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The confusion effect is often cited as an antipredatory benefit of group living and has been demonstrated by numerous studies
across a range of taxa. However, there have been relatively few studies examining the mechanisms behind the effect and no
experimental test of its supposed theoretical basis (information degradation in neural networks) using a natural predator–prey
pairing. In agreement with other studies, we demonstrate that attack success of the three-spined stickleback (Gasterosteus aculeatus L.)
is reduced by an increase in Daphnia magna group size. Neural network models attempt to explain this trend with multiple prey
inducing poor neural mapping of target prey, thus leading to an increase in the spatial error of each attack. We explicitly tested
this prediction and demonstrate that the decrease in attack success by sticklebacks does correspond to an increase in spatial
targeting error with larger prey group size. Finally, we show that the number of targets, rather than the density or area occupied
by the group, has the greatest effect on reducing the rate of attack. These results are discussed in the context of the information
processing constraints of predators, the ultimate cause of the confusion effect. Key words: aggregation, confusion effect, Daphnia,
neural networks, stickleback, targeting error. [Behav Ecol 19:126–130 (2008)]

The confusion effect (Miller 1922) is one of several mech-
anisms that reduce predation risk in group-living prey,

others include group defence, increased vigilance, and attack
abatement (reviewed by Krause and Ruxton 2002). As preda-
tors have to process spatial information of multiple targets
when prey aggregate, the accuracy of this processing declines,
causing the confusion effect (Krakauer 1995). Thus, aggrega-
tion of prey exploits the information processing constraint of
predators. It is this neurological constraint that distinguishes
the confusion effect from other antipredatory grouping
mechanisms.

The effect operates at 2 stages of the predation cycle (Lima
and Dill 1990). First, there may be a reduction in attack rate
(e.g., Milinski 1977a) as costs of overcoming confusion are too
high, for example, due to a decreased attention to their own
predators (as in the simulated aerial attacks on feeding stickle-
backs by Milinski 1984). If an attack is launched, the proba-
bility of success can also be affected by the confusion effect
(Krause and Ruxton 2002), that is, the ratio of attacks to kills
is increased (e.g., cephalopods predating fish: Neill and
Cullen 1974; raptors predating redshanks: Creswell 1994).
The inverse of this attack-to-kill ratio is attack success (i.e.,
the number of kills per attack), which will be used throughout
this paper (as used by Tosh et al. 2006). Interestingly, attack
rate should increase with prey density as encounter rate in-
creases (the functional response, discussed in terms of the
confusion effect by Jeschke and Tollrian 2005). In addition,
a randomly striking predator will increase attack success as
density increases, as the probability of striking a space con-
taining a prey increases with density.

The experimental literature on the confusion effect greatly
outnumbers theoretical work. A possible explanation is that
the underlying mechanism is believed to be neurological,
which is problematic to model, especially without the use of
computationally intensive techniques. Only 3 published stud-
ies attempt to model this effect: the neural network models of

Krakauer (1995), Tosh and Ruxton (2006), and Tosh et al.
(2006). Neural network models aim to represent the neuro-
logical processing of visual information by animals from input
at the retina to the representation of this input onto a neural
topographic ‘‘map.’’ The neural network approach has proved
successful in simulating an observed confusion effect of hu-
mans predating computer-generated prey (Tosh et al. 2006).
Possibly due to the relative novelty of this theoretical ap-
proach, however, no study has yet attempted to bridge the
gap between theoretical and experimental work using a natu-
ral predator–prey system.

