector, then dj(t+At) =v;(t).

Fish are able to turn through an angle of at most 6At
degrees, where 0 is the maximum turning rate. If the
angle between v;(t) and d;(t+At) is less than 0At, then
fish i achieves alignment with its desired vector, v;(t+
At) =d;j(t+At), otherwise it turns 0At towards it. All
turning is assumed to be subject to slight error. This is
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simulated by rotating v;(t+ At) by an angle drawn from a
Gaussian distributed random deviate centred on 0 with
standard deviation o =0.1 radians.

This completes the calculation of the new direction
vectors. The new position vector of fish i is then given
by ci(t+At) =ci(t)+vi(t+At)Ats, where s is the speed
of movement of the fish. Simulated fish have a body
length of 4 cm (= 1BL) as in our experimental trials,
and other parameters are set accordingly; s =6 cm/s,
d=1 BL (Partridge 1982), 6=100°/s (Krause and
Tegeder 1994). The number of fish, N, was varied over
the range observed in the laboratory. Two hundred
replicate simulations of the model were run for each
density in the laboratory and twenty replicates were
run for each density in the field. For each replicate, data
on group size and number of groups formed were
collected at the 5000th time-step, by which time group
behaviour in the model had reached a dynamically
stable state. To assess the spatial distribution of indivi-
duals in the model, we used the same criterion (of
grouping together fish within four body lengths of a
neighbour) that was applied to live fish in our test tank
and in the field.

Results

Mean number of groups in the experimental arena
increased 3.5-fold over the density range, whilst group
size increased 3.3-fold. This increase in shoal size is
almost identical to that observed by Rangeley and
Kramer (1998) over a similar density range. In the
shoaling model both the number and size of groups
increased with density. A good fit was achieved between
the observed results and the shoaling model for both
variables (Fig. 1a, b). The null model also produced an
increase in group number and group size with density
(Fig. 1c, d). However, the mean group size produced by
the null model did not increase as steeply with density as
it did in the shoaling model, reaching a maximum of 1.25
at the highest density (Fig. 1c). Using Monte Carlo
analysis mean empirical group size and number was
compared to the corresponding values produced by each
model at each density, and individual P-values were
obtained. These were then combined, using Fisher’s
omnibus test (Haccou and Meelis 1992), to yield a single
measure of how well each model fit the observed
data. The shoaling simulation model provided data
that were not significantly different from the observed
ones both for group size (Fisher’s omnibus test: N =20,
f=31.64, P =0.825) and for group number (N =20, f =
40.93, P =0.430), whereas the null model differed
significantly from the laboratory data (group size: N =
20, f=215.36, P <0.001; group number: N =20, f=
202.33, P <0.001).

347



[N
N

1@

Group size
[E=Y
(o] e} o
1 1 1
= i
m}

N
1

YR

Density (fish/m?)

(b)

Group number
a1
1
=1
H
0

0 2 4 6 8
Density (fish/m?)

o

[EEY
N

1 ()

Group size
[EEY
A~ (o] e} o
1 1 1 1
O
oo m}

N
L

=g=]

H A

H1 0O

—i

0

H— OO

H—m

,

o

4 6 8
Density (fish/m?)

o
N

Group number
m}

M
oo
[m]

o

Density (fish/m?)

Fig. 1. Comparing the observed laboratory results for each density to the mean group size (a) and group number (b) for the
shoaling simulation model (...), and the mean group size (c) and group number (d) for the null model (—). Trend lines for the
models are presented with error bars indicating the total ranges of the model results at each density.

