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Laboratory and field studies have documented better cognitive performance associated with marked

hemispheric specialization in organisms as diverse as chimpanzees, domestic chicks and topminnows.

While providing an evolutionary explanation for the emergence of cerebral lateralization, this evidence

represents a paradox because a large proportion of non-lateralized (NL) individuals is commonly

observed in animal populations. Hemispheric specialization often determines large left–right differences

in perceiving and responding to stimuli. Using topminnows selected for a high or low degree of lateraliza-

tion, we tested the hypothesis that individuals with greater functional asymmetry pay a higher

performance cost in situations requiring matching information from the two eyes. When trained to use

the middle door in a row of a nine, NL fish correctly chose the central door in most cases, while lateralized

fish showed systematic leftward or rightward biases. When choosing between two shoals, each seen with a

different eye, NL fish chose the high-quality shoal significantly more often than the lateralized fish, whose

performance was affected by eye preference for analysing social stimuli. These findings suggest the exist-

ence of a trade-off between computational advantages of hemispheric specialization and the ecological

cost of making suboptimal decisions whenever relevant information is located on both sides of the body.
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1. INTRODUCTION
In most vertebrates, the eyes are laterally placed and each

eye largely sees a different portion of the visual field. As

lateral positioning of the eyes is often accompanied by

an almost complete crossing of fibres at the optic

chiasm, the contralateral hemisphere primarily processes

visual input of each eye. In these species, the presence

of left–right functional asymmetries often leads the

organism to analyse and respond to a stimulus in a differ-

ent way depending on its placement on the left or the

right side of the observer (Vallortigara & Andrew 1991;

Deckel 1995; Rogers et al. 2004; Wiltschko et al. 2007).

The occurrence of functional brain asymmetries is now

well documented for both bony fish and land vertebrates

(reviewed in Andrew & Rogers 2002; Vallortigara &

Bisazza 2002). Having two specialized hemispheres can

be very advantageous. Lateralized chicks that had to

learn to discriminate between food and non-food while a

model of avian predator was moved overhead learned

faster than the non-lateralized (NL) chicks, and were also

more responsive to the model predator (Rogers et al.

2004). In the teleost Girardinus falcatus, fish artificially

selected for a high degree of lateralization were twice as

fast as NL fish at catching live prey when fish had to

share attention with a concurrent task, predator vigilance

(Dadda & Bisazza 2006). Lateralized fish could attain

this result by attending the feeding task primarily with

one eye while using the other eye to monitor the predator.
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These examples suggest that hemispheric specialization

might increase the capacity to carry out simultaneous pro-

cessing, by channelling different types of information into

the two separate halves of the brain and by enabling separ-

ate and parallel processing to take place in the two

hemispheres. Indeed, it has been suggested that this

might have been the major selective force driving evolution

of lateralization of cognitive functions in early vertebrates

(Rogers 2000, 2002). Strongly lateralized individuals

have been found to outperform less lateralized individuals

in many other contexts that do not explicitly involve the

sharing of attentional resources among concurrent tasks,

such as termite fishing in chimpanzees (McGrew &

Marchant 1999), visual discrimination in pigeons

(Gunturkun et al. 2000), and schooling and spatial orien-

tation in fish (Bisazza & Dadda 2005; Sovrano et al.

2005), implying that other, unidentified advantages of

cerebral lateralization may exist.

Some heritability of lateralization has been demonstrated

in fish (Barth et al. 2005; Bisazza et al. 2007), rodents

(Collins 1990) and primates (Hopkins et al. 2001; Anneken

et al. 2004), and one would expect natural selection to favour

individuals with specialized hemispheres. Yet the literature

rarely reports a highly skewed or an antisymmetric distri-

bution of laterality (but see Zucca & Sovrano 2008; Giljov

et al. 2009). Animal populations normally show a great vari-

ation in the degree of laterality and, not infrequently, NL (or

weakly lateralized) individuals outnumber strongly latera-

lized ones (Bisazza et al. 1997, 2000; Gunturkun et al.

2000; Brown et al. 2007; Takeuchi & Hori 2008).