Neural network models of the confusion effect make a key,
untested prediction for the behavior of a predator attacking
prey groups: accuracy is reduced due to the poor neural map-
ping of targeted prey induced by the large number of poten-
tial targets. Thus, it is expected that the greater the degree of
confusion the greater the spatial targeting error of each at-
tack. This mechanism is believed to account for the lower
attack success observed in many experimental studies, al-
though there is no empirical evidence that poor neural map-
ping leads directly to an increase in spatial targeting error
(Tosh et al. 2006), and alternative mechanisms may also be
in operation. For example, another prey may overlap the tar-
get item, even though the original strike would have been
successful (Neill and Cullen 1974; Ohguchi 1981). Overlap
may result in an alternative individual being captured, al-
though this is less likely if prey are relatively fast moving and
a period of tracking the target is required before the strike can
be launched (i.e., the tracking is interrupted with an overlap).
This issue can be overcome by presenting prey in a 2–dimen-
sional (2D) plane, isolating the effect of large prey numbers
on neural mapping, although this approach has not been
used outside of studies using humans (Tosh et al. 2006).

Neural network models focus primarily on the effect of prey
number, although there is some theoretical (Krakauer 1995;
but see Tosh et al. 2006) and experimental (Milinski 1977b)
evidence that increasing density of groups can increase the
confusion effect. Prey groups from a range of taxa demonstrate
compaction on detecting a predator (e.g., Magurran and
Pitcher 1987), although this may also be accounted for by
a selfish-herd effect (Hamilton 1971). The question of whether
the density, size (number), or area occupied by a group causes
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the confusion effect is often overlooked as prey is often pre-
sented in a constant area or volume and prey number manip-
ulated. As density is a derived variable (density ¼ number/area
or volume), it is difficult to distinguish which variable (density,
number, or area) is having the effect, as only one variable can
be controlled between treatments. Milinski (1977b) demon-
strated that increasing density of the group increased prefer-
ence for strays, although such a density effect has yet to be
shown when a single group (without strays) is presented.

Using the three-spined stickleback (Gasterosteus aculeatus L.)–
Daphnia magna predator–prey system, 3 experiments were con-
ducted to attempt to bridge the gap between predictions of
neural network models and experimental work demonstrating
risk reduction in prey. It was tested whether there is a decrease
in attack success associated with increased prey group size,
thus reducing risk to aggregated prey. It was then examined
whether this decrease in success could be accounted for by
a larger targeting error from the target individual as predicted
by neural network models. In the final experiment, we test
whether density, area, and/or number have effects on preda-
tor confusion by measuring the number of attacks per time
unit. By investigating the commonly used stickleback–Daphnia
system (e.g., Ohguchi 1981), the results presented are directly
comparable to those of other studies and are discussed in
relation to neural network models and how these can be de-
veloped further.

METHODS

General maintenance

All sticklebacks were sourced from the estuary of the Great Eau
river, Saltfleet Haven, UK, and were kept in gray, fiberglass
stock tanks (85 3 55 cm, water depth 50 cm) for at least
6 months before testing at 16 �C on a 13:11 h day:night light
cycle. Fish were fed frozen bloodworms and single live Daphnia
each day. Experiments were carried out between 1000 and 1700 h.
Sticklebacks were returned to their source site after testing.

Experiment 1—attack success

An opaque, white, cylindrical container (diameter 25 cm,
height 25 cm, and water depth 4 cm) was filled with 1 l of
water, with either 20 or 500 Daphnia (mean length ¼ 2.1 mm,
standard deviation [SD] ¼ 0.2 mm) allowed to habituate for
10 min. The upper Daphnia density was within those found
under natural conditions (e.g., Jensen and Larsson 2002). A
stickleback (standard mean length ¼ 5.6 cm, SD ¼ 0.52 cm)
was gently added to the container from individual holding
(held in tanks 45 3 11 3 13 cm for at least 48 h). Larger fish
were used in this experiment compared with experiments
2 and 3 to facilitate detailed observation of feeding behavior.
Lighting was provided by diffuse ceiling fluorescent tubes.
The feeding behavior of each fish was filmed for 30 min, using
a camcorder mounted 1 m above the tank, recording the
number of attacks and whether each failed, the prey was re-
jected, or resulted in consumption (kill). Trials were aborted
if no kills were made within 30 min. Each fish was tested at
both Daphnia group sizes, separated by a week. Out of 20 fish
tested, only 2 fish did not consume at least 1 Daphnia in either
treatment, and a further 5 did not consume in one of the 2
treatments. Thus, the sample size for the repeated measures
tests was reduced to 13. Individual fish and treatments were
tested in a random order.

