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bstract

The avian brain is functionally lateralized. Different strategies of choice (within and between modalities) are adopted by each hemisphere. Visual
ateralization has been studied most but attention to auditory, olfactory and magnetic cues is also lateralized. The left hemisphere (LH) focuses on
ues that reliably separate pertinent stimuli from distracting stimuli (e.g. food from pebbles, odour cues from attractive visual cues, magnetic cues
rom other cues indicating location), whereas the right hemisphere (RH) has broad attention and is easily distracted by novel stimuli. The RH also
ontrols fear and escape responses, as in reaction to predators. Exposure of the embryo to light just before hatching, when the posture adopted
ccludes the left eye (LE) but not the right eye (RE), leads to the development of asymmetry in the visual projections to the pallium and enhances
he ability of the RE/LH to inhibit attention to distracting visual cues and of the LH to inhibit the RH, but has no effect on the RH’s interest in
ovelty. Exposure to light before hatching has both short- and long-term consequences that are important for species-typical behaviour and survival.
or example, on a food search task with a predator presented overhead, dark-incubated chicks perform poorly on both aspects of the task, whereas
ight-exposed chicks have no difficulty. Steroid hormone levels prior to hatching modulate light-dependent development of asymmetry in the visual
rojections and consequently affect neural competence for parallel processing and response inhibition. Differences between lateralization in the
hick and pigeon are discussed.

2008 Elsevier Inc. All rights reserved.
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. Introduction

This paper reviews research on lateralization in the avian
rain. The domestic chick and the pigeon have served as models
o investigate the mechanisms and development of lateraliza-
ion [31] and the findings have relevance not only to other avian
pecies but also non-avian vertebrates [74]. Some of the later-
lized functions found in birds are remarkably similar to some
spects of lateralization in the human brain, as noted previously
y Andrew and Rogers [4] and also mentioned in this paper. In
act, the avian brain is now serving as a valuable model to test
ome of the hypotheses developed previously to explain the pres-
nce of lateralization in the human brain. For example, empirical
nvestigation of the function of lateralization can be conducted

ar more reliably in the avian model than in humans because
he performance of lateralized and non-lateralized animals can
e compared on ecologically relevant tasks, as opposed to the

∗ Tel.: +61 267 733969; fax: +61 267 733452.
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rtificial testing paradigms used so far to test the function of
ateralization in humans. Some thoughts on possible advantages
f having a non-lateralized brain are also offered.

Differential processing of neural inputs and control of out-
uts by the left and right sides of the brain is referred to as
unctional asymmetry or lateralization. Such differences located
t the telencephalic level of neural organization are known as
emispheric specialization. Although the latter is a notable fea-
ure of the human brain it is certainly not limited to humans,
s once thought, but is widespread among vertebrates [74,77].
ateralization at the diencephalic level is also present in humans

106] and other vertebrates [8,55]. In fact, it has recently become
pparent that even an invertebrate brain can be functionally lat-
ralized, as shown in fruitflies [60], bees [40] and spiders [1].
ence, it would seem that the central nervous system, no matter
hether it is simple or complex, is functionally differentiated

cross the left-right axis.

The avian brain is no exception to this pattern and evidence

ndicates that it is as lateralized as the human brain. The earli-
st experiments revealing lateralization in the avian brain used
ither localised lesions, as in the case of lateralized control of

mailto:lrogers@une.edu.au
dx.doi.org/10.1016/j.brainresbull.2008.02.001
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ong production in songbirds [56], or injection of a specific phar-
acological agent into the left or right hemisphere, as in the

ase of processing visual information by chicks [35,78]. Unilat-
ral lesioning or pharmacological treatment of one hemisphere
as different effects on behaviour than the same treatment of
he other hemisphere. For example, cycloheximide or glutamate
reatment of the left hemisphere (LH) of the chick impairs the
bility to find grains of food scattered on a background of dis-
racting pebbles but the same treatment of the right hemisphere
RH) has no effect on this ability [35,78].

Somewhat later it was discovered that lateralization of the
vian brain could be revealed simply by testing the bird monoc-
larly [50], at least in those species with eyes positioned on the
ides of the head. In such species the majority of visual input
s relayed to and processed by the hemisphere contralateral to
he open eye [26]. The chick tested using its right eye (RE), and
o processing the inputs largely in the left hemisphere (LH), is
ble to peck at grain and avoid pecking at distracting pebbles,
hereas the chick using its left eye (LE), and processing these

nputs largely in the right hemisphere (RH), pecks pebbles and
rain at random [50,72].

Now we know that without any treatment, not even applying
n eye patch, lateralization can be revealed by introducing stim-
li into the monocular visual field of the LE or RE and comparing
he responses elicited. For example, chicks are more reactive to
model snake introduced into the left monocular field than they
re to the same stimulus introduced into the right monocular field
44], as also shown in non-avian species [45,46]. Lateralization
an also be revealed in birds by measuring the preference to use
he LE or RE to view particular stimuli. For example, McKenzie
t al. [47] scored the chick’s eye preference to view an imprint-
ng stimulus and found that the LE was preferred when the chick
pproached the stimulus and the RE was preferred when exam-
ning the stimulus on first encounter while deciding whether to
pproach. It appears that a bird chooses an eye according to the
rocessing of the visual inputs that it brings to bear on the task,
s also shown by Dharmaretnam and Andrew [16]. This can also
e manifested as side biases displayed on approach to stimuli:
ndrew et al. [5] found that chicks trained to lift a lid from a bowl

o gain access to food approached the bowl along a leftward arc,
hich allowed use of the RE, whereas they approached along a

ightward arc with use of the LE when the food was presented
n a bowl without a lid. Turning direction to negotiate a barrier
s also determined by the preferred eye to view a stimulus on the
ther side of the barrier [100].

