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Abstract 
	
  
A vertebrate brain must acquire, store, and process vast amounts of information. For 

birds, the majority of the incoming sensory information is visual, and like all 

vertebrates – except eutherian mammals – their visual system is bifurcated, with each 

eye feeding incoming information to the contralateral brain hemisphere. As a result, 

the bird must integrate these two banks of information to produce unified responses. 

This arrangement raises several questions about how a bird acquires, manages, and 

represents incoming visual information, and this thesis explores three of these 

questions. First, two studies investigate information integration across the two brain 

hemispheres in a long-term and short-term assay of birds trained monocularly with 

one eye and then tested with the other. The first finds that over a long term learning 

task in pigeons, some interhemispheric transfer of learned information occurs, but that 

complete integration does not occur. The second, using imprinting in ducklings, shows 

that the eye occluded during training has no demonstrable access to the learned 

information for at least three hours. A third study demonstrates that New Caledonian 

crows hold tools laterally in order to prioritize visual contact with the tool by their 

dominant eye during foraging, offering a potential underlying cause of this previously 

unexplained behavioural laterality. The fourth study explores the nature of information 

itself in the avian brain, showing that the maternal imprint formed by a newly hatched 

duckling can include abstract concepts defining the maternal stimulus, rather than just 

memory for visual images. This extends relational concept learning to a new species 

and suggests a much broader phylogenetic distribution of this ability. Combined, the 

studies suggest that the avian brain coordinates action managing two somewhat 

independent banks of information, biasing body positions in monocular tasks to allow 

control by a preferred eye, and has hitherto unsuspected capacity for abstract concept 

formation. 
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Introduction 
 
 
Antone Martinho III 
 
Unpublished manuscript 
 

 
“I warn you, if you bore me, I shall take my revenge.” 

 
J. R. R. Tolkien 
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Animals and Information 
 

Sensory information comprises enormous amounts of data that need to be 

collected, connected, and stored to be of use to an animal moving within its 

environment. Vision in particular involves gathering vast quantities of information 

potentially critical to the success and survival of an animal.1 Access to visual 

information and the accurate recall thereof is a critical component of behaviours 

that allow animals to survive, from food gathering, to movement, to conspecific 

identification. Birds, most of which are diurnal, are generally reliant on visual 

information to a greater degree than most mammals,2 and the ways they obtain, 

store, and use information underpin their individual adaptive success. 

To manage the inherently complex computational problem of all of this 

information, birds have at their disposal a brain very different from that of other 

vertebrates. Their brains are large, especially for a non-mammal, with respect to 

body size – this partly reflective in itself of the extensive visual input they process. 

However, birds are dinosaurs, and the neurological architecture of the avian brain 

reflects their divergence from the lineage of mammals over 300 million years ago, 

in many ways resembling the reptilian brain. Yet birds display abilities for 

intelligence and learning similar to and in some cases better than many mammals. 

The convergent evolution of these abilities marks them as a central topic in today’s 

comparative cognition research.  

This thesis seeks to understand how birds gather, store, and represent the 

visual information that dictates their survival success. The question is approached 

from three perspectives and across three avian species. The first section, 

comprising chapters two and three, explores how the retention of learned 

information and selective availability thereof to the two hemispheres of the brain 

affects behaviour in pigeons and mallards. The second section, chapter four, 



	
  14	
  

involves work with New Caledonian crows investigating tool-holding laterality, an 

adaptation that may allow the crows to ensure consistent information by keeping 

dominant eye visual contact with the tool. The final section, again in mallards, 

explores how information is represented to ensure accurate stimulus identification, 

and proposes a much more robust conceptual capacity than previously ascribed to 

birds. 

This program of research rests on a wide-ranging corpus of established 

knowledge on avian brain laterality and behavioural laterality, as well as taxonomically 

widespread work into the representation of information as perceptual and relational 

concepts. Here, I introduce these topics in detail and offer context to the four 

published or submitted manuscripts comprising the experimental chapters of this 

thesis.   

 

On the Advantages of Being a Cyclops 
	
  

Birds, as it happens, have two eyes; and binocular vision is an adaptation of 

many benefits – the relative lack of monocular organisms beside the taxonomic 

ubiquity of binocularity attests this. With two eyes, the field of vision is expanded,3 

stereoscopy is possible, perhaps contributing to depth perception,4-6 and an animal 

is afforded with a degree of redundancy, both to ocular injury and also in that the 

binocular visual field allows two different views of objects within it.7 

Having two eyes also presents an obvious problem, namely that two 

streams of visual information, from two distinct organs, must be integrated and 

resolved by the brain, a task complicated by the hemispheric division of the 

brain.8,9 This problem has different solutions between eutherian mammals and 

birds. In the former, the optic nerves crossing and mixing at the chiasm allow 



	
   15	
  

visual input to both hemispheres of the brain from each eye, and integration is 

further assisted by the presence of the corpus callosum,10 the broad bundle of nerves 

connecting the two hemispheres and allowing relatively uninhibited transfer of 

information between the two halves of the brain. 

In birds – and indeed in marsupials, monotremes, reptiles, amphibians, and 

fish – information sharing is more circuitous. In most birds, the optic chiasm is 

completely decussated:11 the optic nerve from the left eye solely innervates the right 

brain hemisphere, and vice versa.9,12 Furthermore, birds lack a corpus callosum; rather 

than a broad bridge of information transfer, the avian brain has several smaller 

hemispheric commissures, and transfer is limited.9,12-14 This arrangement has inspired a 

field of research into how readily and how completely birds are able to integrate 

complementary information incoming via each eye. This is further complicated by the 

fact that the degree of interhemispheric integration may differ across species,8 and in 

many cases, is lateralized, with one eye’s inputs more completely shared to both 

hemispheres than the other’s.13,15 

 

A Thing of Twists and Turns 
	
  

The avian visual system has two main input pathways, the tectofugal 

pathway and thalamofugal pathway.9,12,16 These have been extensively studied, 

especially in the domestic chicken (Gallus gallus)17 and the rock dove, or pigeon 

(Columba livia).18 Even between these two species, there are neurological differences 

in how the two visual streams integrate. Both pathways do provide for ipsilateral 

input (that is, input from an eye to the brain hemisphere on the same side, in 

contrast to the optic nerves’ decussation) via commisures,19 but to varying degrees 

in each species, respectively.20  



	
  16	
  

In pigeons, the thalamofugal pathway is balanced – the completely 

decussated inputs from each eye go to the contralateral brain hemisphere, which 

then sends a small input back to the ipsilateral side, roughly equal between sides. In 

chickens however, the thalamofugal pathway is lateralized: projections from each 

eye are exclusively to the contralateral nucleus geniculatus lateralis pars dorsalis (Gld), 

which in turn projects mainly to its co-lateral wulst (also contralateral to the input 

eye); each also projects more weakly to the opposite wulst (ipsilateral to the input 

eye). In contrast to the balanced inputs in the pigeon, however, the left Gld (with 

inputs from the right eye) projects to the right side of the brain much more 

strongly than the right Gld does to the left side. In pigeons, this system is balanced 

– strong inputs from each eye to the contralateral wulst, and equally weaker inputs 

to the ipsilateral wulst.20 

The tectofugal pathway, however, is lateralized in both species, and in the 

opposite direction. In both pigeons and chickens, each eye projects exclusively to 

the contralateral optic tectum, which then projects mainly to its co-lateral nucleus 

rotundus and entopallium.9,12,16,19 As in the thalamofugal pathway, the tecta also project 

contralaterally, but here it is the right tectum that projects to the left nucleus rotundus 

much more strongly than vice versa. While chickens have thalamofugal and 

tectofugal pathways lateralized opposite each other, pigeons are left lopsided – 

with a balanced thalamofugal pathway, but a tectofugal pathway that results in a 

left hemisphere with robust inputs from both eyes, but a right hemisphere that, 

based solely on the neuroanatomy, would seem to have access primarily to the 

inputs from the left eye.20 (Figure 1 in Chapter 2 shows a schematic of the pigeon 

tectofugal system). 

This asymmetry in the pigeon brain appears to be the result of the naturally 

asymmetric exposure of the developing eyes to external light permeating the egg 
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during incubation. Whilst still in the egg, the body of a developing bird is 

contorted in such a way that the right eye faces outward, exposed to diffuse light, 

whilst the left eye faces inwards and is occluded from this stimulus.21-23 As altricial 

birds, pigeons undergo visual system development primarily after hatching – whilst 

the maturation of the tectofugal system begins during the final days of incubation, 

when light inputs are thus unbalanced, the thalamofugal pathway develops after 

hatching, when light stimulation to the two eyes is identical. Chickens, on the other 

hand, are precocial, and the near complete maturation of both systems occurs prior 

to hatching, resulting in both systems becoming lateralized due to the asymmetric 

light exposure.12 In both species, keeping the eggs in the dark (and thus 

symmetrically exposing both eyes to no light) during the last days of incubation 

prevents the formation of stronger interhemispheric projections from either eye, 

and thus prevents the lateralization of the visual system.12,20,24,25 

With the ascending visual pathways of the pigeon thus privileging the brain’s 

left hemisphere with more complete visual information than the right, the question 

remains: does one side of the visual system have access to a more complete visual 

representation of the environment than the other? These questions – the degree of 

information transfer which occurs, and the potential asymmetry of any such transfer – 

prefigured the research program that ultimately yielded this thesis. 