To maintain prey number, Daphnia were replaced immedi-
ately after each consumption using 2 pipettes protruding into
the container by 1 cm at the water surface. The pipettes were
placed opposite to each other; the pipette further from the fish

was used to replace the prey to minimize disturbance, and this
method did not appear to affect feeding behavior. A video
monitor was used to indirectly observe consumption. Addition-
ally, 2 holes in the sides of the container, equidistant from the
pipettes and also at the water surface, allowed overflow (due to
water added with the Daphnia) to maintain water volume. A
similar apparatus was used by Heller and Milinski (1979).

Experiment 2—targeting error and group size

We then examined whether any effect of prey group size on
attack success corresponded with an effect on the accuracy of
each attack, as measured by the spatial error from the target.
Forty sticklebacks (standard mean length¼ 3.5 cm, SD¼ 0.50 cm)
were placed in a tank (46 3 31 3 31 cm, water depth 29 cm)
the evening before testing and then left to habituate overnight.
The tank was split into 2 areas: a living area (31 3 31 3 31 cm)
and a feeding area (15 3 31 3 31 cm), separated by a white
Perspex wall. The 2 areas were connected by a 10 3 10 cm
square door cut into the horizontal center of the wall, so that
the top of the door was flush with the water surface. An addi-
tional piece of Perspex (19 3 15 cm) was suspended 2 cm
behind the door to block any line of sight from the living area
into the feeding area. This also provided a white background
to facilitate recording of Daphnia positions.

The next day, all fish were moved into the living area, and
either 5 or 20 Daphnia (mean length ¼ 2.7 mm, SD ¼ 0.17
mm) were placed in a 10 3 10 cm glass chamber with an
internal width of 4 mm (thus restricting overlap between
Daphnia but allowing free swimming movements). The cham-
ber was mounted in the feeding area on the tank wall opposite
the door. After a number of minutes, individual fish would
enter the feeding area from the living area and attack the
Daphnia prey. The attack of the fish was remotely viewed
and recorded using a camcorder facing the feeding area.
Once an attack was made, the fish was removed, and the
Daphnia individuals changed. Daphnia were presented in a
random order at either group size 5 or 20.

Frame by frame analysis was used to determine the error of
each strike. A strike was defined as the first snout touch on the
chamber wall, a reliable indication of which was given by an
overhead mirror viewing the fish’s approach to the chamber.
Of each frame at the moment of the strike, the coordinates of
the stickleback’s mouth and the center of each Daphnia were
extracted manually using ImageJ (version 1.34s). This allowed
calculation of the strike’s targeting error (the distance [pix-
els] from the strike to the nearest Daphnia). Twenty-one trials
were carried out with a Daphnia group size of 5 and 20 trials
with a group size of 20.

Experiment 3—prey number, area, or density?

Finally, we tested whether prey number, area, or density (or
a combination of these) causes the confusion effect. Daphnia
were presented in a chamber of 9 adjacent plastic cuvettes
(each with internal dimensions of 1 3 1 cm) attached to a tank
(19 3 10 3 25, water depth ¼ 22) wall facing a camcorder.
Water depth in these cuvettes was kept constant at 1.5 cm,
including cuvettes without Daphnia.

For each treatment, Daphnia (mean length ¼ 2.1 mm, SD ¼
0.2 mm) were placed in the 7 middle cuvettes in the following
arrangements (Figure 3):

A: Large area, low density, and low number: 5,5,5,5,5,5,5.
B: Small area, high density, and low number: 0,0,0,35,0,0,0.
C: Large area, density, and number: 35,35,35,35,35,35,35.