Field study
Material and methods

Our study area consisted of a 6 x100 m strip of
littoral zone at Morice Lake that forms a natural bay.
Observations were made on banded killifish, F
diaphanus, to investigate how population density
influenced group size and group number. Visual count
transects were carried out in two parallel 3-m wide
strips (0—3 m and 3-6 m) off the shore over 100 m of
shoreline by two observers. Previous studies have
shown that the presence of observers in close proxi-
mity does not generally affect killifish shoaling beha-
viour (Krause et al. 2000). During the visual transects,
the number of groups, the respective group size and
group mean of body length were estimated. Controls
showed that the median error in determining group
size was 11.5% (lower quartile: 6.7 and upper quartile:
19.6, N=16) and that over-estimates and under-
estimates were equally likely (Mann—Whitney U test:
N; =9, N, =7, W =69, two-tailed P =0.47). There was
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no relationship between the magnitude of the error
and group size (linear regression: r>=0.12, N =17,
two-tailed P =0.18) for a group size range of 20-234
fish. The estimated mean body length differed from
the measured mean body length on average by 1.7 mm
(SD=1.4 mm, N =17).

Re-sampling of the same study area between transects
may have resulted in the repeated inclusion of some of
the same fish to a certain extent. There are two reasons,
however, why pseudo-replication is likely to be negligible.
Population densities were highly variable between trans-
ects (up to a factor of 35), which suggests that there was
considerable exchange of fish with other parts of the
lake. Furthermore, a mark—recapture study (Hoare et al.
2000) at Morice Lake indicated that shoal fidelity and
site fidelity in killifish were both very low, with
individuals mixing extensively within a 24 hour period
and ranging widely over the study site. This suggests
that, even if some individuals were repeatedly included in
different transects, they were likely to have switched
between shoals. It is estimated that approximately 20 000
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shoal encounters take place in this study site per day
(Hoare et al. 2000, Krause et al. 2000).

At the time the field data were collected, the majority
(>60%) of the fish at the site were killifish, with smaller
numbers of golden shiners, Notemigonus crysoleucas,
(30%) and white suckers, Catostomus commersoni, (10%)
present. Previous work has demonstrated that while
multi-species shoals are frequently observed in the lake,
these shoals are generally dominated by one species
which comprises roughly 87-95% of the shoal’s mem-
bers, and these are well assorted according to phenotype
(Krause et al. 2000). We therefore excluded these other
species from our analysis, because they did not have a
direct bearing on the number of individuals available for
shoaling with the killifish present at the site. In order to
focus on the individuals which most closely matched the
size of our laboratory test fish, we separated out the
records of groups which contained fish measuring
between 30 mm and 40 mm after analysing the data as
a whole. We then recalculated the density for fish ranging
from 30—40 mm because it is known that killifish shoals
are generally well size-assorted (Krause et al. 2000) and
we would therefore expect fish to be mainly associated
with similar-sized individuals (i.e. the density of size-
matched individuals should be most relevant for shoal
formation).

The transect was divided into ‘cell units’ of space,
which then allowed us to investigate differences in space
use by the fish along the bay. Flags posted along the
length of the transect divided the space into 5 m zones,
which were further divided by another set of markers set
at a distance of 3 m from the shore. The smallest unit of
space over which groups were observed was therefore
5 x 3 m, which was only used to calculate the maximum
densities observed in the field. These cells were pooled
into 10 x 6 m cells to allow analysis of differential space
use along the transect (Fig. 2). Data from fish measuring
between 30 and 40 mm, and from fish measuring
between 20 and 30 mm were analysed separately using
these cell units, so that space use both within and
between size classes could be compared.

Results

A total of 9626 killifish were observed during the eight
transects carried out over 10 days. They ranged in size
from 15 to 65 mm, with the majority of individuals
measuring between 20 and 35 mm. The distribution of
fish in each body length class, and the number of groups
observed comprising of fish of different body lengths can
be seen in Fig. 3. Observed densities within the 600 m?
bay ranged from 0.1-4.9 fish m 2. Fish measuring
between 30 and 40 mm made up 30% of the individuals
within the overall sample.
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Fig. 2. Schematic of transect section from above showing one
6 x 10 m cell divided into four 5 x3 m cells by flags.