Two avian species have been the focus of most research con-
ucted so far on lateralization in birds, the chicken, Gallus gallus
omesticus, and the pigeon, Columba livia. In addition to lat-
ralized control of behaviour, structural asymmetry has been
escribed in the visual pathways of both species, although not in
he same neural projections in both species, as discussed below.

. Lateralization in the chick
Although research on lateralization in the chick has been
ocused on visual processing, lateralization of olfactory and
uditory processing has been investigated to some extent. The
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eft and right forebrain hemispheres are specialized to process
ensory inputs in these modalities to different degrees or in
ifferent ways (olfaction [9,99] and audition [54].

.1. Right eye-left hemisphere

Some examples of functional lateralization have been men-
ioned above, in particular the ability of chicks using their RE to
ocus on pecking at grain and avoid pecking at distracting tar-
ets (pebbles), an ability not shown by chicks using their LE. An
nitial interpretation of this result might be that the RE-chick can
iscriminate grain from pebbles, whereas the LE-chick cannot.

number of subsequent tests have indicated that this simple
xplanation is not correct and that the difference results from
nterest in novelty by the RH, which receives most of its visual
nput from the LE. Since the pebbles have a much wider range of
olours and textures than the grains, they are continually attrac-
ive to the chick using its LE, and RH, and elicit exploratory
ecking. The neural circuits fed by inputs from the RE, by con-
rast, attend to the categories ‘food’ and ‘non-food’, rather than
he small differences between individual pebbles, and so shift
ecking away from pebbles to grain.

Two experiments have shown that the LH attends to cat-
gories, whereas the RH responds to small differences. One
xperiment tested chicks with a choice between a familiar com-
anion chick and an unfamiliar chick [98]. Use of the LE (and
o RH) led to approach to the familiar chick and avoidance
f the unfamiliar chick. No such discrimination between the
hicks occurred when the RE was in use, indicating the LH
ttends only to the category ‘chick’ and not to the small differ-
nces between individual chicks. The other experiment tested
he chick’s responsiveness to change in an imprinting stimulus
97]. Chicks were imprinted on a red ball with a horizontal white
trip placed centrally on one side. They were then tested with a
hoice of this stimulus and a red ball with the white strip ori-
nted either vertically or at 45◦ to the horizontal to see whether
he chick noticed a small or large change, respectively, in the
mprinting stimulus. When using the RE only, the chicks chose
he imprinting stimulus over the ball with the vertical strip but
howed no preference for it over the ball with the 45◦ strip. They
esponded only to the large change or, in other words, a category
hange. When tested using the LE, chicks chose the imprinting
timulus over both of the changed balls, showing that they detect
nd respond to small differences between stimuli.

Attention of the LH to category differences between stimuli
eans a focus on pertinent cues coupled with an ability to inhibit

esponse to irrelevant stimuli. These categories might well be
onstructed on past experience (learnt) and we could say that
he LH operates on a set of established rules, as is known to be
he case for the LH of the human brain [92].

This ability of the LH to focus on relevant cues and avoid dis-
raction by irrelevant cues, no matter how attractive they might
e, is seen also in chicks presented with stimuli in two modalities.

hen presented with both visual and olfactory cues the chick

esponds to the olfactory cues provided they are processed in
he LH; when the RH is used, olfactory cues are ignored if the
isual stimulus is attractive, and hence distracts attention from
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Fig. 1. A sagittal section of the domestic chick brain illustrating the two visual
pathways but not showing the lateral asymmetry of these pathways. The tectofu-
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3. Lateralization in the pigeon

The first demonstration of lateralization in the pigeon more
or less repeated the finding for the chick: pigeons presented

Fig. 2. A horizontal section of the domestic chick brain showing the asymmet-
rical organization of the thalamofugal visual projections to the hyperpallium.
The pathways with greater numbers of fibres are in black and those with fewer
L.J. Rogers / Brain Resear

he olfactory cues, but not if the visual stimulus is unattractive
84]. Similarly, recent tests have found that chicks trained binoc-
larly to follow magnetic cues to locate an imprinting stimulus
ehind a screen continue to do so when they use the RE only
and so the LH) but not when they use the LE (and RH) [87].
he results indicated that the chicks were able to detect the mag-
etic cues when the RH was used, because they followed them
n some occasions, but were more readily distracted by other,
on-magnetic cues.

.2. Left eye-right hemisphere

Distraction of the RH by novel and other attractive cues, com-
ined with the inability to inhibit responses to these cues, is
onsistent with the RH’s interest in small differences between
timuli [3,97]. The RH also manifests broad attention, used in
rocessing global, geometric cues in spatial tasks [94]. This is
pposed to the attention of the LH to local features. Not surpris-
ngly, therefore, the chick that is looking at the ground because
t is engaged in searching for grain is more likely to detect and
espond to a model predator, such as the image of a hawk moved
verhead, when the stimulus is in the left visual field (RH) com-
ared to the right visual field (LH) [17,73]. Even if the chick
nitially catches sight of the overhead predator using the RE
t will turn to view it in more detail using the LE (and RH)
17].