 

Piratical Neuroanatomy: Eye Patches on Pigeons 
	
  

The complete decussation of the avian optic nerves means that testing of 

the information available to one eye or lateralized visual pathway can be achieved 

with the relatively simple procedure of temporarily covering one eye, allowing the 

bird to gather information with the other eye, then covering the originally 
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uncovered eye, and testing with the newly uncovered, “naïve” eye. If no integration 

is present, when tested with the second eye, the bird should display no familiarity 

with the stimuli or tasks experienced only with the first eye, mirroring the “two 

brains in one head” character demonstrated in human epilepsy patients treated by 

severing the corpus callosum (callosotomy).26,27  

This effect has been demonstrated across numerous tasks in a variety of 

birds. In simple discrimination tasks, both pigeons and chickens have been shown 

to have difficulty identifying stimuli learned with one eye when viewing with the 

other,18 and pigeons that successfully learn multi-layered transitive inference tasks 

show evidence of lack of interhemispheric transfer of that information when 

trained with one eye at a time on different transitive relationships.25 Chickens fail 

to transfer pattern discrimination in monocular tasks,28 but can overcome this 

failure when reinforced with food.17 

This hemispheric independence presents a dual problem when thinking 

more deeply about the behavioural ecology of birds. Not only are birds reliant on 

vision to a degree greater than most mammals, but their characteristic mode of 

movement, flight, involves the very rapid acquisition and deployment of visual 

information.29 Thus, their spatially oriented behaviour is visually demanding, and 

may be dramatically affected by their divided visual system. The spatial effects of 

hemispheric independence have been demonstrated in marsh tits - these birds 

cache food and recover it later, employing spatial memory to revisit their caches. 

Marsh tits caching food with one eye covered, which can accurately locate their 

caches with the eye exposed during caching, are not able to relocate their caches 

with the naïve eye when allowed to do so within three hours of caching.30 

However, the lateralization of visual memory storage manifests in this behaviour as 

well – left-eye-gathered caching sites apparently become available contralaterally 
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sometime between three and twenty-four hours following the caching, suggesting 

that in at least one direction, the limited brain integration has allowed some delayed 

transfer of the spatial memory for those sites.31  

 

Navigation: A Long Term Visual Recognition Task 
	
  

Navigation – very broadly, movement to some specific destination, 

whether at a long or short distance – is a demanding spatial task commonly 

undertaken by birds. In temperate regions, migration is common amongst bird 

species, with many species making yearly trips many thousands of kilometres long 

between wintering and summering grounds. On a more local scale, many birds 

have a reliable range within which they must navigate on a daily basis, and they 

must form visuo-spatial memories of these ranges to successfully navigate within 

them. 

Homing is, in turn, a particularly high-fidelity form of navigation. The 

domesticated rock dove (Columba livia), otherwise known as the pigeon, is notable 

for its homing behaviour. Homing pigeons show a remarkable specificity of 

navigation in two dimensions.32 First, their goal when homing is a very small 

destination: their loft. This is a small pigeon house of several square metres, rather 

than a broader general area, and a homing pigeon released from vast distances will 

reliably re-enter their loft on return. More remarkable still, however, is the 

reliability of the route flown in returning to the loft from a given release site. A 

pigeon released several times from the same site will, over the course of the first 

several flights, converge onto a route that, though idiosyncratic to each bird (and 

so not prefigured by the landscape itself), is tightly recapitulated on subsequent 

releases.33 By affixing GPS loggers to pigeons engaged in homing, this route fidelity 
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has been demonstrated up to release distances of twenty-five kilometres from the 

loft, and it is likely that homing from distances still further will also demonstrate 

this route fidelity.34 

These reliable homing routes are the result of visual interaction with the 

environment, further informed by other sensory modalities.32 Pigeons have a suite 

of senses with which to gather the information necessary to home, including 

olfaction,35,36 vision, and magnetoreception.37-39 On initial release from a novel site, 

it is likely that their homing is guided through a combination of an olfactory 

“map”, representing the relative scentscape of the birds’ home environs,40,41 and a 

“sun compass”, based on movement and the position of the sun relative to its 

expected location at the home loft.42 A prevalent current hypothesis is that whilst 

endeavouring this first return from a new location, the bird gathers information in 

the form of visual landmarks composed of prominent landscape features, including 

those with a linear character, such as rivers and roads.32 On subsequent flights, 

these visual landmarks are consolidated into a chain of waypoints guiding the bird 

home on subsequent flights. After the first few flights (and generally from roughly 

the eighth flight onward) this results in near identical GPS traces of routes flown.33 

Thus, whilst homing relies on a variety of senses in its first instance, subsequent 

flights are a visual endeavour, as confirmed by the successful homing of pigeons 

which, having gained initial experience homing from a site, are subjected to 

olfactory anesthetization on subsequent flights.43 

This complicated visual behaviour comprises two memory tasks: the 

recognition of the visual landmarks themselves, as well as the reproduction of the 

algorithmic relationship between them – the sequence of landmarks (so that the next 

can be identified as the pigeon passes each waypoint), and the distances and bearings 

flown to connect them. The current understanding of the avian brain, and the pigeon 
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brain in particular, suggests that the independence of the two halves of the visual 

system must affect these memory tasks. Chapter 2 of this thesis deals directly with the 

effects of the divided visual system on this memory task. Therein I establish that a 

pigeon, having established a recapitulated route whilst homing with only one eye (the 

other occluded), does not precisely recapitulate that route when homing only with the 

naïve eye, but does not revert entirely to the behaviour of a naïve pigeon, implying 

some degree of interhemispheric transfer of route information. 

 

A Time Sensitive Phenomenon 
	
  

The work in pigeons in Chapter 2 investigates the long-term integration of 

neurologically separated visual information, but does not and cannot inform our 

understanding of the instantaneous availability of new information to each brain 

hemisphere. Training a pigeon to home takes, at the very minimum, several days, 

and, as evinced by the aforementioned work in marsh tits,30,31 some integration 

begins to occur within three to twenty-four hours of information acquisition.44 

Indeed, this time frame creates a general problem for investigating the hemispheric 

availability of purely visual information. Though the marsh tits could create caches 

with one eye and recover them with the other after three hours, this is a complex 

task including visual cues and spatial awareness, and could include a degree of dead 

reckoning via remembering the movements undertaken between sequentially 

stored caches. Meanwhile, most methods of training a bird on a visual stimulus – 

variations on rewarded operant conditioning, whether with keys, screens, or 

physical objects – require reinforcement training, causing the training period alone 

(as with pigeon homing) to extend well beyond even, in the longer estimation, a 

twenty-four hour delayed commencement of interhemispheric transfer of 
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information – to say nothing of the testing. Consequently, any long-trained visual 

identification behaviour is unsuitable to test the early or instantaneous availability 

of information, as the tests with the naïve eye, such as they occur any more than 

three hours later than the beginning of training, will be confounded by information 

transfer.  

Pre-transfer information availability is fairly deemed irrelevant to homing 

or caching or reinforcement learning, when a three hour delay may pose no 

disadvantage, as the behaviour requiring access to the learned information is 

undertaken long thereafter anyway. However, the degree of integration 

instantaneous (or roughly such) to acquisition bears heavily on flight, conspecific 

and predator identification, and myriad other behaviours demanding rapid to 

immediate response to new visual information. Establishing a firm understanding 

of the strictures that avian neuroanatomy imposes on imminent reaction requires 

an answer to the experimental confounds of delay, hence my search for a study 

system where this could be avoided. 

The solution was filial imprinting. This rapid form of learning occurs 

during juvenility, with a sensitive period beginning from under a day after hatching 

and lasting up to week in a precocial species,45-47 and allows a newly hatched bird to 

quickly learn to identify its mother. This is a crucial adaptation, as the young are 

dependent on maternal proximity for their survival.47 A young bird can become 

imprinted on a stimulus in as little as fifteen minutes and will show a preference for 

that stimulus, typically in the form of a following response.48 The substrate of 

imprinting may be a visual or auditory stimulus, and in natural conditions, usually 

consists of both: the visual appearance of the mother and her auditory call.46,47,49-52 

Precocial imprinting, whereby the preference is developed almost immediately after 

hatching and manifests as faithful following of the mother, is characteristic of 
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Galloanserae, the fowl, and it is in the commonest of waterfowl (Anseriformes), the 

domestic Mallard (Anas platyrhynchos domesticus), that I investigated this 

phenomenon.  