As noted by Rogers (2002), there are potential costs

associated with cerebral asymmetries, and in particular

with transferring and integrating the information that
This journal is q 2009 The Royal Society
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reaches the two hemispheres. Toads, for example, are

more likely to strike at a prey moving in their right lateral

field of vision while agonistic responses are delivered

preferentially to a conspecific seen on their left side

(Vallortigara et al. 1998). Similar differences have been

found in birds and reptiles (Deckel 1995; Dharmaretnam &

Rogers 2005). Even in species with frontally placed

eyes, such as humans, hemispheric dominance can some-

times hinder performance when strict cooperation

between the two halves of the brain is required. For

example, the human right hemisphere is usually dominant

for spatial processing, and this determines left–right per-

ceptual and attentional biases, a phenomenon known as

‘pseudoneglect’. Simple tests show that more attention

is paid to the left side of a happy–sad chimeric face

(David 1989), that a systematic leftward error is made

in the manual bisection of a line (Jewell & McCourt

2000) or that objects appear to have significantly different

size when seen by the right and the left eye (McManus &

Tomlinson 2004).

Normally, biologically relevant stimuli such as a pred-

ator, a prey or a rival, are equally likely to appear on the

left or the right side, and it is not difficult to see the

potential disadvantages arising from having side biases

in the promptness or effectiveness of a response to a par-

ticular class of objects (see discussion in Rogers 2000,

2002; Vallortigara & Rogers 2005). As a consequence, a

trade-off is expected between these disadvantages and

the cognitive advantages of lateralization such as the

possibility of parallel processing (Rogers 2002; Corballis

2006). However, to date, the possibility that a left–right

difference in the way an animal analyses and responds

to environmental stimuli translates into a disadvantage

for more lateralized individuals has not been empirically

tested.

Here, we tested the hypothesis that individuals with

marked cerebral lateralization pay a higher cost in terms

of reduced efficiency in tasks relying on hemispheric com-

munication and cooperation. Lateralization in fish is

partly under genetic control, and this allows one to

obtain fish that differ in the degree or direction of cerebral

lateralization (Barth et al. 2005; Bisazza et al. 2007). To

pursue our goal, we compared fish from lines artificially

selected for a high or low degree of lateralization in two

conditions requiring the integration of information from

left and right visual hemifields. In the first experiment,

fish were asked to find the middle of a row of small

doors that was presented frontally, an adaptation for fish

of the ‘line bisection test’, a standard method of neuro-

psychology to measure visuo-spatial biases. In the

second experiment, we measured how efficiently a subject

chose between two stimuli (two groups of social compa-

nions) differing in quality that were presented at the

opposite sides of the body, thus with the critical

information split up between the two lateral hemifields.
2. MATERIAL AND METHODS
(a) Subjects

The goldbelly topminnow, G. falcatus (Cyprinodontiformes,

Poeciliidae), is a small viviparous fish originally from Cuba.

For this experiment, we used subjects from three stocks of

fish that differed in laterality and that were obtained through

selective breeding (Bisazza et al. 2007). From 1997 to 2001,
Proc. R. Soc. B (2009)
topminnows were artificially selected for eye preference to

monitor a potential predator using the detour test, which

scores the direction taken by a fish when facing a barrier

behind which a model predator is visible (Facchin et al.

1999; see details in the electronic supplementary material).

One hundred and ten females were used in this study.

Subjects (approx. six to seven months old) were sub-

divided into three experimental groups: fishes that turned

80 per cent or more to the left (LD), fishes that

turned 80 per cent or more to the right (RD) and fishes

that turned 50 per cent of times in each direction (NL).

Groups were maintained in 80 l glass aquaria with abundant

vegetation (Ceratophillum sp.) and a 14D : 10L photoperiod;

water temperature was 25+28C and all fish were fed dry fish

food and Artemia salina nauplii twice a day.

(b) Experiment 1: finding the centre of a figure

(bisection test)

In this experiment, 16 lateralized (eight LD and eight RD,

collectively called LAT) and 10 NL adult females were

trained to use the central door in a row of nine, using the

possibility to rejoin the social group as reinforcement. Only

females were used in this experiment because they are several

times heavier than males and can more easily open the

experimental doors.