Thus, each variable (area, number, and density) was increased
by a factor of 7 between high and low treatments. As density is
derived from number/area, 2 variables must vary between
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treatments and only one can be controlled. Thus, a minimum
of 3 treatments must be used to distinguish which variables
are having an effect on predator confusion. By expanding the
area occupied by the Daphnia group horizontally, the prob-
lems highlighted by Milinski (1977b) are avoided. In that
experiment, area was varied using water depth within a single
test tube, although this affected Daphnia distribution within
the tube, thus possibly confounding the result.

After 10 min habituation of the Daphnia, an opaque cover
was placed between the chamber and the inside of the tank. A
stickleback was transferred from individual holding (held in
tanks 45 3 11 3 13 cm for at least 48 h) to the tank, and after
5 min of further habituation, the opaque cover was gently
removed. After the initial approach of the fish to the cuvettes
(an approach was defined as being within 1 cm), the number
of strikes made was recorded for 5 min. The trial was aborted
if the fish did not approach within 10 min. Three out of
20 fish did not approach in any of the trials. Each fish was
tested at all 3 arrangements, 1 arrangement per day over
3 days. Individual fish and treatments were tested in a random
order.

Data analysis

Where data did not meet assumptions of normality and ho-
mogeneity of variance, data were log transformed where
possible or nonparametric statistics were used. As repeated
measures designs were used in experiments 1 and 3, Wilcoxon
signed-rank tests were used to compare Daphnia treatments.
All statistics were carried out in SPSS version 11.

RESULTS

Experiment 1—attack success

To determine the effect of aggregation on the confusion effect,
three-spined sticklebacks were added to groups of Daphnia of
20 or 500 individuals and foraging success was recorded. In
terms of attack success (number of kills/number of attacks),
sticklebacks were more successful at the lower, compared with
the higher, Daphnia group size (Figure 1a; Wilcoxon signed-
rank test, Z¼�2.824, n¼ 13, P¼ 0.002). Median attack success
(number of kills/number of attacks) when attacking prey at
group size 500 was 67% compared with 86% at the smaller
group size of 20. The difference in attack success between
the group sizes was driven by a significant difference between
the 2 prey group sizes in the number of failed attempts (Figure
1b; Z ¼ �2.49, n ¼ 13, P ¼ 0.01). There was no significant
difference between the number of attacks (Z ¼ �0.157, n ¼
13, P¼ 0.910) or kills (Z¼�0.315, n¼ 13, P¼ 0.774) between
the 2 group sizes. The median number of attacks was 28
when attacking a group of 20 prey versus 34 when attacking
a group of 500. Similarly, the median number of kills was 25
versus 15 when attacking groups of 20 and 500, respectively.

Experiment 2—targeting error and group size

Neural network models predict the mechanism for the above
decrease in attack success is due to a decrease in the accuracy
of each attack. Targeting error (measured as the distance of
the strike to the nearest prey individual) was significantly
greater when 20 Daphnia were presented to sticklebacks com-
pared with when 5 were presented (Figure 2; t-test, t ¼ �2.036,
degrees of freedom ¼ 39, P , 0.05).

Experiment 3—prey number, area, or density?

In the former 2 experiments, it has been unclear whether the
decreased foraging ability (measured as attack success and tar-
geting error) has been due to an increase in the number of
targets or an increase in their density. This is because the
area/volume of the group has been kept constant. To address
this issue, the final experiment examined how attack rate was
affected by these 3 variables (number, area, and/or density)
separately.

When prey number was held constant (i.e., A vs. B), there was
no effect of density or area on the number of attacks (Figure 3;

Figure 1
Daphnia group size has a significant effect on (a) attack success
(number of kills/number of attacks) and (b) number of failed
attempts by three-spined sticklebacks. Medians are given with
interquartile range.