Total density was calculated as the total number
of fish observed (within the 600 m? bay during
each transect) divided by 600. Body length specific
density was calculated as the number of fish measuring
30-40 mm divided by 600. There was a significant
positive correlation between the total density and the
observed shoal size (Spearman rank correlation: N =8,
rs =0.76, two-tailed P =0.028) and number (N =8, ry =
0.95, two-tailed P <0.001) of shoals including fish from
all body length classes.

For fish in the 30-40 mm range we found no
correlations between total density (all fish in the
population including those smaller and larger than 30—
40 mm) and shoal number (Spearman rank correlation:
N =8, 1, =0.69, two-tailed P =0.058), and total density
and mean shoal size (N =8, ry=0.21, two-tailed P =
0.610). However, significant positive associations existed
between body length specific density and both shoal size
and number in these fish (mean group size: N =8, ry=
0.95, two-tailed P <0.001; group number: N =8, r,=
0.76, P =0.028). The strengths of these associations
were similar to those observed between total density
and the mean size and number of all shoals within the
transect.

We found that fish occurred in greater numbers in
some subsets of our transect than others (Friedman test:
body length 30-40 mm: N =8, 3> =23.9, two-tailed P =
0.005; body length 20—-30 mm: N =8, xz =233, P=
0.006). The vast majority ( >90%) of fish in both the
larger (30—40 mm) and smaller (20—30 mm) body length
classes were observed in relatively small proportions of
the available space (18% and 26% respectively). Fish
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Fig. 3. (a) The body size distribution of all fish observed during
eight transects, (b) the group number distribution of all groups
observed according to body size.

densities reached a maximum of 35 fish m 2 for larger
fish and 51 fish m~2 for smaller fish (calculated for
3 x5 m cell units).

When the shoaling model (which produced a good fit
of the data in the laboratory) was extended to predict the
shoaling patterns in the field, the match between the
model and the observed results broke down (Fig. 4).
Shoals observed in the field contained many more fish
(and were therefore fewer in number) than those
predicted by the shoaling model. Over the same range
of densities, the shoaling model predicted a 1.5-fold
increase in group size, whereas in the observed data
group size increased 20-fold.

Discussion

We successfully described the shoaling behaviour (in
terms of size and number of shoals formed) of killifish
using a general shoaling model, in which the behavioural
tendencies and characteristics of the ‘fish” were based on
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Fig. 4. Group size (a) and group number (b) observed with
increasing density in the field (O) and produced by the shoaling
simulation (H). Mean+SD are given for the shoaling model
(but SD is negligibly small).

published, biologically-relevant values and not tailored
to our specific situation. However, the shoaling model
only accurately described killifish shoaling behaviour in
the laboratory and not in the field. A parameter search
showed that the shoaling model would not be able to
produce the group sizes observed in the field for
biologically meaningful parameters, suggesting that
these large shoals were unlikely to have been produced
by the shoaling tendency of the fish alone. Fish
measuring 30-40 mm in length were consistently
observed at higher densities in some areas along the
transect than others. This was most likely to be due to
differences in the substratum type (i.e. sand and rocks)
along the bay, which in turn might have been influencing
local food availability and/or the conspicuousness of the
killifish to predators. It appears that the large shoals
found in the field are more likely to be the result of non-
social aggregation of fish in particular areas of the field
site, combined with social aggregation.

Similar problems of local aggregation have been
encountered in previous studies. Essington and Kitchell
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(1999) found that the distribution of largemouth bass
(Micropterus salmoides) was patchy on both large and
small scales in Long Lake, Michigan, where the fish were
aggregated in the littoral region. By creating a model of
the system which included a taxis towards a particular
area of the lake, the authors were able to explain much of
the large-scale aggregation, but the level of small-scale
aggregation could not be explained, even after the
inclusion of taxes towards shallower or more shelter-
rich units of space. The patterns of aggregation observed
in this study highlight the fact that non-random
distributions observed at one spatial scale may be
generated by processes occurring at another. In this
case, the bass showed a large-scale preference for the
eastern side of the lake (possibly due to a thermal
preference), and their distribution was then further
modified by habitat or diet preferences at the small-
scale. Small changes in the modelled movement beha-
viour of individuals were found to produce large and
often surprising changes to their simulated spatial
distributions. Thus observed patterns of aggregation
could be based on small variations in a wide range of
factors, both biotic and abiotic, which can affect the
movement of individual fish within a given area. Few
existing models have investigated the effects of aggregat-
ing forces on the distribution of fish in combination
with observations from the field (Dagorn et al. 1997,
2000, Essington and Kitchell 1999, Flierl et al. 1999,
Maravelias 2001).