Because imprinting occurs so rapidly, a preference can be established by 

imprinting the subject and then testing it using the following response; multiple 

sessions of testing can thus occur within a matter of hours after initial learning. 

This made filial imprinting the ideal paradigm in which to test the timing of 

interhemispheric availability of information: or in other words, the ability of one 

eye to recognize a stimulus seen by the other, before the establishment of 

interhemispheric memory thereof by the commissures. Though imprinting is both 

visual and auditory in nature, it occurs when substrates are solely visual (i.e. when 

the training and testing chambers are kept silent),47,52 and the target may be any 

moving stimulus. By contrasting stimuli identical in all respects but for colour, the 

substrate of imprinting preference may be reduced to a purely visual disparity – the 

preference for one colour over another. A duckling can be imprinted onto one 

coloured stimulus with one eye, then tested with the other eye for binary 

preference between the imprinted stimulus and an identical one of another colour. 

The imprinting is rapid and completed within a half hour, and the test can occur 

immediately thereafter to assess the immediate contralateral availability of the 

imprint. Tests can then be repeated over several hours to probe for the earliest 

evidence of transfer.  

This question has an obvious follow-on. Namely, before the beginning of 

transfer, whenever it might begin, the bird is, theoretically, possessing different 

information in each hemisphere. Consequently, if an imprint can be formed by the left 

eye and isolated to the right hemisphere such that the left eye manifests the following 

effect but the right eye does not, it would follow that until the transfer begins to occur, 
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the right eye could imprint with fidelity on the opposite stimulus – resulting in a 

situation whereby one eye is imprinted on one stimulus and the other on a different 

one, with following responses dictated by which eye happens to be viewing its 

preferred target. Chapter 3 investigates these hypotheses and establishes that 

instantaneous transfer, though insufficient to allow maternal imprints to be 

immediately available to the contralateral eye, occurs sufficiently to avoid the potential 

harm that could be caused by a multiple imprint situation as described above. 

 

From Brains to Bodies 
	
  

Considerations of the laterality of pigeons’ visual neurobiology recalled 

another laterality that revealed itself to be an information problem – and a visual 

one at that. The New Caledonian Crow (Corvus moneduloides) is an extensively 

studied species, the bird’s natural use of sticks and leaf clippings as tools for 

foraging53-55 having captivated researchers probing the flexibility of its problem 

solving56 and comparing it to primates57 and other species. The crows can 

successfully solve meta-tool problems58 and creatively reshape tools into hooks 

when necessary,59 and this behavioural flexibility has been invoked as an indication 

of the birds’ intelligence.60  

One aspect of their tool using behaviour that has been described is 

behavioural laterality. When manipulating short tools, the crows hold them in the 

beak, aligned to the beak’s axis, by one end, and probe at the target site with the 

other. But when manipulating longer sticks, they clasp the tool in the beak at an 

angle along one side of the head, the proximate length protruding back along the 

side and behind the head, and the working end protruding forward at an angle, 

toward the side contralateral to the held segment of the tool.61 Each New 
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Caledonian Crow shows a reliable side preference when holding tools this way – 

the birds are either reliable “right-holders” or “left-holders” – while the species has 

thus far exhibited no overall bias, with roughly equal numbers of right- and left-

holders tested.62 

This lateral preference is superficially similar to handedness exhibited by 

humans, other primates, and in some birds, whereby one hand (or foot) is 

preferentially used in tasks of fine manipulation.63-65 However, unlike handedness, 

defined as the preference for one bilaterally symmetric limb over its counterpart, 

the crows’ tool-holding preference involves only one extremity, the head and neck. 

Holding the tool to one side or another does not alter which extremity will 

manipulate the tool, rendering the preference for one side over the other a 

completely different problem. One hypothesis as to the origin of this laterality is 

that this is learned, acquired from observing parents while learning to use tools. A 

tempting conclusion, this idea cannot wholly explain the phenomenon, because 

tool use in the species occurs in juveniles never exposed to tool use by either 

conspecifics or humans exhibiting both tool use itself and laterality thereof.66  

The most likely candidate, then, for the origin of this laterality of behaviour 

was some laterality of anatomy or physiology – something concretely beneficial in 

holding tools to one side or the other. One such corporeal laterality relevant to the 

sides of the head is eye dominance. This lateral preference involves the superiority 

of one eye in focusing through narrow apertures, through which binocular viewing 

of a target is not possible.64,65 Well known to archers, marksmen, billiards players, 

and astronomers, the preferential use of the dominant eye to peer through a 

narrow hole or down a thin shaft increases the acuity and accuracy of aim and 

manipulation of whatever is being viewed.65  
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In humans and primates, eye dominance does not correlate with 

handedness, and at first approach there would seem little reason to suspect that 

this avian handedness analogue – “beak-sidedness” – would not similarly lack 

correlation. However, a bird manipulating a tool in its beak suffers an anatomical 

limitation that an ape manipulating a tool in its hands does not. A left handed 

archer with a dominant right eye may raise the bow to loosing position with either 

hand, and tilt and turn his head as necessary to peer down the arrow shaft with 

either eye – and the same is true of an ape threading a branch into a termite colony 

or a microscopist manoeuvring the slide stage with either hand. The crows, limited 

as they are to holding tools in their beaks and thus limited in what portion of the 

tool each eye can see,7 may display a laterality of tool holding in order to 

manipulate a tool to their visual preference. Here again, information management 

plays a critical role in determining behaviour, which may be manipulated to 

maximise accuracy of incoming visual information. 

Chapter 4 investigates the origin of the crows’ tool-holding laterality in this 

context. I hypothesized that tool use laterality could in fact be a function of and 

manifestation of eye laterality. To explore this hypothesis I investigated the correlation 

between these preferences. Furthermore, the dictation of tool use laterality by eye 

laterality suggests that this too is an information problem – a bird attempting to finely 

manoeuvre a tool must require a high degree of accuracy of information regarding the 

relative positions of the tool tip and target, and the effects of each movement 

thereupon. Chapter 4 suggests that maintaining access to this visual information drives 

the laterality of tool use in New Caledonian Crows. 
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So What is Information? 
	
  
 Having thus far dwelt at length on the topic of information – how it is 

gathered and stored and the lengths to which animals may go to obtain it 

accurately – the subject of the nature of information itself has been left vague. 

Quite deliberately so, because it is an open, controversial question – difficult to test 

and difficult even to coherently characterize.67 Chapter 5 thus deals with how 

animals internalize information, how it is represented, and what is being created in 

the brain when we claim that “information has been acquired.” It is not itself 

directly related to interocular transfer, but is, however profoundly relevant to the 

greater issue of what we mean when addressing questions of information 

acquisition, storage and transfer.  

 To understand why this is the case, let us consider what may happen when 

an animal perceives a stimulus. Suppose the animal is a bird, and so observes the 

stimulus primarily through visual sensation. Even supposing it is something 

relatively simple – for instance a matte, red sphere about ten centimetres in 

diameter – there are countless qualities that, without which, any description of the 

stimulus must also include a number of similar objects, through generalization. An 

exact representation of the sphere constructed from the activation of a circular 

zone of the retina must include its precise shade and luminance, its inferred three-

dimensional shape (no small matter – this alone includes several sub-

characteristics: the shadowing around it, the implied curvature of the facing 

surface, the inference that the opposite surface may be similarly curved – these and 

many other subtle characteristics must be correct to prevent false positives from 

matte, red ovoids at a fortuitous angle), its size relative to the visual field and the 

observer’s viewing distance, its matte finish and the precise degree of gloss it 

exhibits. If any of these or other qualities are not precisely identified, attempts to 
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discriminate the observed stimulus from all others will inevitably yield false 

positives.68 

 No animal behaviour (save perhaps humans’ own exactitude in some art or 

engineering) requires this discrimination be perfect, and most tasks likely involve a 

vastly more general capability of recognition – predator, prey, and conspecific 

identification indeed require that the discrimination being undertaken allows for 

generalization: a zebra that avoids only one specific lion, with mane colouration 

just so, will quickly find itself consumed by a slightly varied lion. Meanwhile, a bird 

will need a much more specific description of its mate in order to successfully 

distinguish him from roughly similar conspecifics – though not so specific that he 

is ignored when standing at an unusual angle to the viewer. This sort of 

discrimination is a signal detection problem like any other; in the case of the lion 

and zebra, a “miss”, could be fatal, while for mate identification, a “false alarm” 

results in wasted time and resources. An animal’s representational ability needs to 

have a repertoire of sensitivity levels to avoid Type 1 errors (false positives) when 

pursuing some goal, and Type 2 errors (false negatives) when avoiding some peril. 

Identifying a potential mate, or a homing landmark, or potential tool requires 

recognizing that a presented stimulus is an exemplar from a category – whether 

broadly (e.g. mates) or narrowly (e.g. my mate) defined. 