(i) Apparatus

The apparatus (figure 1) consisted of a rectangular glass tank

(80 � 40 � 40 cm) divided into three sectors. A small ‘start

box’ (9.5 � 5.5 � 9 cm), which contained the focal female

at the beginning of the test, was provided with a trapdoor

(8 � 12 cm) leading into the choice area. Once in this area,

the fish faced a white partition (40 � 40 cm) provided with

a succession of nine identical doors (4 � 2 cm each) placed

at 2 cm from the bottom and spaced 5 mm one from another,

constituting a ‘line’ of 22 cm. All the doors were similar, but

only the fifth, central door could be opened by pressing on

the flexible plastic material with the snout. Through this

door, the subject could gain access to a sector (35 � 40 �
40 cm) in which a group of four stimulus fish were visible

and acted as reward. The apparatus was placed in a dark

room and lit by two neon lamps (15 W). A video camera

was suspended 1 m above the experimental tank and used

to record the behaviour of the focal fish during the tests.

Prior to the experiment, subjects were placed in a pre-

training tank for 10 days. This procedure had the twofold

aim of accustoming the fish to use of the movable doors

and training them to use the middle door in a short row

(three doors). A partition divided the tank into two compart-

ments, one provided with vegetation acting as cover and the

other containing food. Three doors identical to those of

the experimental apparatus were positioned at the centre of

the partition and only the central one allowed the fish to

move between the compartments.

(ii) Procedure

At the beginning of the test, the focal female was dip-netted

and released into the sector of the experimental apparatus

facing the four stimuli fish for a 15 min period of acclimatiz-

ation. The female was then gently dip-netted and inserted

into the start box for a 2 min period, where the plastic door

was raised and the focal female released into the choice

area. The female was allowed to try the different doors

until the correct door was found. The intertrial interval was
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Figure 1. (a) Apparatus used in the bisectioning task.
(b) Subjects were required to use the middle door in a row
of nine.

(a)

(b)

Figure 2. (a) Apparatus used in the bilateral information pro-

cessing task. (b) Once outside the small corridor, the focal
female simultaneously saw two stimulus shoals, each visible
in a different visual hemifield.
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5 min, during which the fish was allowed to remain in the

sector with visible social group and reinforced with food

(A. salina nauplii). The fish were then gently captured and

reinserted into the start box for another trial and the

procedure was repeated until six trials were completed.

From the video recordings, we scored the frequencies of

attempts for each of the nine doors.

(c) Experiment 2: efficiency in bilateral

information processing

In this experiment, 44 LAT (21 LD and 23 RD) and 40 NL

adult females were allowed to choose between two social

groups that differed in quality (see below) in a situation in

which each stimulus was seen by a different eye. Only females

were used in this experiment because males of this species

demonstrate a reduced tendency to shoal, behave aggres-

sively towards same sex stimuli and mate with opposite sex

stimuli. The experiment was carried out in two variants.

Twenty-six LAT (13 LD and 13 RD) and 22 NL females

were tested with variant A, in which stimulus shoals differed

by number of fish (four versus two females). Eighteen LAT

(eight LD and 10 RD) and 18 NL females were tested

with variant B, in which stimulus shoals differed by the size

of the fish (same size as the subject versus smaller size).

(i) Apparatus

The experimental apparatus consisted of an aquarium (60 �
60 � 35 cm; figure 2) subdivided into four compartments.

One, the start box, consisted of a small rectangular area

(25 � 8 � 22 cm) made by green opaque plastic walls. Fish

could exit only through a small corridor (4 � 3 � 2 cm)

that led to the choice compartment. The corridor was built

so that the focal female, upon exiting, saw two simultaneous

stimulus shoals, each visible in a different visual hemifield. A

transparent door (5 � 11.5 cm) was placed at the beginning

of the corridor and was connected to a monofilament line

on a pulley, which made it possible for an observer to raise

it from a remote location. Two transparent glass cubes

(20 � 20 � 20 cm) were placed at the opposite sides 25 cm

apart and hosted stimulus fish. Two 8 W fluorescent lamps

were suspended on both cubes while the start box was kept

in dark. The floor was covered with gravel (with the

exception of the start box) and the tank was filled with

15 cm of water (temperature 25+28C). A video camera

was suspended 1 m above the experimental tank and used

to record the choice of the focal fish.