One could say that the RH attends to stimuli as they are, rather
han according to constructs or rules. In humans the RH is said
o be the literal hemisphere [92], which describes a function not
issimilar to that of the RH of the chick.

Perhaps as a consequence of these functions of the RH, fear
s expressed more strongly in chicks using the RH. The same
s true of aggression. Agonistic pecks of one chick at another
re preferentially delivered after viewing the opponent using the
onocular field of the LE [101]. Also, impaired function of the
H, which means heightened control of responses by the RH,

eads to elevated levels of attack and copulation [35,108]. It is
orth mentioning that the same role of the RH in expression of
ostility and aggression has been found in humans [4,13].

.3. Lateralization of visual pathway

At least some of the lateralized visual behaviour of the chick
epends on differential visual inputs to the hyperpallial region
rom the thalamus [79,82]. Provided that the chick has been
xposed to light during the final stages of incubation (more
elow), the left side of the thalamus (now termed the lateral
eniculate nucleus, LGN) develops more projections to both the
ontralateral [79] and ipsilateral [39] hyperpallium than does
he right side of the thalamus (Figs. 1 and 2). Hence the RE
as stronger thalamofugal connections to both hemispheres than
oes the LE. No such asymmetry is present in the other visual
ystem, the tectofugal system, of the chick [79] (Fig. 1).
Although it is often said that the tectofugal system is more
mportant than the thalamofugal visual system, especially in
isual discrimination [27,33], this does not seem to be the case in
hicks, at least, as shown by the effects of localized injections of
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al pathway is on the left and includes the optic tectum (OT), nucleus rotundus
Rt) and entopallium (E). The thalamofugal pathway is on the right and includes
he lateral geniculate nucleus (LGN) and the hyperpallium.

lutamate into the hyperpallium, entopallium and nidopallium
n the left and right hemispheres [14]. The chick’s ability to peck
t grain and avoid the distracting pebbles is impaired by such
reatment of the left hyperpallium but not by treatment of any of
he other regions. This finding links the superior ability of the
E in this task to the hyperpallium of the LH and demonstrates

he importance of the thalamofugal system is this species.
bres are in white. Note that the lines are a rough guide only since the ipsilateral
rojections far out number the contralateral projections. It can be seen that the
eft side of the thalamus (left LGN in Fig. 1), which receives input from the right
ye, sends more projections to the left and right hyperpallium than does the right
ide of the thalamus (right LGN), which receives inputs for the left eye.
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ith a dish containing food grains mixed together with pieces
f grit peck more rapidly and consumed more grains in a fixed
eriod of time when they use the RE than when they use the LE
28]. Further experiments showed that pigeons use the RE for
etailed visual analysis of objects [26,28] and, as do chicks, they
eem to assign categories to visual inputs received via the RE,
nd processed by the LH. This is suggested by the finding that
igeons using the LH acquire strategies of learning when they
re tested on successive colour discrimination reversals [18].
oreover, the specialization of the LH to operate according to

earnt strategies, as suggested above for the chick, seems to apply
o the pigeon also: pigeons use the LH to acquire and store

emory of a conditioning task requiring them to discriminate
etween visual symbols [58].

Until recently, there was little evidence of the pigeon showing
superior role of the RH on tasks requiring global/broad atten-

ion and attention to details, as demonstrated in the chick. In
act, on a spatial task using global cues pigeons were shown
o use both eyes and hemispheres equally [61,62] and hom-
ng pigeons use the LH to navigate, as shown by hippocampal
esions [6] and monocular testing [63]. The homing pigeons
howed a LH advantage to use visual memory in snapshot track-
ng to follow a pre-learned route [95]. Recent research has,
owever, shown that pigeons using the RH exhibit superior per-
ormance on a task requiring global attention to visual images
107].

These results point to a species difference of greater LH
mphasis in the pigeon compared to the chick. It is quite possi-
le that evolutionary adaptation has resulted in the pigeon being
ore LH-dependent than the chick.
At the anatomical level, the chick and pigeon differ markedly.

hereas asymmetry in visual inputs to the pallium is located in
he thalamofugal visual system of the chick, it is located in the
ectofugal visual system of the pigeon [26]. The retinorecipient
eurons of the left optic tectum of the pigeon are larger than their
ounterparts in the right optic tectum [25,91] and this is also the
ase for GABAergic, and hence inhibitory, cells in this tectal
ayer [52]. A parvalbumin-positive subset of these neurons is
arger on the right than the left side [52]. The right optic tectum
ends more projections to the left nucleus rotundus than does
he left optic tectum to the right nucleus rotundus, and the cell
odies of the neurons giving rise to efferent projections, both
ontralateral and ipsilateral, are larger in the right optic tectum
han the left [25,91]. In other words, the left nucleus rotundus
eceives equal numbers of projections from the left and right
ptic tecta, whereas the right nucleus rotundus receives more
rojections from the right than the left optic tectum. Consistent
ith this, cell bodies of the left nucleus rotundus are larger than

hose of the right nucleus rotundus [51]. It seems, therefore,
hat the LH, which receives visual input from this system via
he left nucleus rotundus, receives strong representation from
oth eyes. The RH, on the other hand, which receives its input
rom the right nucleus rotundus receives a strong representation

rom the LE but weaker from the RE [26,29]. This particular
symmetry is not present in the chick and it may explain why
he pigeon appears to be LH dominant, whereas this is definitely
ot the case for the chicken.
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. Lateralization in other avian species and in wild birds