 These categories are perceptual concepts – abstractions (to a great or small 

degree) that define an in-group and out-group, and are not coterminous with any 

specific stimulus.69 Even in highly specific cases (my mate), the category may 

include multiple visual stimuli – a mallard, in the water, facing me, conveys very 

different visual information to the brain compared with the same mallard, standing 

on grass, facing away. These perceptual concepts are one of the ways some animals 

represent information gathered. The in-groups and out-groups overlap with each 
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other; categories and subcategories encompass the characteristics of incoming 

information, contextualizing and structuring it in useful form.70 

 In humans, this seems intuitive – much ink has been spilled discussing the 

ubiquity of categorization, and this is usually attributed to the value of this sort of 

pattern recognition to survival.71 It is then quite reasonable to suspect that, at the 

very least, some other species might do something similar. And indeed, several 

apes and a few birds have been shown capable of establishing perceptual concepts 

and categorizing stimuli accurately therein.69,72,73 In a classic example, pigeons were 

able to learn to categorize images based on whether or not they contained a 

human, trees, or bodies of water, and did so accurately regardless of the use of 

novel images, variance in the angle at which the subject was photographed, and 

other manipulations.74 The category employed, “pictures containing humans” (or 

trees, or water), is quite irrelevant to the ordinary discrimination behaviour of a 

pigeon, and so it was necessary to extensively train the pigeons through operant 

conditioning, both to acquire the perceptual concept in question and also to apply 

it in the form of a discriminating peck. However, this is no reason to suspect that 

this capability for concept formation is not in regular employ in a pigeon’s normal 

behaviour, when the adaptive relevance of a category is higher, for example “things 

which are food”. It is the arbitrariness of the experimental concept that both 

allows for controlled testing and mandates rewarded training. Empirically observed 

perceptual concept formation generally occurs under an associative learning 

protocol.    

 Relational concepts are still more abstract. Whilst perceptual concepts 

concern the qualities of a stimulus itself and the categories they place it within, 

relational concepts compare two or more qualities of stimuli, and are quite 

intangible to and independent of the stimuli themselves.70 One of the most 
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straightforward relational concepts is whether two (or more) stimuli are equal or 

different.75 This is a distinction which may have degrees: ceteris paribus, an ovoid and 

a sphere are in some sense more similar than a sphere and a cube, and when more 

than two stimuli are compared, one iteration may have more similar elements than 

others (for example, fifteen identical objects and one different one versus sixteen 

different elements);76,77 but it is also one with a bright line – true sameness, by most 

definitions, brooks no variation, even if some differences are more pronounced 

than others. Regardless of the specifics of definition, sameness and difference 

differ from perceptual concepts in that they are further abstracted from the 

stimulus itself, and indeed are quite divorced from any of its qualities: a yellow 

object is inexorably part of the perceptual category “yellow”, but its membership in 

“same” or “different” is entirely dependent on context. 

 Relational concepts, being much more abstract, have proven more difficult 

for animals to learn in operant trials – and indeed many studies claiming to show 

relational concept learning fail to adequately do so. One method, which has been 

employed to claim relational concept learning for the honeybee,78 is to train an 

animal that a reward may be obtained by discriminating, from between two stimuli, 

the one that matches a previously presented sample (for example, presenting for 

discrimination a red and blue circle, having previously presented a blue circle as the 

sample, and offering reward when the blue circle is selected, then transferring to a 

new modality, such as stimuli differing in shape but equal in colour). In the case of 

the bees, some were trained to always choose the “same” stimulus, others the 

“different” stimulus, and then successfully discriminated in a different modality in 

their transfer trials. This is then taken as evidence for relational concepts in the 

honeybee.78 However, this is not robust evidence of relational concept learning, 

but rather, a case of cued discrimination masked by the relation between stimuli 
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and the cue itself. The rule “if blue, pick blue” is not substantially different from 

the rule “if tone one sounds, pick blue”. The transfer to other modalities is more 

convincing, but does not suggest that the bees are learning a concept of 

“sameness” and “difference”, but rather have acquired the operant rules of “match 

to sample” or “non-match to sample”; the learned rule does not abstract from the 

qualities of the stimuli, it relies upon them. 

 Relational matching to sample is a stronger test of relational concept 

formation, and in this task, only some primates77,79-82 and a few birds: parrots,83 

corvids,84,85 and, under extensive training, pigeons,86-88 have demonstrated the 

abstraction in question.89 Here, the cue presented is itself composed of two stimuli that 

manifest sameness or difference (two red spheres, or a red sphere and a red cube, for 

example). The animal must then discriminate between two further such pairings, one 

same and one different, and select the pair exhibiting the same relationship as the 

sample, even though all of the testing stimuli are novel. This is a more difficult 

abstraction, and all species that have thus far successfully demonstrated this ability 

have done so after extensive, rewarded reinforcement.85 One species of crow has 

spontaneously demonstrated this ability, the first non-primate to do so, but then only 

when relational trials were interspersed between long-term, conditioned identity 

matching trials, in the context of rewarded discrimination.85    

 

Concepts Are Not a Luxury 
	
  
 The rarity and difficulty of training animals to demonstrate the use of 

concepts, especially the more abstract relational concepts, might at first suggest 

that such abstraction is only possible for highly intelligent species: primates and the 

most cognitively developed of birds. This is, however, an unlikely conclusion – as 
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has already been discussed, any meaningful use of information must involve 

contextualizing it conceptually. Rather than concepts being cognitively beyond 

most animals, it is possible that it is instead the causal nature of operant 

conditioning and other reinforcement protocols that provides the stumbling block, 

as concept formation seems necessary to a much wider range of animals than 

primates and the most intelligent birds. It seemed reasonable, then, to investigate 

whether this phenomenon could be demonstrated in an unexpected species by 

removing it from the reinforcement-learning context; still testing concept learning, 

but avoiding the potential cognitive difficulty of operant conditioning.  

 To investigate this, I returned to filial imprinting in ducks to subject 

concept learning outside the operant context to a “hard” test. The popular notion 

of filial imprinting is that it is automatic and limited in scope: a bird sees its 

mother, an imprint is formed, and this “visual snapshot” is reflexively followed 

until maturation. Not only is this description inaccurate90-92 (as there is ample 

evidence of young fowl forming a second imprint when their original imprinting 

substrate is removed),93,94 but any imprint based solely on a visual snapshot is 

doomed to yield potentially disastrous false negatives. A mother duck with 

extended wings, partially submerged when floating, standing partway behind a tree, 

or holding its head and neck in a previously unseen position will differ substantially 

from any given memory “snapshot” upon which such a theoretical imprint is 

based. A duckling operating on a single snapshot (or even an array of several) 

could fail to recognize its own mother when presented in some context not 

previously seen during the sensitive period for imprinting. The mechanism must 

therefore be more flexible, and young birds have indeed been shown capable of 

imprinting on more abstract substrates, such as biological motion patterns,92 and 

under limited, specific circumstances, small numerical values.91  
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 To create a “hard” test for non-reinforced concept learning, in Chapter 5 I 

tested whether day-old ducklings could acquire the relational concepts of sameness 

and difference through imprinting, using moving pairs of stimuli as surrogate 

mothers, and testing with novel stimuli entirely distinct from the imprinted pairs, 

but exhibiting or not exhibiting the same relational concept. This is a “hard” test 

on two fronts: since imprinting is a highly specific form of identification – having 

only one true positive – the need for abstraction in normal maternal imprinting is 

less than in a broader identification task. Concept learning through imprinting is 

thus particularly suggestive of a general ability for concept formation, since 

imprinting is among the less conceptual tasks an animal might face. Secondly, this 

test employs the significantly more abstract and difficult problem of relational 

concept learning. The work in Chapter 5 does not use an operant conditioning 

protocol: the ducklings receive no material reward at any time, and no extensive 

training. Samples are presented once, and then discrimination is tested – the 

behaviours are spontaneous, because the context is that of a biologically prepared 

propensity.  