(ii) Procedure

As in the previous experiment, during the week preceding the

experiment, subjects were placed in a pre-training tank in

order to familiarize them with the corridor that allows

movement between the compartments.
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Ten minutes before the test, the two stimulus shoals were

inserted in the two cubes. A single experimental female was

inserted in the start box and allowed to acclimatize for

1 min. The door was then raised and the female was allowed

to enter the experimental area. A preliminary test had shown

that in this circumstance fish joined one shoal immediately

without stopping or turning around. We recorded the first

choice made by the subject as marked by reaching one

body length (4 cm) from the front glass of the cube contain-

ing the shoal. Each subject was tested twice daily at about a

120 min interval and the left–right position of the two

stimuli was inverted between the two trials.
(iii) Determination of social preference

Shoal preferences have been shown in a number of teleosts,

and virtually all studied species show consensus in preferring

shoals containing more individuals and shoals containing fish

of the same size as the subject (Hager & Helfman 1991;

Krause & Godin 1994).

A pilot experiment was performed to determine the pre-

ference of female topminnows for these two features.

Thirty-two females from an unselected laboratory stock

(therefore containing females with a variable degree of later-

alization) were tested in an apparatus similar to that used for

the experiment except for the corridor, which measured 16 �
20 cm and was provided with a glass door allowing the sub-

jects to see the two stimulus shoals with both eyes for 2 min

before being released in the choice compartment. Sixteen

females were allowed to choose between a large (four

females) and a small (two females) shoal, and 16 females

were allowed choose between three similar-sized females

and three smaller females (70% of the length of the subject).

When tested for their preference between a shoal of two and

a shoal of four females, 15 out of 16 fish tested preferred the

latter (x2 ¼ 12.3, p , 0.001). When tested for their prefer-

ence between a shoal containing smaller females and one

containing same-size females, 14 out of 16 fish tested

preferred the latter (x2 ¼ 9.0, p ¼ 0.004).

Both these social preferences were used in the main exper-

iment. In one variant, subjects were presented with four

females (the preferred stimulus in pilot experiment) and

two females. In the other variant, the subject could choose

between three similar-sized females (preferred stimulus)

and three smaller females (70% of the length of the subject).

Half of the subjects did the first trial with the preferred shoal

on the left and the second trial with the preferred shoal on

the right; the other half of the subjects did the reverse.
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The performance of each subject was scored on three levels:

both choices of the preferred stimulus; one choice of the pre-

ferred stimulus and one for the non-preferred one; and both

choices of the non-preferred stimulus.
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Figure 3. Proportion of correct choices (mean+ s.e.) of cen-
tral door during the six trials of the bisectioning task in
lateralized and NL topminnows. Filled circles, lateralized;
open circles, non-lateralized.

0
2 1 0

lateralized non-lateralized
choice of preferred stimulus

2 1 0

5

10

nu
m

be
r 

of
 in

di
vi

du
al

s

15

20

25

30
3. RESULTS
(a) Finding the centre of a figure (bisection test)

Topminnows rapidly generalized line bisection from the

three-door row pre-training phase to the nine-door row in

the testing phase. As shown in figure 3, from the second

trial onwards, the proportion of choices of the normally

preferred shoal was higher in NL than in LAT fish and

both progressively reduced the number of incorrect choices

in successive trials. On the whole, we found a significant

difference between NL and LAT in the number of choices

for preferred stimuli and a significant reduction in the pro-

portion of choice of non-preferred stimuli in successive

trials (repeated measure ANOVA, degree of lateralization

F1,24 ¼ 9.655, p ¼ 0.005; difference among trials

F5,120 ¼ 2.111, p ¼ 0.069; linear trend F1,24 ¼ 10.65,

p , 0.003; interaction F5,120 ¼ 0.975, p ¼ 0.436). We

found no difference in accuracy between RD and LD fish

(F1,14 ¼ 0.461, p ¼ 0.508; difference among trials

F5,70 ¼ 1.796, p ¼ 0.125; interaction F5,70 ¼ 0.446,

p ¼ 0.815).