Similar to the chick and pigeon, the LH focuses pecking at
ood grains and away from distracting pebbles in zebra finches
2] and quails [96]. The marsh tit, which stores food items,
ses the LH to recall the location of caches specified by object-
pecific cues, such as markings on the feeder, whereas the RH
s used to recall location using spatial cues [12]. In addition, as
n the chick, use of the RE, and not the LE, to orient using the
eomagnetic field is known to be characteristic of two migrating
pecies, European robins [105] and silver eyes [104]. Unlike the
omestic chick, however, the latter two species, tested in the lab-
ratory, were entirely unresponsive to magnetic cues when using
he LE and showed no preferred direction of orientation. Chicks
sing the LE appear to be able to detect the magnetic cues but
hoose to ignore them in preference to using other non-magnetic
ndicators of direction. The difference between the chick and
he two migrating species may depend on the nature of the tasks
ince the chicks were trained in the testing apparatus and could
ave learnt to use both magnetic and other extraneous cues indi-
ating spatial position, whereas the migrating species had no
uch training prior to being tested. In other words, the apparent
ateralized responsiveness to the geomagnetic field appears to
esult from attentional/processing differences between the hemi-
pheres and not to the presence or absence of magnetic field
etectors in the RE and LE, respectively [87].

A chick using its RH is more readily distracted from searching
or food grains by an auditory stimulus, as found using a non-
pecific noise [78]. Distraction by unfamiliar auditory stimuli
ight be a general property of the RH since Palleroni and Hauser

59] found that playing recordings of howler monkey calls and
ure tones to naı̈ve, juvenile harpy eagles from behind the head
aused the bird to turn to use its left ear (an hence RH) to attend
o the sounds. Playing recordings of familiar sounds (e.g. of
arpy eagle calls or of howler monkey calls to experienced adult
arpy eagles) caused turning of the head to the right and so
referential use of the right ear, and LH. Nottebohm et al. [57],
n the other hand, found that both hemispheres of the songbird
rocess song but in different ways. Without more research on
uditory lateralization it is impossible to draw a general picture
cross species but there is clear indication of ear preferences that
ight mirror known eye preferences.
Specialization of the RH for control of copulation responses,

ound originally in the chick [86], has been shown recently to
e present also in the quail [24]. Specialization of the RH to
ontrol agonistic interactions with a simulated conspecific [86]
nd a real conspecific [101] has been demonstrated in the chick
nd also found in amphibians [65,66] but, so far, this interest-
ng lateralization has not yet been investigated in other avian
pecies.

All of the examples of lateralization discussed so far have
merged from tests on captive animals tested in the controlled
aboratory situations. It is, therefore, valid to question whether

ateralization is manifested in birds behaving naturally in their
sual habitat. Until quite recently, only the knowledge of foot
reference in wild parrots [32,67] suggested that lateralization
ould be manifested in natural behaviour. Now we have exam-
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les of eye preferences expressed in five avian species in their
atural habitats. Franklin and Lima [22] reported that wild jun-
os prefer to use the RE to maintain vigilance during feeding,
result opposite to the chick’s use of the LE for this purpose.
he kookaburra uses its LE to scan for moving prey at a dis-

ance [75], which could be similar to the chick’s use of the LE
and RH) to process distal cues. The black-winged stilt uses
he RE for foraging and the LE in copulation attempts [102],
hich is identical to chick’s specializations for these behaviours.
ew Caledonian crows make more tools on the left than on the

ight side of pandanus leaves and, given the orientation they
dopt when cutting the tool from the leaves using the beak, it
as been deduced that they show a RE preference for guiding
his behaviour [36,37], which is consistent with the chick’s use
f the RE when it has to manipulate a lid to remove it from
dish [5]. Finally, recent research on the Australian magpie

as revealed several types of lateralization consistent with those
hown in the chick [34,38]. Before the magpie approaches a
odel predator it views the stimulus with its RE and before it
ithdraws it views with its LE, see [38] for details and more

xamples.

. Development of lateralization

The domestic chick was found to be an excellent model
n which to study the development of lateralization. Later the
igeon was found to be a valuable comparison to the precocial
hick, since the pigeon is an altricial species [31].

.1. Effect of light on development of lateralization

The embryo of almost all avian species is oriented in the
gg during the final stages of development so that it turns the
ead to the left side and so occludes the LE but not the RE
71]. It has been well established, first in the chick and then
n the pigeon, that the resultant stimulation of the RE generates
ateralization of the visual pathways and lateralization of several
ypes of visual behaviour. Chicks hatched from eggs incubated
n the dark during the final few days of the incubation period
ail to develop asymmetry of the thalamofugal visual system
79,82]. Pigeons hatched from eggs incubated in the dark fail
o develop asymmetry of the tectofugal visual system in any of
ts aspects, including cell size [52] and numbers of projections
rom the optic tecta to the rotunal nuclei [27].

A sensitive period for the effect of light has been determined
n the chick. As little as two hours of light exposure during
he last 3 days of incubation is sufficient to generate lateralized
ehaviour measured in the second week of life [68,69,76]. Light
xposure prior to the final 3 days of incubation has no effect on
ateralization [108].