Figure 2
Daphnia group size has a significant effect on mean spatial targeting
error, as mean distance to the nearest Daphnia (with one standard
error).
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Wilcoxon signed-rank test, Z ¼ �0.79, n ¼ 12, P ¼ 0.46). How-
ever, when the number of potential targets increased (A–C and
B–C), there were significantly fewer attacks (A vs. C: Z¼�1.99,
n ¼ 14, P ¼ 0.043; B vs. C: Z ¼ �2.22, n ¼ 10, P ¼ 0.039).

DISCUSSION

Increased Daphnia group size was associated with reduced
success of attacks by sticklebacks. Overlap between individuals
is a commonly cited possible mechanism for this trend (Neill
and Cullen 1974; Ohguchi 1981), although we have demon-
strated explicitly that targeting error (the spatial error from
the nearest prey to the strike) increased when large group
sizes are presented in a 2D plane, thus excluding overlap. This
result can be explained by the poor neural mapping of tar-
geted prey as predicted from the neural network models of
Krakauer (1995), Tosh and Ruxton (2006), and Tosh et al.
(2006) and is the first verification of these models using a nat-
ural predator–prey system. Our study lends support to the
prediction that poor neural mapping of prey position (in-
duced by numerous prey) leads directly to an increased tar-
geting error of attacks and hence to a fitness benefit for
aggregated prey.

By employing a continuous measure of targeting error, that
is, the distance from the strike to the nearest prey, the pre-
dictions of neural network models could be tested more spe-
cifically than has been previously possible. Detail would be lost
using a binary success/failure measurement based on a critical
distance from the nearest prey, such as the results presented
by Tosh et al. (2006) using human predators. Although suc-
cess/failure is relevant to prey risk, as demonstrated by exper-
iment 1, targeting error (a continuous variable) is more useful
in understanding the mechanisms causing the confusion ef-
fect. Hence, this is the first study to suggest that poor neural
mapping due to multiple targets leads to increased error in
targeting prey. It was assumed that the nearest individual to
a strike was the intended target, although neural network
models and the experimental test using humans (Tosh et al.
2006) preassigned the target to be attacked. As this is not
possible using nonhuman predators, it is likely that our results
are a conservative estimate of the confusion effect, as it was
more likely that a nontarget individual was nearer to the strike
than the intended target at the higher density.

Together with the other literature on the subject, this study
illustrates that the confusion effect is an umbrella term, with
multiple, nonmutually exclusive causes and consequences,
even within a particular predator–prey system. Experiment 1
demonstrates that the confusion effect manifests itself in a re-
duction of attack success, experiment 2 in an increase in spa-
tial targeting error, and experiment 3 in a decrease in attack
rate. Consequences of confusion in the stickleback also in-
clude the focus of attacks on less dense parts of the group
(Milinski 1977a), preference for spatially and phenotypically
odd individuals (Milinski 1977b; Ohguchi 1981), greater at-
tack latency before attacking (Milinski 1979), and reduced
attack duration (Milinski 1979). Which of these factors are
relevant to predation events in natural systems is dependent
on the predator–prey system under examination (Ruxton
et al. 2007) and also on environmental factors, such as the
proximity of refuges for prey to escape capture.

How these multiple causes and consequences interact is an
interesting area for future research into the confusion effect.
Figure 4 hypothesizes how poor neural mapping may account
for increased latency before the first attack, reduced attack
rate, and increased preference for strays as remediation be-
havior to counteract low attack success. For example, the
model of Tosh et al. (2006) found that the accuracy of neural
mapping increased when stray individuals were targeted.
Whether attack success increases with attack latency, reduc-
tion of attack rate, and the targeting of stray individuals needs
to be tested under experimental conditions, thereby giving an
adaptive explanation to these phenomena from the perspec-
tive of predator behavior. There is some suggestion from hu-
mans predating computer-generated prey that although prey
group size had no effect on missing the assigned target, there
was an increase in the time taken to make a successful attack
(Ruxton et al. 2007). However, our results suggest that ame-
lioration mechanisms are far from completely compensating,
as decreased attack success and targeting accuracy was still
observed with increasing prey group size.