 Chapter 5 represents the portion of this thesis that involved the greatest risk, 

deliberately posing a hard test for a potentially absent ability. It was undertaken despite 

this because of its profound bearing on the nature of information acquired and 

deployed by animals, a matter of major relevance to the problem of inter-ocular 

information  transfer discussed in Chapters 2, 3, & 4. The results of Chapter 5 suggest 

that concept learning, and in particular relational concept learning, occur 

spontaneously in ducklings, and that this ability may be necessary for the survival of 

many species that have not thus far evidenced this capability. 
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In Summary 
	
  
 This thesis is about how birds manage visual information flow from beginning 

to end: the adaptations to ensure accurate information; the neuroanatomical strictures 

placed on storing that information; and the cognitive capabilities evolved to make that 

information useful to a bird engaged in complex tasks of identification in its natural 

context. The results herein, especially Chapters 2, 3, & 4, contribute to our 

understanding of how a large brain built on non-mammalian architecture deals with 

the visually demanding umwelt of living like a bird. By studying the possibilities 

opened by this neuroanatomy, the limitations it imposes, and the adaptive works-

around evolved to combat these limitations, we can better understand the evolutionary 

pressures that have shaped our own brains, and continue to shape the behaviour of 

other vertebrates. Chapter 5 proposes that the psychological architecture of concept 

formation and abstraction, often attributed only to the most intelligent species, may be 

much more widespread, and indeed may be necessarily so: adaptively crucial to flexible 

behaviour. Evolutionary success for birds means responding correctly to a constantly 

varying, and informationally rich environment. This thesis explores how this is done. 
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Abstract 

 Pigeons (Columba livia) display reliable homing behaviour, but their homing 

routes from familiar release points are individually idiosyncratic and tightly 

recapitulated, suggesting that learning plays a role in route establishment. In light of 

the fact that routes are learned, and that both ascending and descending visual 

pathways share visual inputs from each eye asymmetrically to the brain hemispheres, 

we investigated how information from each eye contributes to route establishment, 

and how information input is shared between left and right neural systems. Using 

onboard GPS loggers, we tested 12 pigeons’ route fidelity when switching from 

learning a route with one eye to homing with the other, and back, in an A-B-A design. 

Two groups of birds, trained first with the left or first with the right eye, formed new 

idiosyncratic routes after switching eyes, but those that flew first with the left eye 

formed these routes nearer to their original routes. This confirms that vision plays a 

major role in homing from familiar sites and exposes a behavioural consequence of 

neuroanatomical asymmetry whose ontogeny is better understood than its functional 

significance. 
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Introduction 
	
  
 Birds and mammals moving in familiar landscapes acquire, process, store, and 

use visual information, but whilst in the mammalian brain bilateral projections from 

the optic chiasma and inter-hemispheric connectivity through the corpus callosum 

ensure that visual information is readily available bilaterally, in birds visual pathways 

are almost completely decussated at the optic chiasm, and there is no corpus callosum. 

These differences make integration of visual input from the two eyes very different 

between these two vertebrate classes, and lead to differences in learning and memory.1 

Pigeons using visual landmarks to fly homewards from familiar locations2 provide an 

opportunity to study how visual information acquired by each eye is stored and made 

available to contralateral visual control of navigation. 

 How pigeons find their way home has been subject of extensive research and 

lively debate for many years.3,4 Field experiments have shown that pigeons compute 

their homeward bearing based on a ‘map’ (information on the bird’s position relative 

to the loft, most likely derived from olfactory cues when in unfamiliar territory)2,3,5 and 

use a time-sensitive sun compass6,7 or a magnetic compass8 in assuming a homeward 

bearing and navigating to their loft. As they acquire experience with an area, pigeons 

progressively incorporate visual cues in the form of landmarks to engage in pilotage – 

or navigation by a series of visual landmarks – with reliance on compass information 

decreasing with experience.9-12 On-board global positioning system (GPS) loggers have 

greatly enriched the study of pigeon homing, revealing that pigeons released repeatedly 

from the same site form individually idiosyncratic routes that are tightly recapitulated 

on subsequent flights.10,11,13 Furthermore, their routes often incorporate long linear 

landmarks such as roads, railway lines, and rivers.9 

 The pigeon visual system is lateralized both at neuroanatomical and at the 

functional level, as shown in birds tested in laboratory cognitive tasks.14 Functional 
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asymmetries have also been found for spatial tasks involving memorization and 

processing of cues in both laboratory settings and natural behaviours, such as 

homing.15 In particular, the functional contribution of the left and right side of the 

brain in homing behaviour has been the subject of experiments focussing on the 

hippocampal formation and olfactory and visual systems.15,16 Although both the left 

and right parts of the hippocampal formation seem to be involved in familiar 

landmark-based navigation,17 an intact left hippocampus is needed for olfactory map 

learning in young pigeons raised confined,18 likely due to the critical role of the left 

hippocampus in sun compass mediated spatial learning19 through which the association 

of wind born odours with wind direction is memorised. As concerning the olfactory 

system, an asymmetric involvement in favour of the left piriform cortex and of the 

right nostril has been highlighted.15 

Within the visual system, pigeons’ optic nerves completely decussate at the 

optic chiasm, projecting exclusively to the tectum contralateral to the input eye,20 

meaning that direct visual inputs to a hemisphere can be eliminated by capping an eye. 

The ascending tectofugal and thalamofugal visual pathways do allow for indirect visual 

input to the contralateral hemisphere,21 but while each tectum projects to the ipsilateral 

diencephalic nucleus rotundus roughly equally, more projections from the right tectum 

are shared contralaterally to the left nucleus rotundus and entopallium than vice 

versa.1,14,22 This asymmetry is developmentally related to the orientation of the pigeon 

embryo prior to hatching, whereby the right eye is exposed to more light during 

incubation.14,23 The importance of this light exposure to interhemispheric integration 

has been shown in visual transitive inference tasks performed by monocularly 

occluded pigeons.20 It has been suggested that memory formation and storage may be 

lateralised, with predominance of the left hemisphere,24 and further asymmetries of 

projections have been found in both the ascending and descending visual systems.25 
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This fits into the wider model of the avian visual system as being lateralised differently 

for specific tasks and roles.26 Nonetheless, this model is largely derived from chickens, 

and it is likely that detailed patterns of lateralisation differ between pigeons, chickens, 

and other birds.  

 Here, we investigate whether the asymmetries of the visual memory system are 

reflected in pigeons’ route fidelity when switching from monocular homing with an 

‘experienced’ to a ‘naïve’ eye. We trained twelve pigeons to fly home under reversible, 

non-invasive monocular occlusion (Fig. 1) for 18 flights before subsequently flying 

another 18 flights from the same release point with the opposite eye blocked. This was 

followed by five flights with the original eye blocked, and finally by five binocular 

flights, completing a total of 46 flights per bird, in four phases. Our results reflect a 

poverty of interhemispheric exchange of visual homing information and a hemispheric 

imbalance of information availability in the pigeon brain.  
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Figure 1. Pigeon with eye ring and eye cap and generalized structure of pigeon 
tectofugal system 
 
A) Each pigeon was fitted with two eye rings as shown. The ‘hook’ side of Velcro was used for 

the ring attached to the pigeons’ feathers as its thinner profile ensured forward vision would not 

be compromised. B) The eye caps were constructed of a double layer of flexible etched plastic. 

The seam in the eye cap was consistently oriented posteriorly to ensure a homogenous image in 

the forward dimension. C) Schematic of the pigeon tecto-fugal visual system, detailing the 

asymmetry of inputs. Diagram adapted from 23. 
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Experimental Procedures 
	
  
Subjects & Materials 

Sixteen homing pigeons two years of age and of both sexes were used.  

Pigeons were housed at the Oxford University Field Station, Wytham, UK, where they 

had also been bred. Pigeons were kept at free feeding weight with unlimited access to 

water, grit, and mixed grain food, and allowed to fly freely from the loft daily. 

Twelve experimental birds were prepared for attachment of GPS logging 

devices by trimming non-flight feathers on their backs and applying a 4cm strip of 

Velcro with fast drying glue.  All GPS devices were initially attached via the Velcro 

method, but in cases in which the strip became loose during the course of the 

experiment, the attachment method was switched to the use of an elasticated harness 

(for further details, see ‘Irregularities’, below). Rings of Velcro to facilitate eye cap 

attachment were glued around each eye as in Figure 1.  QStarz BT-Q1300ST 5Hz 

personal GPS loggers were modified for attachment to pigeons, by removing the outer 

plastic covering.  Eye caps (see Figure 1) consisted of a 2 cm diameter disk composed 

of a double layer of etched plastic to allow for light penetration but prevent shape 

identification. The remaining four birds formed a control group and were prepared in 

the same fashion for GPS attachment, but were not fitted with eye rings. 

All pigeons received basic training of at least three flock releases and three solo 

releases from locations roughly aligned with the four cardinal directions, approximately 

2 km from the loft, alternated to prevent directional bias. All training flights were 

flown binocularly. 

 

Releases 

Releases investigated homing in birds completely naïve to the release site. 

Pigeons were transported to the release site in individual chambers within two pigeon 
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boxes, which allowed thorough airflow but prevented the pigeons seeing out of the 

boxes. The boxes were transported by automobile, with all windows lowered to allow 

the pigeons access to the olfactory scentscape during travel. Upon arrival at the release 

site, the boxes were removed from the car and the birds were allowed 7 minutes 

before the first release. During this time, the pigeons were fitted with their eye caps 

over the appropriate eye without removal from the box and GPS loggers were 

prepared. All birds’ experimental releases were solo flights and birds were released 7 

minutes apart to prevent ad hoc flock formation. The pigeons had no previous homing 

experience beyond basic training. A single release point was used, but all analyses 

compared changes in route within subject and between flights, rather than location of 

route with reference to the landscape. Any bias toward landmarks from this release site 

is therefore unlikely to have affected our results. Furthermore, the use of a single 

release site minimised loss of birds. 