This sensitive period for light-generated asymmetry of the
isual pathways provides a possible explanation for the species
ifference in which pathway is lateralized. Chicks hatch at a

recocial stage of development and their tectofugal pathway has
ompleted development before the sensitive period, whereas the
halamofugal pathway is still developing during the sensitive
eriod [15]. This may be the reason why the chick’s tectofugal

e
B
o
w

lletin 76 (2008) 235–244 239

isual system escapes the effects of lateralized light stimula-
ion but the thalamofugal visual system does not. By contrast,
he pigeon is an altricial species and the tectofugal visual sys-
em is still developing during the sensitive period to light just
efore hatching. It is therefore vulnerable to the lateralized stim-
lation by light. The pigeon’s thalamofugal would continue to
evelop after hatching and escape any lateralizing effect of light
timulation because both eyes are exposed to light after hatch-
ng.

If this explanation is correct, monocular eye occlusion after
atching should lead to the development of asymmetry in dark-
ncubated pigeons, which it does [51], although I am not aware of
ny investigation that has yet been made to see whether this treat-
ent causes asymmetry to develop in the pigeon’s thalamofugal

ystem.
The asymmetry of the thalamofugal visual projections that

ollows light exposure of the chick embryo persists through
he first 3 weeks after hatching but no longer [82], whereas the
ectofugal asymmetry generated by light exposure of the pigeon
mbryo persists into adulthood [26,27]. Despite the transient
ature of the asymmetry of the visual projections in the chick,
e know that lateralized attack responses, which are also gener-

ted by light exposure of the embryo [69,108], remain present in
dult chickens [70] and adult chickens show eye preferences for
iewing particular stimuli [47]. This behaviour must therefore
ely on more subtle asymmetries, or ones located outside the
halamofugal visual projections, also caused by stimulation of
he RE by light before hatching. Lateralized discrimination of
rains from pebbles is more closely associated with the asym-
etry in the visual projections, as shown by a lesioning study

14] and by the fact that it is no longer present in 3-week-old
hicks [70].

The precise nature of the light-dependent asymmetry of the
hick’s performance on the grain-pebble task has recently been
larified [85]. This particular lateralization is present in chicks
n their first and second weeks of life and it is not present in dark-
ncubated chicks of the same age provided that the chicks peck
s the usual fast rate (i.e. use of the RE and not the LE allows
he chick to focus on pecking only at the grain). If pecking is
ery slow, however, even dark-incubated chicks can focus on
ecking at grain only when they use the RE. In other words, the
ateralization is present in dark-incubated chicks pecking slowly.
ence, it seems that the light exposure does not cause the LH

o develop a pattern of behaviour that would otherwise not be
resent but it enhances the ability of the LH to avoid distraction
y the inedible targets, pebbles. At the same time the RH retains
ts interest in novelty, and hence is easily distracted, regardless
f exposure to light before hatching [85].

The effect of light exposure on behaviour of the chick is,
herefore, quite specific. As one would expect, it is also con-
ned to visual behaviour, and has no effect on lateralization
f olfactory responses [84] or auditory responses [unpublished
bservations]. Perhaps a more general effect resulting from light

xposure is, however, manifested in unihemispheric sleep [48].
irds are known to perform unihemispheric sleep, during which
ne eye is closed and the contralateral hemisphere shows a slow
ave EEG pattern [49,64,71]. One- and two-day old chicks
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atched from eggs exposed to light show a preference toward
H unihemispheric sleep: they close the LE and open the RE

o monitor the environment [48], possibly to detect only large,
ategorical changes. Chicks hatched from eggs incubated in the
ark show the reverse preference [48]; their preference to open
he LE may be another manifestation of the attention to novel
timuli by the RH and, as mentioned above, this is unaffected
y light exposure prior to hatching. In contrast, monitoring for
arge changes by LH is dependent on light exposure of this eye
ystem prior to hatching. Viewed in this way, these results are
onsistent with the effects of light/dark incubation on the pebble-
rain task [85]. Exposure of the embryo’s RE to light enhances
ts ability to guide behaviour using relevant cues. This does not

ean that chicks using the LH are inattentive to cues/stimuli
ther than the pertinent ones, but rather that they can inhibit
esponding to them, as revealed when chicks are trained using
wo cues and then tested with these cues separated and in con-
ict [10,11], meaning that response to one of the cues has to be

nhibited.

.2. Effect of hormones on development of lateralization

Elevated levels of the sex steroid hormones and corticos-
erone prevent the influence of light on the development of visual
ateralization in the chick (testrosterone [90]; oestrogen [81];
orticosterone [80]). No asymmetry of the thalamofugal visual
rojections develops if the level of any one of these hormones
s elevated during the final stages of incubation even though
he eggs are exposed to light. The effects of elevated steroid
ormone levels on lateralization of behaviour post-hatching has
ot been investigated in any detail but it is known that chicks
xposed to elevated levels of corticosterone during the sensi-
ive period before hatching have enhanced ability to form a

emory of the passive avoidance learning task [93] and are
ess vigilant for overhead predators than untreated chicks [23].
he reduced vigilance following corticosterone treatment of the
mbryo was shown when the chick was searching for food grains
n a background of pebbles. The fact that dark-incubated chicks
ot treated with corticosterone also show reduced vigilance in
his situation (discussed further below) suggests that it could be
ue to the absence of visual lateralization since both treatments
revent the development of asymmetry of the visual projec-
ions, although corticosterone has wide-ranging effects on neural
evelopment [103].