The density of a prey group is a variable derived from the
total number of prey per unit area or volume; thus, it is not
clear which factor is predominantly responsible for the con-
fusion effect (i.e., density, number, or area: Milinski 1977b).
Our 3-treatment design in experiment 3 demonstrates that
increasing the number of prey causes a confusion effect com-
pared with a prey group with the same area but low density
and also a group with the same density but small area. The

Figure 3
Attack rate on 3 Daphnia group arrangements, with arrangements
represented below the x axis. Medians are given with interquartile
range. Treatments are (A) low number, density, and high area; (B)
low number, high density, and low area; (C) high number, density,
and area.

Figure 4
Hypothesized causes and consequences of the confusion effect.
According to neural network models, numerous targets (within the
visual range of the predator) cause poor neural mapping of the
target individual, which leads to a decrease in attack success. It is
hypothesized that predators may attempt to ameliorate this effect by
taking longer to attack prey and focusing attacks on less dense parts
of the swarm and/or strays.
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experimental design could not rule out the observed effect
being caused by an increase in both density (from treatment
A) and area (from treatment B) rather than an increase in
number per se. However, the design adopted was necessary
given the problem of independent manipulation of the
3 variables, and the interpretation presented remains the most
parsimonious one. In agreement with these results, the pri-
mary cause of confusion is predicted to be due to numerous
targets as demonstrated by the neural network models of
Krakauer (1995) and Tosh et al. (2006).

Furthermore, Krakauer (1995) made the prediction that in-
creasing density (compaction) should also have an effect un-
der specific neural wiring schemes, although Tosh et al. (2006)
did not. There was no evidence from the current study that the
area occupied by the group or the density of individuals had
an effect on reducing attack rate. In agreement, Ruxton et al.
(2007) demonstrated with human subjects that prey compac-
tion had effect neither on the probability of prey escape nor on
the time taken to make successful attacks. These findings sug-
gest that to maximize the confusion effect, prey should aim
to increase group size and that the compaction demonstrated
by many species (e.g., Magurran and Pitcher 1987) is due to
a selfish-herd effect (Hamilton 1971). Clearly, however, some
compaction is required for all individuals in a group to come
within the visual field of the predator.

Milinski (1977b) also examined this aspect of the confusion
effect using sticklebacks and demonstrated increasing density
to have an effect on increasing confusion, with no effect of prey
number and area when density was held constant. However,
their methodology differed in that the stickleback’s preference
for strays was measured, whereas attack rate on a single group
was measured in the current study. It is also reasonable to as-
sume that both density and number may have an effect on the
same measure of confusion but at different scales. For example,
if the visual field of a stickleback is already filled by a Daphnia
swarm, additional prey on the periphery, that is, outside the
field, would not be expected to increase the confusion effect.
In contrast, additional prey items to a swarm within the visual
field (increasing the volume it occupies, but not its density)
may increase confusion, as was found in this study. The effects
of number, area, and density on the degree of predator confu-
sion are almost certainly nonlinear (e.g., Tosh et al. 2006); thus,
the scale at which the effect is examined is critical in its dem-
onstration. This suggests further potential work for neural net-
work models in examining the confusion effect by considering
prey groups exceeding the visual field of the predator.

In agreement with previous work, three-spined sticklebacks
seem to suffer from a confusion effect when presented with
multiple prey, and this is associated with an increase in target-
ing error as predicted by neural network models. The reduc-
tion in risk for Daphnia with increased aggregation has been
shown repeatedly from the perspective of predator behavior
(Milinski 1977a, 1977b) and also changes in Daphnia behavior
itself when presented with predator cues (Young et al. 1994;
Jensen and Larsson 2002). Thus, Daphnia aggregation does
appear to have adaptive value in reducing predation risk from
fish predators.