To obtain detailed information about the type of errors

made by the three groups of subjects, we scored the

results assigning a value from 1 for the leftmost door to

9 for the rightmost. Correct choice of the central door

corresponded to a value of 5. The average score of NL

fish is close to this value (mean+ s.d., 4.73+0.50)

with no significant left–right bias in bisection (t(9) ¼

1.698, p ¼ 0.124). LD and RD fish showed significant

leftward (4.21+0.66; t(7) ¼ 3.315, p ¼ 0.013) and right-

ward biases (5.56+0.65; t(7) ¼ 2.435, p ¼ 0.045),

respectively. The difference between RD and LD is

highly significant (t(14) ¼ 4.071, p , 0.001).

Figure 4. Bilateral information processing task. Lateralized
and NL topminnows were given the choice between two
different social groups each seen by a different eye. Bars rep-

resent the number of individuals choosing the normally
preferred shoal in both trials, in one trial or in none. In var-
iant A, the choice was between four (preferred stimulus) and
two females. In variant B, the choice was between similar-
sized (preferred stimulus) and smaller females. Black bars,

variant A; white bars, variant B.
(b) Efficiency in bilateral information processing

The frequency of choices of the preferred stimulus was not

significantly different between variant A and B trials (x2 ¼

1.468, p ¼ 0.428, figure 4), and the results of the two var-

iants were considered together for subsequent analyses.

The majority of NL fish chose the preferred stimulus in

both trials while most LAT fish chose the preferred stimu-

lus in one trial and the non-preferred stimulus in the other.

The difference between these two groups in the proportion

of subjects choosing the preferred shoal in both trials, in

one trial or in none is significantly different (x2 ¼ 7.355,

p ¼ 0.025). The difference between LD and RD is not

significant (Fisher’s exact test, p ¼ 0.752); however,

owing to reduced sample size, the chance to detect

a difference between the two subgroups of LAT fish

is lower.

RD and LD differ significantly in left–right preference

(x2 ¼ 4.482, p ¼ 0.034), with both groups choosing more

often the stimulus presented on the eye dominant for analys-

ing social stimuli (the right eye in RD, the left eye in LD;

Dadda et al. 2007). In NL fish, no difference was found in

the proportion of choices of the preferred stimulus between

the right and left presentation (x2 ¼ 0.313 p ¼ 0.584).
Proc. R. Soc. B (2009)
4. DISCUSSION
The results of our experiments support the hypothesis

that a marked cerebral lateralization may hinder efficiency

when tasks require hemispheric communication and

cooperation. To our knowledge, this is the first study doc-

umenting an advantage of less lateralized individuals and

indicating possible ecological costs of brain asymmetries

that may be responsible for the maintenance of NL

phenotypes in animal populations.

Previous studies comparing the cognitive performance

of poorly and strongly lateralized individuals have found a

greater efficiency of the latter in all organisms examined

(fish: Bisazza & Dadda 2005; birds: Dharmaretnam &

Rogers 2005; primates: McGrew & Marchant 1999;

insects: Pascual et al. 2004). Many of the observed differ-

ences involved functions that significantly affect survival,
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such as finding food or escaping predators. Yet at the be-

havioural level lateralization often results in side biases in

perception, information processing and motor output that

could potentially give rise to disadvantages (Rogers 2002;

Vallortigara & Rogers 2005). In particular, vertebrates

with laterally positioned eyes encounter difficulties integrat-

ing information from left and right visual fields (Ingle 1968;

Prior & Wilzeck 2008; Xiao & Gunturkun 2009), and one

can envisage circumstances in which individuals with

reduced left–right functional differences might outperform

the more strongly lateralized ones.