Our null model that simply increased the number of
fish but did not incorporate shoaling tendency was
found to be a poor predictor of fish behaviour in both
laboratory and the field. In the null model the effect of
increasing the number of individuals in the area was to
sharply increase the number of groups (in this case single
individuals), without altering group size to a great
degree. This shows that the greater proximity of indivi-
duals alone (due to the larger number of fish in the
arena) was not sufficient to greatly increase shoal size.
Social attraction between fish, in combination with
larger numbers of individuals in the arena, was required
to produce a strong increase in shoal size. Both social
and non-social aggregating forces can therefore pro-
foundly affect the size of shoals formed, and it may not
always be easy to demonstrate which of the two, if either,
is the dominant force. If resources are patchy (which
could cause localised non-social aggregation) but the
predation risk is also high (thus promoting social
aggregation), this may cloud the issue of what is driving
shoal formation. This is particularly true of pelagic
habitats where resources can be patchy but may not
persist in the same physical space.

A study by Bouaichi et al. (1996) highlights the
importance of environmental microstructure for distri-
bution patterns. Desert locusts Schistocerca gregaria
tend to avoid each other when at low densities, but
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when crowded together undergo both physiological and
morphological changes which promote extreme gregar-
iousness, frequently to devastating effect. Despland et al.
(2000) were able to create an individual-based model
that accurately described and predicted the transition of
individuals from the solitarious behavioural phase to the
gregarious phase with increasing fractal dimensions of
available resources. This was based on previous work by
Bouaichi et al. (1996) which had investigated the effects
of the distribution of food, shelter and microclimate on
the degree to which locusts associated with a stimulus
group, and the frequency with which they performed
various locomotory and grooming behaviours. They
used logistic regression to construct a mathematical
model that would predict whether, given its record of
behaviour under test conditions, an individual locust had
previously been reared in solitary or crowded conditions.
They found that the more patchy the resources, the more
likely were previously solitary locusts to develop gregar-
ious behaviours during the experiments. These findings
were confirmed through trials conducted in enclosures in
the field, and demonstrates the importance of small
changes to local conditions in promoting what can be
extremely large-scale phase shifts in behavioural
patterns.

Given the poor performance of the shoaling model in
predicting the size of shoals in the field, it is clearly not
enough to observe the effects of increasing fish density in
laboratory experiments, to determine the behavioural
mechanisms underlying shoal formation, and to then
attempt to validate the laboratory findings with data
from the field. Laboratory arenas and field sites differ,
not only in scale, but also in environmental heterogene-
ity, in addition to a large number of visual and olfactory
cues. Certain characteristics of the field site must first be
investigated in the laboratory to assess the extent to
which shoal formation at different densities is affected by
potential non-social aggregating factors present in the
field. These effects can then be incorporated into
mathematical models, and the resulting predictions
regarding fish distribution, based on both social and
non-social aggregating factors, can be validated with
observations from the field. However, in the light of our
field transect results it is important to note that applying
even the most accurate and comprehensive of models to
describe the size and number of fish shoals in the field
will require a degree of prior knowledge, not only of the
abiotic conditions present in the field site, but also the
body lengths of the fish present. That the sizes and
numbers of shoals formed are largely dependent, not on
the total number of fish present, but the relative
abundances of fish of different body lengths, may present
real difficulties to modellers engaged in predicting, for
example, the effects of habitat or thermal changes within
a particular body of water. Thus, our study identifies
some of the problems involved in predicting group size
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distributions in the field based on laboratory studies, and
highlights an area which continues to present interesting
challenges for future research.