 

Experimental Groups 

The 12 experimental birds were divided into two groups, one of seven (LRLB 

group) and one of five (RLRB group). The groups initially contained eight birds each, 

but one bird from the LRLB group and three birds from the RLRB group failed to 

home during the first flight (See Losses and Irregularities, below). 

The pigeons were released from a novel location 3.8 km from the loft.  The 

releases comprised 50 flights in four phases over the course of three months. 

Phase 1 (Flights 1–18) consisted of first-eye training and testing. The Left-

Right-Left-Binocular (LRLB) group flew with their left eye (right eye covered), and the 

Right-Left-Right-Binocular (RLRB) group with the right eye (left eye covered) during 

all flights in Phase 1. Twenty releases were performed, and the first 18 of the 20 Phase 

1flights completed by each bird were included in analysis. The final two flights were 
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reserves, included to accommodate occasions when a bird missed a flight for one of a 

number of reasons or a GPS logger failed (see Irregularities, below). In cases in which 

a bird did not miss two flights within the set of 20, any flights beyond the 18th (1-2 

flights) were excluded from consideration.  

Phase 2 (Flights 19–36) consisted of second-eye training and testing, and 

followed the same pattern as Phase 1. In Phase 2, the LRLB group flew with their right 

eye (left covered), and the RLRB group with their left eye (right covered). As in Phase 

1, 20 releases were performed, and the first 18 successfully flown by each pigeon were 

included in analysis. 

Phase 3 (Flights 37–41) consisted of re-testing the first eye. The LRLB group 

flew with their left eye and the RLRB group with their right eye. All pigeons flew five 

flights in Phase 3. 

Phase 4 (Flights 42–46) consisted of binocular testing.  All 12 pigeons flew 5 

flights with both eyes uncovered. 

 

Control Group 

 The four control birds were released binocularly 18 times from the same site as 

the experimental birds, following the same protocols. The first 13 flights comprised 

training and the last five flights (Flights 14-18) were used to determine ‘normal high-

familiarity homing’ for comparison to experimental birds. The control birds did not 

experience any irregularities, and the results from the controls were highly consistent, 

allowing the use of only four animals, in keeping with the goal of reduction of animals 

in research. 
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Data Processing 

 GPS traces of flight paths were converted into comma-separated values format 

by proprietary software included with the GPS loggers. All subsequent processing and 

analysis of flight paths was performed in MATLAB. All flights were trimmed for speed 

(retaining all points for which speed was greater than 0.5m/s for 30 seconds before or 

after) to exclude waiting time before release and after re-entering the loft. Flights were 

then trimmed to exclude points within 200 meters of the start and endpoints to 

exclude time when all flights are constrained to be very close together. To assist 

comparisons with other experiments, a table of commonly used pigeon homing 

metrics before the advent of GPS location may be found in Electronic Supplementary 

Materials. 

 

Nearest Neighbour Analysis 

The Nearest Neighbour analysis holds one of the two flights compared in 

reference, and for each point along the reference measures the distance to the closest 

point on the compared flight in any direction (see Figure 5A, inset). For each pairwise 

comparison, both flights are held in reference and compared to the other in turn, and 

the mean of these two series of distances provides the mean nearest-neighbour 

distance between the two flights.  

 

Losses and Irregularities 

Losses 

The first flight of the experimental releases was performed with a slightly 

modified version of the eye cap that incorporated a layer of tracing paper to partially 

occlude light.  Four of 16 birds failed to home during this first flight.  As a result of 

this high failure rate, the eye-caps were restructured to exclude the tracing paper and 
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include a second layer of etched plastic, preserving the shape disruption but allowing 

for still more light penetration. Following this modification, the remaining 12 birds 

homed successfully.  Among the 12 birds that successfully homed during the first 

flight, performance was reduced, with long routes very far from the beeline. However, 

only the final ten flights in each phase are considered included in the analysis, so any 

reduced performance in the first flight is not reflected in comparison of the first phase 

to the other phases. 

 

Irregularities 

On some occasions, a bird did not produce data during a given flight. When this 

occurred, a reserve flight was used. All such irregularities occurred during Phases 1 

and 2, and in no case did a bird require more than two reserve flights. Causes of 

irregularities included sudden weather changes, GPS device failure, and birds not-

yet-returned from free flight around the loft. Additionally, nine birds’ Velcro strips 

fell off during the course of the experiment.  As this was a result of feather 

moulting beneath the strip, the strip could not be reattached until the following 

season, and so was replaced by a ‘backpack’ consisting of a fabric pouch to hold 

the GPS logger held to the pigeon by elasticated straps that go around the wings 

and across the keel.  In seven of these cases, the bird in question was mounted 

with the backpack and excluded from flights for the remainder of the day to allow 

it to become accustomed to the backpack. Each of these birds wore the backpack 

for the remaining duration of the experiment and during all remaining flights.	
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Results 
	
  
 The twelve experimental birds flew in two groups defined by the sequence of 

which eye was available (i.e. the eye which was not occluded) in each phase of 

experimentation: ‘left-right-left-binocular’ (hereafter LRLB) and ‘right-left-right-

binocular’ (hereafter RLRB). A control group of four birds flew 18 non-occluded 

flights. Positional fixes recorded at 5Hz by onboard GPS loggers allowed us to 

reconstruct the pigeons’ flights (see Methods), and to compare paths flown. The set of 

the first 18 flights for each group (excluding the two provisional flights) is referred to 

as ‘Phase 1’ and the second 18 flights (again, excluding the provisional flights, and 

numbered from 19 in keeping with the same exclusion in Phase 1), flown with the 

other eye, as ‘Phase 2’. The subsequent five flights, flown with the original eye 

comprise ‘Phase 3’. For clarity, except where otherwise indicated, the descriptors ‘left-

eye’ and ‘right-eye’ refer to the eye that is open (not occluded) for the flight being 

described. 
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Figure 2. Examples of flight series for two experimental and one control pigeon 

Each experimental pigeon flew 46 flights in either a ‘18 left, 18 right, 5 left, 5 binocular’ or ‘18 

right, 18 left, 5 right, 5 binocular’ pattern (referring to the eye open, not the eye occluded). Bird 

IDs and treatment received are indicated in a bottom corner of each panel. Left-eyed flights are 

shown in red (magenta for Phase 3, bird B77 only), while right-eyed flights are blue (cyan for 

Phase 3, bird B72 only). Binocular flights are shown in green. The control pigeons flew 18 

flights each, all of which were binocular. 

  



	
   55	
  

Visual inspection of the trajectories revealed consistent patterns, as displayed 

by exemplars in Figure 2. For all experimental birds, the first several flights show 

properties distinct from subsequent monocular flights and from all control flights. In 

these early monocular flights, the pigeons’ routes deviate from the beeline between the 

release site and the loft in the direction of the available eye. As the pigeons become 

more experienced with a given eye, the routes migrate toward the beeline. 

Furthermore, during early flights, the pigeons often perform many tight loops around 

the open eye – clockwise when the right eye is open and counter-clockwise when the 

left eye is open, possibly attempting to gather information from a 360o  field of view, a 

behaviour not previously described, as far we are aware. This behaviour may have been 

undertaken to keep the visual field of the open eye fixed, or moving slowly, as the 

open eye facing toward the centre of the loop would reduce the visual flow to that eye 

– possibly facilitating focus on the birds’ surroundings such that visual landmarks for 

subsequent flights could form. At no point in the study was a bird seen to loop around 

an occluded eye. Control birds did perform loops, but as both eyes were open, flights 

included loops in both directions. We quantified each bird’s looping rate as loops per 

kilometre of route flown, excluding loops made around the release site and home loft 

(Fig. 3). Among experimental birds, looping rate begins high and subsides through 

subsequent flights, before returning to a high rate when the occluded eye is switched, 

and subsiding in a similar pattern. We compared the looping rate across flights within 

each of the controls, and the first two phases of each of the LRLB and RLRB birds, 

using a Two-Way Repeated Measures ANOVA. The 18-flight phases of the 

experimental birds were considered separately, such that the ANOVA included 5 

groups of 18 repeated measures (flights). The rate of looping decreases significantly 

across flights (F(17,340) = 7.162, p < 0.001), indicating that reduced looping rates 

correlate with increased experience homing over a given route. There was no 
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significant interaction between looping rate and group, suggesting that this effect is 

similar across groups. Both experimental groups showed an increase in looping rate 

following the first eye switch, presumably due to poor or incomplete transfer, or poor 

contralateral input of visual information. The subsiding of loop rate throughout each 

phase suggests that loops may provide information during early flights and thus 

become unnecessary as the birds become familiar with their recapitulated route. It is 

also possible that, rather than having a homing information role, high looping rate 

reflects general acclimatization to a new monocular condition, as it is seen each time a 

naïve eye is flown uncovered for the first time. 
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Figure 3. Looping Rate Analysis 