We have compared poorly and strongly lateralized top-

minnows in two situations that might be expected to

hinder individuals with pronounced left–right differences

in analysing the sensory input. In both experiments, sub-

jects were required to integrate information from the left

and the right visual hemifield in order to take the appro-

priate decision. Experiment 1 consisted of an adaptation

for the fish of the line bisection test, a major diagnostic

tool for the identification of visuo-spatial deficits in

patients with brain lesions and population-level visuo-

spatial biases in normal human subjects (reviewed in

Jewell & McCourt 2000). Fish familiar with using the

middle door of three were trained to find the middle of

a nine-door row. NL topminnows rapidly learned the

new task, making only a few errors that were equally dis-

tributed on either side. By contrast, the performances of

the two groups of LAT fish were impaired by systematic

errors on the left or right of the centre. In particular,

the efforts of RD subjects were centred nearly one door

to the right of the correct door, while LD subjects made

similar systematic errors on the left of the correct door.

Comparable data are available only for humans.

Studies on neurologically normal subjects have found

substantial individual variation in both the magnitude

and the direction of the bisection bias. Individual per-

formance can vary from approximately 10 per cent to

the left to 10 per cent to the right, but is usually much

less (Schenkenberg et al. 1980; Manning et al. 1990;

McCourt & Olafson 1997), a range that appears similar

to that observed in our study. Unlike most other ver-

tebrates, humans show strong population biases in many

lateralized functions. For example, more than 90 per

cent of the population is right-handed, and a similar

percentage shows left hemisphere dominance for

language. The strong leftward population bias in line

bisection that is normally observed in human studies is

traditionally ascribed to a bias in the allocation of atten-

tion resources towards the left visual field deriving from

right hemisphere dominance in spatial tasks in the

majority of the population (Heilman & Van Den Abell

1980; Jewell & McCourt 2000).

It is not easy to estimate the extent to which such def-

icits can affect an individual’s fitness in a fish. It is

possible, for example, that a topminnow in need of rapidly

gaining a refuge and using visible landmarks fails to follow

the most favourable trajectory as a consequence of a

strong lateralization of spatial attention.

The second situation considered in this paper is one in

which an animal must select between two options, each

seen by a different eye. Shoaling is one of the major anti-

predatory strategies of fish. However, not all shoals are

equally safe. Fish shoaling with individuals different

from themselves are more easily spotted by predators
Proc. R. Soc. B (2009)
and those shoaling in large shoals benefit from better vig-

ilance and greater dilution of risk (reviewed in Krause &

Ruxton 2002). Not surprisingly, fish consistently avoid

associating with individuals of a different size and prefer

large shoals to small ones (Hager & Helfman 1991;

Krause & Godin 1994). Our pilot tests showed that gold-

enbelly topminnows have a strong preference for both

these qualities, with around 90 per cent of fish choosing

the larger shoal and that containing similar-sized stimuli.

In our experiment, the subject entered an unfamiliar area

where it could choose between two shoals differing in

quality but in a condition in which each hemisphere had

direct access only to one-half of the information necessary

to accomplish the task. In this condition, NL fish chose

the normally preferred shoal significantly more often

than the LAT fish, which in most cases chose the

option seen with the eye that in their stock was dominant

for analysing social stimuli (the right eye in RD, the left

eye in LD; Dadda et al. 2007), irrespective of its relative

quality. The most plausible interpretation of these data

is that in LAT fish information relative to two different

properties of the stimulus, shoal size and fish size, is con-

fined, at least for the short lapse of time necessary to take

a decision, to the hemisphere that initially receives the

visual input, and therefore the hemisphere dominant for

analysing social stimuli in this phase can only (or predo-

minantly) access the information it receives from the

contralateral eye.

The lack of integration of information reaching the two

eyes that was observed especially in LAT fish might sur-

prise a reader not familiar with lateralization literature.

Our findings are consistent, however, with current know-

ledge of the way the teleost visual system integrates the two

lateral inputs. The left and right eye systems can operate

quite independently, as suggested by the observation that

opposite discriminations can be simultaneously estab-

lished in the two eye systems (Ingle 1968). Experiments

involving subjects trained monocularly to discriminate

patterns have shown that interocular information transfer

is slow and incomplete (McCleary 1960; Mark 1966;

Ingle 1968). Ingle found some interocular transfer of

simple discrimination, but loss of information for more

difficult discrimination (Ingle 1965). As yet, nothing is

known about the neural bases of visual lateralization in

fish and what differentiates lateralized from NL fish.