Acknowledgements — EMAH was in receipt of a studentship
from the BBSRC. IDC is supported by the Pew Program in
Biocomplexity, Princeton University, and the NSF (award
0201307 to Martin Wikelski). We would like to thank Jean-
Guy Godin for his comments and the use of his equipment
throughout this study, and Bill Kunin for his many helpful
insights into the field of spatial variation in density. Thanks also
to Darren Croft for his help with the field data collection, to
Dan Hoare for his assistance in the planning and design of
the field component, and to Jorn Gollisch for his help with the
laboratory data collection. Many thanks also to Wayne
Anderson for his invaluable technical expertise.

References

Aoki, 1. 1982. A simulation study on the schooling mechanism
in fish. — B. Jpn. Soc. Sci. Fish. 48: 1081-1088.

Begon, M., Harper, J. L. and Townsend, C. R. 1996. Ecology,
3rd ed. — Blackwell Science.

Bouaichi, A., Simpson, S. J. and Roessingh, P. 1996. The
influence of environmental microstructure on the beha-
vioural phase state and distribution of the desert locust
Schistocerca gregaria. — Physiol. Entomol. 21: 247-256.

Couzin, I. D. and Krause, J. K. 2003. Self-organization and
collective behavior in vertebrates. — Adv. Study Behav. 32:
1-67.

Couzin, I. D., Krause, J., James, R. et al. 2002. Collective
memory and spatial sorting in animal groups. — J. Theor.
Biol. 218: 1-11.

Dagorn, L., Petit, M. and Stretta, J. M. 1997. Simulation of
large-scale tropical tuna movements in relation with daily
remote sensing data: the artificial life approach. — Biosys-
tems 44: 167—180.

Dagorn, L., Josse, E., Bach, P. et al. 2000. Modeling tuna
behaviour near floating objects: from individuals to aggre-
gations. — Aquat. Living Resour. 13: 203-211.

Davidson, D. L. and Morris, D. W. 2001. Density-dependent
foraging effort of deer mice (Peromyscus maniculatus).
— Funct. Ecol. 15: 575-583.

Despland, E., Collett, M. and Simpson, S. J. 2000. Small-scale
processes in desert locust swarm formation: how vegetation
patterns influence gregarization. — Oikos 88: 652—-662.

Essington, T. E. and Kitchell, J. F. 1999. New perspectives in the
analysis of fish distributions: a case study on the spatial
distribution of largemouth bass (Micropterus salmoides).
— Can. J. Fish. Aquat. Sci. 56: 52-60.

Flierl, G., Griinbaum, D., Levin, S. et al. 1999. From
individuals to aggregations: the interplay between behaviour
and physics. — J. Theor. Biol. 196: 397-454.

Fréon, P. and Misund, O. A. 1999. Dynamics of pelagic fish
distribution and behaviour: effects on fisheries and stock
assessment. — Fishing News Books, Blackwell Science, pp.
56-101.

Gaskin, T., Futerman, P. and Chapman, T. 2002. Increased
density and male—male interactions reduce male longevity
in the medfly, Ceratitis capitata. — Anim. Behav. 63: 121—
129.

Glasser, F. and Oswald, M. 2001. High stocking densities reduce
Oreochromis niloticus yield: model building to aid the
optimisation of production. — Aquat. Living Resour. 14:
319-326.

Godin, J-G. J. 1986. Antipredator function of shoaling in teleost
fishes: a selective review. — Nat. Can. 113: 241-250.

352

Haccou, P. and Meelis, E. 1992. Statistical analysis of beha-
vioural data. An approach based on time-structured models.
— Oxford Univ. Press.

Hoare, D., Ruxton, G. D., Godin, J-G. J. et al. 2000. Social
organisation of free-ranging fish shoals. — Oikos 89: 546—
554.

Hoare, D. J., Couzin, I. D., Godin, J.-G. J. and et al, J. 2004.
Context-dependent group-size choice in fish. — Anim.
Behav. 67: 155—164.