These effects of hormones on the development of lateral-
zation raise the possibility that lateralization could develop
ifferently from one clutch of eggs to another and, even within
clutch, from one egg to another. Schwabl [89] has shown, in

anaries, that corticosterone level varies systematically with the
rder of eggs laid in a clutch. It is also known that oestrogen
evels vary according to order of laying in domestic chick eggs
20]. In fact, the levels of all the steroid hormones vary both
ithin and between clutches and so provide a means by which
ndividuals may vary in degree of visual lateralization. That vari-
tion, it seems, may have adaptive significance since it may be
he way in which an individual or a group of siblings attunes to
nvironmental demands.
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. Function of lateralization

The widespread occurrence of brain lateralization suggests
hat it is beneficial in evolutionary terms, despite the immediately
pparent disadvantages of being more responsive to predators on
he left side and to prey, or other food items, on the right side.
ne of the suggested benefits, proposed originally to explain

he adaptive advantage of lateralization of the human brain
19,41,42], is parallel processing in each hemisphere. To test
his hypothesis as applied to the chick, Rogers et al. [88] tested
hicks on a task that demanded simultaneous use of the LH,
o search for food grains against a background of distracting
ebbles, and the RH, to detect and examine a model predator
oved overhead in repeated presentations. Of course, the chick
ight alternate rapidly between food searching and vigilance for
predator rather than performing both tasks at exactly the same

ime but even with the head down birds can detect an advancing
verhead predator [43] and, overall, it can be said that they are
eing asked to perform the two aspects of the task in parallel.

The performance of chicks hatched from eggs that had
eceived exposure to light during the final stages of incubation
as compared to that of chicks hatched from eggs incubated in

he dark. According to the hypothesis, because the former are
ateralized for these tasks, they should be able to perform the
wo tasks simultaneously, whereas the latter, having no lateral-
zation for these tasks, should have difficult in doing so. This was
ound to be the case (Fig. 3). The lateralized chicks were able to
eck at grain and avoid pebbles and they also detected the preda-
or but were not unduly disturbed by it once it had disappeared.
ext day they remembered the pebble-grain task well. The dark-

ncubated chicks performed strikingly differently. They were
nable to avoid pecking at the pebbles and, in fact, pecked at
hem more often relative to grain as the task progressed. Some-
imes they missed seeing the predator but, when they did catch
ight of it, they were more disturbed by it and made more dis-
ress calls [17]. Next day they had no apparent memory of the
ebble-grain task. Clearly, they were unable to perform the two
asks simultaneously but, when tested on the pebble-grain task
ithout presentation of the predator, their performance did not
iffer from that of the lateralized chicks either during the task
r on the next day, when they had a good memory of it.

Originally, the poorer performance by the chicks hatched
rom eggs incubated in the dark was interpreted as showing con-
usion between the tasks because these chicks were unable to
rocess each task separately in parallel. There is another slight
ariation on this explanation. Because the dark-incubated chicks
ecked more frequently at pebbles as the dual task progressed,
t could be said that response to the predator locks them into
H functioning and so they are increasingly unable to inhibit

esponding to the distracting pebbles. Of course, this still means
hat they are unable to perform parallel processing but their
erformance is not due to confusion between hemispheres but
pting to use only one hemisphere, the RH, for both tasks. One

ight ask why would they chose to use the RH and not the LH

nd the answer is likely to be simply that a predator is a more
ertinent stimulus than food. As we know from field studies,
nimals are vigilant for predators while they are foraging but
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Fig. 3. The results of testing chicks on the pebble-grain task either with or without simultaneous presentation of a model hawk (predator) moved overhead [88].
Comparison is made between the performance of chicks hatched from eggs exposed to light before hatching (lateralized for both aspects of the task; white bars) and
chicks hatched from eggs incubated in darkness (non-lateralized for both aspects of the task; black bars). Means and standard errors are plotted. The graph on the
left side shows the learning ability on day 8 of life post-hatching by comparing the number of pecks at pebbles in the third block of 20 pecks with the number of
pecks at pebbles in the first block of 20 pecks. A positive score indicates that the chicks have learnt to peck at grain in preference to pebbles and a negative score
indicates deterioration of performance. The latter was shown only by the dark-incubated chicks tested when the predator was presented. The graph on the right side
presents the results of testing the chicks for retention of the pebble-grain task on day 9. On this day no predator was presented (the labels ‘with predator’ and ‘without
predator’ on this graph refer only to the training condition on day 8). Memory of the task is measured as a ‘savings’ score determined by subtracting the number of
pecks at pebbles in the first block of 20 pecks on day 9 from the same score in the first block of 20 pecks on day 8 (Y-axis). A positive score shows memory of the
task. Note that the only group not showing memory of the task is the dark-incubated group trained with presentation of the predator. Dark-incubated chicks trained
without presentation of the predator showed memory of the task to the same extent as the light-exposed (lateralized) chicks. Hence, chicks not lateralized for these
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asks performed as well as lateralized chicks when they could concentrate on s
ood, they were unable to form a memory of the task.

hey cease foraging immediately a predator is detected [21,53].
f the dual task were redesigned so that food searching took on
igher priority than the task demanding use of the RH, the dark-
ncubated chicks might default to use of the LH and so be less
ulnerable to distraction.

Comparison of these results with a test of the function of lat-
ralization in the pigeon is appropriate. In pigeons, Güntürkün
t al. [30] found a positive correlation between performance
uccess on the grain-grit discrimination task and degree of lat-
ralization determined in monocular tests. This differs from the
esults with chickens since there was no difference in the per-
ormance of light-exposed and dark-incubated chicks on the
ebble-grain task when no predator was presented. Most likely
he differing results depend on the testing conditions. If the
igeons were tested in conditions in which there were extra-
eous stimuli that could distract them from the task, whereas
his was not the case for the chicks, this would explain the
ifference.