This topic has been extensively investigated in birds. Neu-

roanatomical asymmetries have been described in detail

in the two major ascending visual projections, the tectofu-

gal and the thalamofugal pathway, and several studies

have shown that stronger behavioural lateralization is

associated with greater degree of asymmetry in these

pathways (Deng & Rogers 2002b; Gunturkun 2002). In

pigeons and domestic chicks, it was found that these neu-

roanatomical asymmetries are accompanied by significant

left–right asymmetries of interocular transfer (Sandi et al.

1993; Skiba et al. 2000), a feature that could also be

present in fish and explain the results of our experiments.

The relevance of the differences found in the second

experiment for a fish’s everyday life is perhaps easier to

envisage. Most fish have a visual field covering almost

3608 and the frontal overlap of the opposite visual fields

is usually around 108 (Collin & Shand 2003). Therefore,

the probability that two stimuli fall into two different

visual hemifields is relatively high. Because many other
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aspects of behaviour—such as mating, prey capture and

intraspecific aggression—are lateralized in topminnows

(Bisazza et al. 2001, 2005; Dadda & Bisazza 2006), they

may make suboptimal decisions in other contexts when-

ever a quick assessment is needed and the alternatives

are placed at the opposite sides of the body.

These disadvantages are expected to decrease with

increasing time allowed for decision-making as this pro-

vides a greater opportunity for integration of information

from the two eyes and for looking at the different options

with the same eye. In food-storing birds, for example,

each hemisphere processes qualitatively different infor-

mation about the location of food caches, but the

different types of information are integrated when food

items are retrieved some time later (Clayton & Krebs

1994). In our pilot experiment, almost all subjects chose

same-size companions or the larger shoal after they were

allowed 2 min of free observation of stimuli.

Problems arising from the integration of bilateral input

are probably reduced also when stimuli fall into the bin-

ocular portion of the visual field as they are seen by the

two eyes simultaneously. In addition, the left and right

frontal binocular fields may work in a more coordinated

fashion compared with the two lateral monocular fields.

In pigeons, reliable interocular transfer of visual discrimi-

nation was observed when the stimuli were presented in

the frontal visual field but not when they were presented

in the lateral visual field (Mallin & Delius 1983). In

chicks, comparison of binocular–monocular testing has

shown that the left and the right frontal field are equally

efficient in complex discrimination tasks, although the

birds’ performance was superior when both eyes were

involved (Prior & Wilzeck 2008). Anatomical evidence

for the integration of the two frontal binocular fields has

been provided also for some teleosts (Northmore &

Gallagher 2003).

A tight integration of information from left and right

eyes has become the prevalent condition in the primate

visual system. In human and non-human primates,

there is in fact a large overlap of the two eye fields. Infor-

mation from one portion of the visual field reaches both

eyes and, owing to the partial decussation of the optic

nerves, input from the two eyes is sent to the same hemi-

sphere (contralateral to stimulus position). In addition,

the corpus callosum enables fast and efficient information

transfer between the hemispheres. However, the price to

pay is that humans are no longer able to use one eye to

monitor a potential danger while simultaneously and

independently using the other eye to coordinate another

activity, such as food gathering, in the way fish and birds

are able to do (Bisazza & Dadda 2005; Dharmaretnam &

Rogers 2005). Interestingly, the condition observed in

topminnows more closely resembles that observed in

split-brain patients. To some extent, these patients have

the ability to run independent tasks with the two dis-

connected hemispheres. Unlike normal observers, they

are capable of directing their attention to left and right

field locations simultaneously and have been found to

outperform normal controls in dual-task experiments

(Gazzaniga & Sperry 1966; Luck et al. 1989). Yet, as

expected, performance is frequently impaired in split-

brain patients relative to controls in tasks relying more

upon the collaboration of the hemispheres (reviewed in

Gazzaniga 2000).
Proc. R. Soc. B (2009)
In all, the picture emerging from this study indicates

that advantages of hemispheric specialization, such as

the possibility of processing multiple information flows

in parallel (Rogers et al. 2004; Dadda & Bisazza 2006),

may be counterbalanced by some ecological disadvan-

tages associated with left–right differences in the

response to stimuli. The relative weights of these costs

and benefits are likely to vary with ecological conditions

(structure of habitat, predation risk, social density, food

abundance, etc.) and the degree of lateralization is there-

fore expected to vary among species and populations in

relation to the importance of the different factors. So

far, two studies provide some support to this hypothesis.