Monocularly occluded birds perform tight loops (approximately 25-50m in diameter) around 

the open eye during early flights as seen in the inset, top right (the blue track is a right-eyed 

bird, the red, left). The binocular controls and both phases of experimental flights show 

significant decrease in looping rate throughout the 18 flights. The heavy black lines show the 

mean value across pigeons in the group for each flight. High early looping rates may reflect 

information gathering by visually hemicompromised pigeons. 
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To test whether information input to the contralateral hemisphere was more 

effective in one direction than the other, we assessed how the birds’ trajectories 

changed across phase changes. To do this, we used a distance-to-beeline analysis 

(Figure 4). Each flight was sampled at points representing GPS positional fixes 

collected at 5Hz. This analysis computes the mean perpendicular distance in metres 

between the beeline and each point in a given flight, assigning positive values to scores 

left of the beeline and negative values to those to the right, with respect to the 

direction of flight. Figure 4A shows the beeline analysis for each flight. To compare 

the degree to which routes changed across phases, we computed the difference in 

distance to beeline between each bird’s first flight after an eye switch and the mean of 

the ten flights before the switch (Figure 4B), for both the initial switch from Phase 1 to 

2 (i.e. switching to a ‘naïve’ eye) and the subsequent switch from Phase 2 to 3 (i.e. 

switching back to the eye that became ‘experienced’ in Phase 1). We calculated the 

magnitude of the change from pre-switch mean to the first post-switch flight for each 

bird, and compared the groups via two-sample t-tests, as shown in Figure 4B. The 

average (± SE) signed magnitude of the changes in distance to the beeline after the 

first (Naïve) switch was -250.2±67.0m for the LRLB group and 506.9±98.5m for the 

RLRB group. In addition to the obvious sign difference (Figure 4B), the absolute value 

of the difference between the first and second phase for the RLRB group was 

significantly greater than for the LRLB group (p = 0.049, two sample t-test), 

corresponding with the move across the beeline seen in the RLRB graph, indicating 

that the asymmetric effect of the treatment was true at individual level and not an 

artifact of averaging. This implies that the LRLB group’s route was less affected by the 

eye switch than was the case for the RLRB group. It is possible that information 

concerning a general spatial affinity for the landmarks acquired with the left eye/right 

hemisphere system (LRLB group) reached the left hemisphere via an indirect input to 
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a greater degree than in the opposite direction (RLRB group). There was no significant 

difference between groups in the absolute value of change between the second and 

third phases (p = 0.580). 

While the LRLB birds did fly nearer to their Phase 1 routes in Phase 2 than 

was the case for RLRB birds, the beeline analysis does not determine the fidelity of 

route recapitulation (similar mean distance to the beeline can result from different 

trajectories). For this reason, route fidelity was examined using a ‘nearest neighbour 

analysis’ (Fig. 5A, inset), in which each flight within a bird’s series was compared to the 

immediately preceding flight. The details of this analysis are presented in ‘Methods’. 

The nearest neighbour analysis shows how the route differs between consecutive pairs 

of flights,27 providing a measure of variability or fidelity of a bird’s recapitulation of its 

route. Figure 5A shows the nearest neighbour results for the controls and the first 

phases of the two experimental groups. The controls show a rapid progression from 

early variability to asymptotic fidelity. These results were compared to the first phase 

of both experimental groups via Two-Way Repeated Measures ANOVAs. All three 

groups showed a significant main effect of decrease in nearest neighbour distance with 

experience across the 17 pairwise comparisons (F(16, 176) = 1.827, p = 0.031), but no 

significant difference between the groups (F(32, 176) = 0.876, p = 0.662). The Phase 2 

results of the experimental groups where compared in the same way, with both groups 

again showing a significant decrease across the 18 pairwise comparisons (including the 

cross-phase comparison of the last flight in Phase 1 to the first in Phase 2), (F(17, 170) 

= 7.098, p < 0.001), and a significant difference in nearest neighbour values between 

the two groups (F(17, 170) = 2.167, p = 0.007). This is consistent with the results of 

the beeline analysis, which showed that the RLRB group displayed a larger shift in 

spatial location of route across the eye-switch. Both groups were affected by the switch 

from the first eye to the second – the high nearest neighbour values imply that the first 
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flight of Phase 2 did not recapitulate the last flight of Phase 1 in either group. This is 

consistent with the findings of the beeline analysis, which showed that both groups’ 

routes changed, albeit to different degrees, across the initial eye switch. This implies 

that whilst both groups achieved consistent recapitulation by the end of each of Phases 

1 and 2, both groups also modified their routes after the switch, as nearest neighbour 

distances increased at the beginning of Phase 2.  

The high nearest neighbour values at the beginning of Phase 2 do not exclude 

the possibility that the birds produced high variability as a result of the eye-switch, but 

then settled back to the same recapitulated route as before the switch – especially the 

LRLB birds, which were shown in the beeline analysis to achieve similar scores across 

phases. However, as we noted earlier, similarity of beeline score does not imply route 

recapitulation, and a visual inspection of the final five flights for each bird in each of 

Phases 1 and 2 reveals that this was not the case. Figure 5B shows representative 

examples of these flights for each group (equivalent figures for all birds are supplied in 

Figure S1). As can be seen, while within phase flights are near to each other, routes 

differ across phases. Some birds, especially in the LRLB group, did fly very near their 

previous route, but the shape of their route differed between the two Phases. This 

suggests that while the LRLB birds did show slightly higher route fidelity after the eye 

switch than the RLRB birds, the complete information necessary for precise 

recapitulation, perhaps including sequence, bearings, or other onward guidance 

connecting one landmark to another, was not sufficiently available to either group to 

allow strict recapitulation.  
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Figure 4. Beeline Analysis 

The beeline analysis calculates the distance to the beeline for each point along a flight, and 

gives the mean of these distances as the score for that flight. A) Each bird’s score is shown for 

each flight. The black lines show a fitted exponential curve with 95% confidence intervals 

(fitted parameters are given in Electronic Supplementary Materials).  The ‘left eye’ and ‘right 

eye’ labels refer to the open eye. Points to the right of the beeline, with reference to the 

direction of motion, are scored as negative values, while those to the left are positive. B) For 

each of the two eye-switches from Phase 1 to 2 and Phase 2 to 3, the mean of the final ten flights 

before the switch is compared to the first flight after the switch.  
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Figure 5. Nearest neighbour analysis of route development 

A) The nearest neighbour analysis calculates the degree to which a flight has changed with 

respect to the previous flight, as seen in the inset, top right (see Methods for details). The blue 

arrows represent the shortest distances between the two flights, computed at each point in the 

flight (here, three are shown for clarity). The pairwise comparisons of flights in each group 

(Controls, LRLB, and RLRB) are shown as boxplots about the median. The ‘left eye’ and ‘right 

eye’ labels refer to the open eye. (Note that since there is no flight previous to the first, the first 

frame is left empty.) Recapitulation occurs when nearest neighbour values remain low, while 

adjacent high values indicate variability of route. B) Examples showing that both LRLB and 

RLRB birds recapitulated over a different route in each phase. 
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Discussion 

	
  
Our results indicate that in pigeons input of visual homing information from 

each eye is not closely integrated with input from the other eye, that the level of 

integration is asymmetric, and that this asymmetry has functional consequences. 

Pigeons’ routes learned solely with one eye are not recapitulated when flying with the 

other, naïve eye, and this failure to recapitulate occurs regardless of which eye learns 

first, though birds that home first monocularly with the left eye fly significantly nearer 

to their left-eyed route when subsequently flying right-eyed than vice versa. This 

suggests that the various commissures in the pigeon visual pathway allow insufficient 

contralateral input of route information for strict recapitulation using the naïve eye. 

However, route recapitulation by visual landmarks requires both visual and non-visual 

memory, as a pigeon must both recognize each landmark visually and remember which 

direction to take and which landmark comes next in sequence at each point to follow 

its established route tightly. It is thus possible that though this strict sequence was lost 

in both groups, the LRLB group’s more general visual recognition and attraction to the 

previously learned landmarks may have endured across phases, and may reflect the 

asymmetry of the pigeon’s visual pathway, especially in the ascending tecto-fugal 

pathway. 

Concordant with the asymmetry present in the commissures of the tecto-fugal 

visual pathway, birds flying with the right eye after learning initially with the left eye, as 

seen in the LRLB group, fly significantly nearer to their original (left-eye), first-learned 

route than birds flying in the opposite order. Thus, although neither group using the 

second eye followed the precise set and sequence of visual landmarks learned with the 

first eye, the asymmetry of the pigeon visual system1,14,23 means that information 

acquired with the left eye is more readily available to control visually-guided behaviour 

by the alternative eye than the opposite. Even after repeated experience, the Phase 2 
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routes of the RLRB group settle farther from their initial (left eyed acquired) routes 

than those of the LRLB birds, possibly because the weaker projections from the left 

optic tectum to the right nucleus rotundus are much reduced relative to the opposite 

side,1,14,23 though other neural asymmetries may contribute to this difference.25 Thus, 

though neither eye can access the exact sequence of landmarks determining the route 

established with the other eye, the information acquired with the left eye is more 

readily available to both eyes than that acquired with the right,23 allowing birds flying 

right-eyed after left to fly more closely to the routes learned with the left eye. The fact 

that no significant change in route was found in either group upon returning to the 

first eye in the third phase is consistent with previous observations that pigeons retain 

learned recapitulated routes over long periods of time. In both groups, by the 

beginning of the third phase, eighteen flights had been flown by each eye, thus 

allowing whichever eye was used in the third phase to access those visual memories 

and home accordingly.  