It is worth noting that a recent study compared the perfor-

ance levels of humans on various tasks with their degree of

ateralization on that task and found convincing correlations
7]. Depending on the task, the correlation was negative or
ositive. For example, performance on auditory linguistic and

a
o
t
l

ing for grain but, when they had to attend to the predator as well as search for

patial positional tasks increased with increasing lateralization,
hereas performance on visual lexical and spatial quantitative

asks decreased with increasing lateralization. The researchers
scribed the differences in the direction of correlation to the
ge at which the particular type of lateralization develops.
egardless of the reason for the differences, the evidence that

ateralization affects the performance of humans one way or
nother is strong. Based on the results obtained with chicks, it
ould be valuable to examine the human data taking the presence
f absence of distracting stimuli into account.

. Is there any advantage in not being lateralized?

Considering that the development of lateralization can be
nfluenced by environmental stimulation, as well as certain
ormones, during sensitive periods, one would expect to find
ariation between individuals in the strength and even the pres-
nce or absence of lateralization. Despite the complication that
hese effects on development are specific to certain types of later-

lization, and lateralization in different modules may be stronger
r weaker within the same individual, we can begin to address
he question whether there are any advantages to being weakly
ateralized or less lateralized.
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Two studies of chicks give some indication of possible
enefits from not being lateralized in those aspects of visual
ehaviour influenced by exposure of the embryo to light and
oth relate to social behaviour. Chicks not exposed to light before
atching form less strongly stratified social hierarchies than do
hicks exposed to light, as measured by amount of access to a
ood source positioned so that not all of the group could reach
t at the same time [83]. In groups comprised of dark-incubated
hicks, the lower-ranking chicks gained more access to the food
ource than did their equivalents in groups comprised of light-
ncubated chicks. The lower-ranking, dark-incubated chicks
ere more persistent at pushing between their companions to

each the food source. Hence, if chicks are not lateralized by light
xposure, all members of the social group have a better chance of
urvival.

Vigilance in a group is also influenced by lateralization.
roups of dark-incubated chicks are slower to detect a model
redator presented overhead when they are feeding but, once the
redator has been detected, all members of the group respond
o it by looking up (Wichman, Freire and Rogers, submitted).
his compares to fewer chicks looking up at any one time in
roups comprised of light-exposed chicks. Whether or not this
ifference in the reactivity of the group is beneficial would, of
ourse, depend on specific circumstances that require further
nvestigation. The result could, however, indicate stronger social
ohesion in chicks that are not lateralized. If so, depending on
ontext, the cognitive benefits to the individual of having a later-
lized brain could be sacrificed for the social benefits of having
non-lateralized brain.

. Potential role of the light/hormone interaction in the
atural habitat

Since only 2 h of light exposure is sufficient to establish
isual lateralization in the chick [68,69,76], it is likely that, in
he natural habitat, the hen would leave the nest often enough
or eggs to receive the required amount of light. Moreover,
ow intensities of light are effective [76], which indicates that
ggs in nests laid under vegetation are likely to receive enough
ight exposure to allow the development of visual lateralization.
owever, avian species that lay eggs in hollows that receive
o light or incubate their eggs underground (as in the case of
he Australian brush turkey) would not be lateralized by light
xposure. A potential for species differences dependent on
pacity of the eggshell also exists [76].

The interplay between the influences of light exposure and
teroid hormones is likely to be most important in natural
onditions. Stress could influence the development of lateral-
zation not only by altering the time intervals during which
he hen leaves the nest and exposes the eggs to light but also
y elevating corticosterone levels in the egg. For example, a
en experiencing social stress or predation stress might nest
n darker/thicker cover, leave the nest less often and deposit

igher levels of corticosterone in her eggs. All of these factors
ould prevent the development of visual lateralization of the
ffspring. A possible outcome of this could be that all chicks
ave a better chance of survival in terms of food intake and
lletin 76 (2008) 235–244

roup cohesion but the ability to carry out parallel processing is
acrificed.

. Concluding remarks

Now that we know a good deal about lateralization of visual
rocessing and performance in two avian species, in my opinion,
here are three ways to proceed. First, it would be informative
o learn a considerable amount more about lateralization in the
ther sensory modalities in these two species so that comparisons
an be made to visual lateralization and, moreover, lateralized
ntegration of sensory inputs in the different modalities can be
etermined. Such studies might lead us to a better understanding
f the benefits of having a lateralized brain. Secondly, expand-
ng the investigation of lateralization to other avian species will
llow comparisons that are likely to be most informative not only
bout the nature of lateralization but also about its development
n species with different organization of their visual systems
e.g. in avian species with frontally placed eyes) and in species
ith different nesting behaviour and hatching at differing stages
f development. Thirdly, knowledge of the interactive effects of
ight stimulation and steroid hormones on the development of
ateralization is in its infancy and awaits further study, partic-
larly at the cellular and subcellular levels using, for example,
he techniques of molecular genetics coupled with a thorough
ecognition of the importance of the influence of experience.
he known effects of experience on the development of lat-
ralization make the avian brain an excellent model in which
o study the events essential for neurone growth, survival and
oss. In fact, the avian model is, I believe, poised to play a piv-
tal role in enhancing understanding of central nervous system
evelopment.
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lateralization in homing pigeons, Behav. Brain Res. 154 (2004) 301–
310.