A study of 16 species of fish found that all shoaling species

showed population-level lateralization of predator evasion

behaviour, whereas non-shoaling species tended to have

individual but not population lateralization (Bisazza

et al. 2000). A field study reported in the poeciliid fish

Brachyraphis episcopi that individuals from high-predation

populations were more lateralized than their low-

predation counterparts (Brown et al. 2004). The authors

suggested that in a population with a high predation

pressure, selection has favoured lateralized fish because

they are better able to cope with two simultaneous

tasks, such as foraging and predator vigilance.

Heritability of direction and strength of cerebral asym-

metries have been reported in several vertebrates and

may provide a basis for population and species differen-

tiation. However, hereditary influences seem to account

for only a fraction of the interindividual variation in lateral-

ity (Hopkins et al. 2001; Barth et al. 2005; Bisazza et al.

2007).

There is now considerable evidence that the develop-

ment and expression of cerebral asymmetries can be

modulated by environmental factors such as stress

(Fride & Weinstock 1988), androgen exposure (Zappia &

Rogers 1987) and asymmetry in physical (Collins 1975)

or social (Vallortigara et al. 1999) environment. Some of

these effects may represent adaptive mechanisms, allow-

ing parents to adjust the developmental trajectories of

their offspring to the environmental conditions in which

they will subsequently live (Deng & Rogers 2002a;

Andrew 2009). For example, maternal glucocorticoids

deposited in the egg or crossing the placenta profoundly

affect the development of lateralization (Diaz et al.

1995; Rogers & Deng 2005), an effect that may enable

the mother experiencing stress situations (such as preda-

tor attack) at the time of embryo formation to

adaptively influence the laterality pattern of their

offspring (Deng & Rogers 2002a; Halpern et al. 2005).

Development of lateralization is also influenced by the

amount of light reaching the embryo. In zebrafish, differ-

ential exposure to light produces wide differences in

lateralization that have effects on multiple aspects of

behaviour (Andrew et al. 2009a,b). In domestic chicks,

the amount of light that enters through the eggshell in

the days prior to hatching greatly affects the development

of lateralized visual behaviour (reviewed by Deng &

Rogers 2002a) and has a dramatic effect on the capacity

of chicks to perform two simultaneous tasks such as feed-

ing and predator vigilance (Rogers et al. 2004). It has

been suggested that ecological factors, such as social

density or abundance of predators, by influencing the

choice of laying site or the time spent on the nest, affect
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the lateralization of the offspring and ultimately

generate phenotypes with appropriate coping strategies

(Deng & Rogers 2002b; Vallortigara & Rogers 2005;

Andrew et al. 2009b).

Here, we demonstrated the potential disadvantages of a

marked subdivision of the function between hemispheres

in two contexts. The literature contains many other

examples of remarkable left–right differences in the behav-

ioural response. For example, toads, chicks and dunnarts

differ in their promptness to react to a predator depending

on the visual hemifield in which it appears (Lippolis et al.

2002, 2005; Dharmaretnam & Rogers 2005), and mosqui-

tofish make closer cooperative predator inspection when

predator and shoalmates are seen with the correspondingly

preferred eye (De Santi et al. 2001). Gelada baboons and

Anolis lizards are more likely to attack a conspecific on

one side than the other (Deckel 1995; Casperd &

Dunbar 1996), and side biases are shown by toads,

chicks and pigeons in food detection (Vallortigara et al.

1998; Diekamp et al. 2005). Investigating whether individ-

uals with greater left–right differences pay larger costs even

in these cases will help us to assess the generality of our

findings and expand our understanding of the selective

mechanisms maintaining individual differences in

lateralization.
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