Horne, J. K. and Schneider, D. C. 1995. Spatial variance in
ecology. — Oikos 74: 18-26.

Houston, A. I. and McNamara, J. M. 1999. Models of adaptive
behaviour. — Cambridge Univ. Press.

Huntingford, F. A. 1993. Can cost—benefit analysis explain fish
distribution patterns. — J. Fish Biol. 43: 289-308.

Huth, A. and Wissel, C. 1992. The simulation of the movement
of fish schools. — J. Theor. Biol. 156: 365-385.

Huth, A. and Wissel, C. 1994. The simulation of fish schools in
comparison with experimental data. — Ecol. Modell. 75:
135-145.

Kalmijn, A. J. 1988. Functional evolution of lateral line and
inner ear sensory systems. — In: Atema, J., Fay, R. R.,
Popper, A. N. et al. (eds), The sensory biology of aquatic
animals. Springer-Verlag, pp. 187-215.

Kent, A, Hawkins, S. J. and Doncaster, C. P. 2003. Population
consequences of mutual attraction between settling and
adult barnacles. — J. Anim. Ecol. 72: 941-952.

Krause, J. and Tegeder, R. W. 1994. The mechanism of
aggregation behaviour in fish shoals: individuals minimise
approach time to neighbours. — Anim. Behav. 48: 353-359.

Krause, J. and Ruxton, G. D. 2002. Living in groups. Oxford
series in ecology and evolution, May, R. M. and Harvey,
P. H. (eds). — Oxford Univ. Press, Oxford.

Krause, J., Hoare, D. J., Croft, D. et al. 2000. Fish shoal
composition: mechanisms and constraints. — Proc. R. Soc.
Lond. B. Biol. 267: 2011-2017.

Maravelias, C. D. 2001. Habitat associations of Atlantic herring
in the Shetland area: influence of spatial scale and geo-
graphic segmentation. — Fish. Oceanogr. 10: 259-267.

Niwa, H-S. 1998. School size statistics of fish. — J. Theor. Biol.
195: 351-361.

Okubo, A. 1986. Dynamical aspects of animal grouping:
swarms, schools, flocks and herds. — Adv. Biophys. 22: 1-94.

Partridge, B. L. 1982. The structure and function of fish
schools. — Sci. Am. 246: 90-99.

Partridge, B. L. and Pitcher, T. J. 1980. The sensory basis of fish
schools: relative role of lateral line and vision. — J. Comp.
Physiol. 135: 315-325.

Pitcher, T. J. 1997. Fish shoaling behavior is a key factor in the
resilience of fisheries: shoaling behavior alone can generate
range collapse in fisheries. — Proc. 2nd World Fish Cong. 2:
143-148.

Pitcher, T. J. and Parrish, J. K. 1993. Functions of shoaling
behaviour in teleosts. — In: Pitcher, T. J. (ed.), The behaviour
of teleost fishes, 2nd ed. Chapman and Hall, pp. 363-439.

Pitcher, T. J., Magurran, A. E. and Winfield, I. 1982. Fish in
larger shoals find food faster. — Behav. Ecol. Sociobiol. 10:
149-151.

Pitcher, T. J., Magurran, A. E. and Allen, J. R. 1983. Shifts of
behaviour with shoal size in cyprinids. — Proc. Brit. Freshw.
Fish. Conf. 3: 220-228.

Powell, D. K., Tyler, P. A. and Peck, L. S. 2001. Effect of sperm
concentration and sperm ageing on fertilisation success in
the Antarctic soft-shelled clam Laternula elliptica and the
Antarctic limpet Nacella concinna. — Mar. Ecol. Prog. Ser.
215: 191-200.

Rangeley, R. W. and Kramer, D. L. 1998. Density-dependent
antipredator tactics and habitat selection in juvenile
pollock. — Ecology 79: 943-952.

Subject Editor: Lennart Persson

OIKOS 110:2 (2005)