[64] N.C. Rattenborg, C.J. Amlaner, S.L. Lima, Behavioral, neurophysiolog-
ical and evolutionary perspectives on unihemispheric sleep, Neurosci.
Biobehav. Rev. 24 (2000) 817–842.

[65] A. Robins, L.J. Rogers, Lateralized visual and motor responses in
the Green tree frog (Litoria caerulea), Anim. Behav. 72 (2006) 843–
852.

[66] A. Robins, G. Lipollis, A. Bisazza, G. Vallortigara, L.J. Rogers, Lateral-
ization of agonistic responses and hind-limb use in toads, Anim. Behav.
56 (1998) 875–881.

[67] L.J. Rogers, Lateralisation in the Avian Brain, Bird Behav. 2 (1980) 1–12.
[68] L.J. Rogers, Light experience and asymmetry of brain function in chick-

ens, Nature 297 (1982) 223–225.
[69] L.J. Rogers, Light input and the reversal of functional lateralization in the

chicken brain, Behav. Brain Res. 38 (1990) 211–221.
[70] L.J. Rogers, Development of lateralisation, in: R.J. Andrew (Ed.), Neural

and Behavioural Plasticity: The Use of the Domestic Chicken as a Model,
Oxford University Press, Oxford, 1991, pp. 507–535.

[71] L.J. Rogers, The Development of Brain and Behaviour in the Chicken,
CAB International, Wallingford, 1995.

[72] L.J. Rogers, Early experiential effects on laterality: research on chicks
has relevance to other species, Laterality 2 (1997) 199–219.

[73] L.J. Rogers, Evolution of hemispheric specialisation: advantages and
disadvantages, Brain Lang. 73 (2000) 236–253.

[74] L.J. Rogers, Lateralization in vertebrates: its early evolution general pat-
tern and development, in: P.J.B. Slater, J. Rosenblatt, C. Snowdon, T.
Roper (Eds.), Advances in the Study of Behavior, vol. 31, Academic
Press, San Diego, 2002, pp. 107–162.

[75] L.J. Rogers, Advantages and disadvantages of lateralization, in: L.J.
Rogers, R.J. Andrew (Eds.), Comparative Vertebrate Lateralization, Cam-
bridge University Press, NY, 2002, pp. 126–153.

[76] L.J. Rogers, Development of the two visual pathways and lateralized
visual function in the domestic chicken, Acta Zool. Sin. Suppl. 52 (2006)
384–387.

[77] L.J. Rogers, R.J. Andrew, Comparative Vertebrate Lateralization, Cam-
bridge University Press, Cambridge, 2002.

[78] L.J. Rogers, J.M. Anson, Lateralisation of function in the chicken fore-
brain, Pharm. Biochem. Behav. 10 (1979) 679–686.

[79] L.J. Rogers, C. Deng, Light experience and lateralization of the two visual
pathways in the chick, Behav. Brain Res. 98 (1999) 277–287.

[80] L.J. Rogers, C. Deng, Corticosterone treatment of the chick embryo
affects light-stimulated development of the thalamofugal visual pathway,
Behav. Brain Res. 159 (2005) 63–71.

[81] L.J. Rogers, S. Rajendra, Modulation of the development of light-initiated
asymmetry in chick thalamofugal projections by oestradiol, Exp. Brain
Res. 93 (1993) 89–94.

[82] L.J. Rogers, H.S. Sink, Transient asymmetry in the projections of the
rostral thalamus to the visual hyperstriatum of the chicken, and rever-
sal of its direction by light exposure, Exp. Brain Res. 70 (1988) 378–
384.

[83] L.J. Rogers, L. Workman, Light exposure during incubation affects com-

petitive behaviour in domestic chicks, Appl. Anim. Behav. Sci. 23 (1989)
187–198.

[84] L.J. Rogers, R.J. Andrew, T.H.J. Burne, Light exposure of the embryo
and development of behavioural lateralisation in chicks. I. Olfactory
responses, Behav. Brain Res. 97 (1998) 195–200.
lletin 76 (2008) 235–244

[85] L.J. Rogers, R.J. Andrew, A.N.B. Johnston, Light experience and the
development of behavioural lateralization in chicks. III. Learning to dis-
tinguish pebbles from grain, Behav. Brain Res. 177 (2007) 61–69.

[86] L.J. Rogers, J.V. Zappia, S.P. Bullock, Testosterone and eye-brain asym-
metry for copulation in chickens, Experientia 41 (1985) 1447–1449.

[87] L.J. Rogers, U. Munro, R. Freire, R. Wiltschko, W. Wiltschko, Lateralized
response of chicks to magnetic cues, Behav. Brain Res. 186 (2008) 66–71.

[88] L.J. Rogers, P. Zucca, G. Vallortigara, Advantage of having a lateralized
brain, Proc. R. Soc. Lond. B Biol. Lett. 271 (2004) S420–S422.

[89] H. Schwabl, Developmental changes and among-sibling variation of cor-
ticosterone levels in an altricial avian species, Gen. Comp. Endocrinol.
116 (1999) 403–408.

[90] I.M. Schwarz, L.J. Rogers, Testosterone:, A role in development of brain
asymmetry in the chick, Neurosci. Lett. 146 (1992) 167–170.
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