FUNDING

Leeds University Research Scholarship (C.C.I.).

We would like to thank Dean Waters and Graeme Askew for advice on
video analysis, Doreen Illingworth for advice on Daphnia measure-
ments, and Ralph Tollrian for help with Daphnia identification. Costas
Ioannou assisted in the design of the final experiment. Finally, we are
grateful to Amy Wade, Stella Ioannou, Iain Couzin, Bill Kunin, Jürgen
Denecke, and 2 anonymous referees for making constructive com-
ments on the manuscript.

REFERENCES

Creswell W. 1994. Flocking is an effective anti-predation strategy in
redshanks, Tringa totanus. Anim Behav. 47:433–442.

Hamilton WD. 1971. The geometry of the selfish herd. J Theor Biol.
31:295–311.

Heller R, Milinski M. 1979. Optimal foraging of sticklebacks on
swarming prey. Anim Behav. 27:1127–1141.

Jensen KH, Larsson P. 2002. Predator evasion in Daphnia: the adaptive
value of aggregation associated with attack abatement. Oecologia.
132:461–467.

Jeschke JM, Tollrian R. 2005. Effects of predator confusion on func-
tional responses. Oikos. 111:547–555.

Krakauer DC. 1995. Groups confuse predators by exploiting percep-
tual bottlenecks: a connectionist model of the confusion effect.
Behav Ecol Sociobiol. 36:421–429.

Krause J, Ruxton GD. 2002. Living in groups. Oxford: Oxford Univer-
sity Press.

Lima SL, Dill LM. 1990. Behavioural decisions made under the risk of
predation: a review and prospectus. Can J Zool. 68:619–640.

Magurran AE, Pitcher TJ. 1987. Provenance, shoal size and socio-
biology of predator-evasion behaviour in minnow shoals. Proc R
Soc Lond B Biol Sci. 229:439–465.

Milinski M. 1977a. Do all members of a swarm suffer same predation?
Z Tierpsychol. 45(4):373–388.

Milinski M. 1977b. Experiments on selection by predators against
spatial oddity of their prey. Z Tierpsychol. 43(3):311–325.

Milinski M. 1979. Can an experienced predator overcome the
confusion of swarming prey more easily? Anim Behav. 27:1122–
1126.

Milinski M. 1984. A predator’s cost of overcoming the confusion-
effect of swarming prey. Anim Behav. 32:1157–1162.

Miller RC. 1922. The significance of the gregarious habit. Ecology.
3:122–126.

Neill SRStJ, Cullen JM. 1974. Experiments on whether schooling by
their prey affects the hunting behaviour of cephalopods and fish
predators. J Zool. 172:549–569.

Ohguchi O. 1981. Prey density and selection against oddity by three-
spined sticklebacks. Adv Ethol. 23:1–79.

Ruxton GD, Jackson AL, Tosh CR. 2007. Confusion of predators
does not rely on specialist coordinated behaviour. Behav Ecol. 18:
590–596.

Tosh CR, Jackson AL, Ruxton GD. 2006. The confusion effect in
predatory neural networks. Am Nat. 167(2):E52–E65.

Tosh CR, Ruxton GD. 2006. Artificial neural network properties asso-
ciated with wiring patterns in the visual projections of vertebrates
and arthropods. Am Nat. 168(2):E38–E52.

Young S, Watt PJ, Grover JP, Thomas D. 1994. The unselfish swarm?
J Anim Ecol. 63:611–618.

130 Behavioral Ecology

 at Serials D
epartm

ent, U
niversity of H

aw
aii at M

anoa L
ibrary on O

ctober 1, 2012
http://beheco.oxfordjournals.org/

D
ow

nloaded from
 

http://beheco.oxfordjournals.org/