Our beeline analysis results further suggest that the difference in performance 

cannot be solely attributed to lateralization – the superiority of one eye or hemisphere 

over the other for homing performance.  If this were the case, we would expect to find 

similar performance for a given eye across both groups in all phases. Instead we see 

that homing performance for a given eye varies depending on the sequence of training 

and previous experience. This suggests that our results derive from the asymmetry of 

visual inputs to the two hemispheres, rather than simple superiority of one hemisphere 

or eye. 

These results confirm the suspected effects of neuroanatomical division and 

asymmetry of visual processing, and contribute to our understanding of visual 

lateralisation in homing for pigeons with some homing experience. A previous study 

on monocular homing inferred the importance of the eyes for homing lateralisation 
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from different homing speed and vanishing bearings with each eye, but argued that 

since both naïve and experienced birds showed vanishing bearing deflection and 

lateralization of performance, this was not an effect of visual memory but potentially 

of lateral specialization for magneto-reception or optic flow.28 However, naïve and 

experienced pigeons navigate by different strategies; namely, naïve pigeons rely mostly 

on site-specific compass orientation, while experienced pigeons transition to pilotage-

based orientation within the familiar area.29 By utilizing GPS technology that allows 

investigation of the fidelity of homing to previously recapitulated routes, we have 

shown that the better performance of the LRLB pigeons in Phase 2 (when flying with 

the previously naïve right eye) is likely a result of the left hemisphere’s more complete 

visual memory of homing routes. The Phase 2 results indicate that pigeons 

experienced with both eyes separately show right eye/left hemisphere superiority in 

homing, a pattern previously noted in pigeons flying monocularly after simultaneous 

binocular experience,30 and in pigeons navigating in an indoor arena strewn with visual 

landmarks.31 

Finally, our results reaffirm the importance of vision itself in the process of 

pigeon homing. At one time the subject of debate, the degree of relevance of visual 

information in allowing pigeons to reliably home remains in question. While the 

formation of, and loyalty to, individually idiosyncratic homing routes have been taken 

as key support for the importance of visual information and memory in familiar area 

homing,9 these inferences were indirect. The current study is the first to assess route 

recapitulation whilst manipulating visual information input directly during homing, and 

demonstrates that monocular homing performance follows well the pattern established 

in other purely visual tasks. Pigeons undertaking a monocular binary discrimination 

task after binocular training show better performance with the right eye than with the 

left, again likely a consequence of the right eye’s access to a more complete visual 
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memory.32 Our results demonstrate a similar pattern for familiar area homing, and thus 

situate this homing within the pigeon’s visually controlled behaviours. 
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Electronic Supplementary Material 
	
  
Curve fitting details for Figure 4 

All curves were fitted using the equation  𝑦 = 𝑎𝑒!".  

Coefficients and goodness of fit: 

LRLB Flights 1–18 

Coefficients (with 95% confidence bounds): 
a =       184.8  (25.49, 344.2) 
b =    -0.05244  (-0.1559, 0.05105) 
 
Goodness of fit: 
  SSE: 2.271e+05 
  R-square: 0.06127 
  Adjusted R-square: 0.002601 
  RMSE: 119.1 
 

LRLB Flights 19–36 

Coefficients (with 95% confidence bounds): 
a =      -72.33  (-123.6, -21.11) 
b =    -0.03577  (-0.1135, 0.04197) 
 
Goodness of fit: 
  SSE: 2.728e+04 
  R-square: 0.05989 
  Adjusted R-square: 0.001134 
  RMSE: 41.29 
 
 
LRLB Flights 37–41 

Coefficients (with 95% confidence bounds): 
       a =       98.05  (-652.5, 848.6) 
       b =      -0.307  (-3.716, 3.102) 
 
Goodness of fit: 
  SSE: 4.817e+04 
  R-square: 0.0742 
  Adjusted R-square: -0.2344 
  RMSE: 126.7 

 
 
LRLB Flights 42–46 

 
Coefficients (with 95% confidence bounds): 
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       a =      -49.34  (-89.03, -9.653) 
       b =     0.08863  (-0.1333, 0.3105) 
 
Goodness of fit: 
  SSE: 598.7 
  R-square: 0.3341 
  Adjusted R-square: 0.1122 
  RMSE: 14.13 
 
 

 
 

RLRB Flights 1–18 

Coefficients (with 95% confidence bounds): 
a =      -302.6  (-412.4, -192.9) 
b =    -0.03731  (-0.07745, 0.002829) 
 
Goodness of fit: 
  SSE: 1.235e+05 
  R-square: 0.189 
  Adjusted R-square: 0.1383 
  RMSE: 87.85 
 

RLRB Flights 19–36 

Coefficients (with 95% confidence bounds): 
a =        1661  (-3127, 6448) 
b =      -1.649  (-4.376, 1.077) 
 
Goodness of fit: 
  SSE: 1.114e+05 
  R-square: 0.4802 
  Adjusted R-square: 0.4477 
  RMSE: 83.46 
 

RLRB Flights 37–41 

Coefficients (with 95% confidence bounds): 
       a =      -120.9  (-279.7, 38.02) 
       b =     0.07576  (-0.2912, 0.4427) 
 
Goodness of fit: 
  SSE: 9118 
  R-square: 0.1366 
  Adjusted R-square: -0.1512 
  RMSE: 55.13 
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RLRB Flights 42–46 

Coefficients (with 95% confidence bounds): 
       a =      -41.37  (-92.54, 9.797) 
       b =      0.1723  (-0.1461, 0.4907) 
 
Goodness of fit: 
  SSE: 1399 
  R-square: 0.4783 
  Adjusted R-square: 0.3044 
  RMSE: 21.59 
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Classical Pigeon Metrics 
 
Efficiency scores  

 
Route efficiency is calculated as the beeline distance from release point to home loft 
divided by the total distance travelled.  Mean efficiency ± standard deviation is given 
for the selection of flights indicated. 
 
 Phase 1, 

Flights  
1-5 

Phase 1, 
Flights  
14-18 

All Phase  
1 Flights 

Phase 2, 
Flights  
1-5 

Phase 2, 
Flights  
14-18 

All Phase  
2 Flights 

All Phase  
3 Flights 

All Phase  
4 Flights 

LRLB 
Birds 

0.582 ± 
0.15 

0.711 ± 
0.09 

0.669 ± 
0.12 

0.711 ± 
0.10 

0.699 ± 
0.11 

0.709 ± 
0.10 

0.670 ± 
0.14 

0.798 ± 
0.07 

RLRB 
Birds 

0.616 ± 
0.15 

0.705 ± 
0.11 

0.683 ± 
0.13 

0.642 ± 
0.11 

0.784 ± 
0.09 

0.729 ± 
0.11 

0.721 ± 
0.10 

0.792 ± 
0.08 

Controls 0.695 ± 
0.20 

0.759 ± 
0.19 

0.759 ± 
0.16      

 
 
Homing time scores 

 
Homing time is the time, in seconds, from release to landing at loft. Mean homing 
time ± standard deviation is given. 
 
 Phase 1, 

Flights  
1-5 

Phase 1, 
Flights  
14-18 

All Phase  
1 Flights 

Phase 2, 
Flights  
1-5 

Phase 2, 
Flights  
14-18 

All Phase  
2 Flights 

All Phase  
3 Flights 

All Phase  
4 Flights 

LRLB 
Birds 

641.2 ± 
680.6 

307.0 ±  
57.1 

473.2 ±  
533.4 

328.9 ±  
61.5 

352.1 ±  
91.8 

361.7 ± 
267.2 

475.6 ± 
530.9 

439.9 ± 
663.1 

RLRB 
Birds 

510.4 ±  
425.8 

324.6 ±  
84.0 

440.0 ±  
444.6 

373.3 ±  
109.1 

306.1 ±  
55.4 

339.7 ±  
77.3 

379.3 ±  
175.0 

266.7 ±  
77.5 

Controls 251.1 ±  
110.2 

548.3 ±  
359.4 

329.8 ±  
235.1      

 
 
 
Virtual vanishing bearing scores 
 
Virtual vanishing bearing is the direction of flight, relative to the release point, when 
the bird first exceeds a distance of 2.5km from the release point. It is expressed in 
degrees, with 0 or 360 indicating North, 90 East, 180 South, and 270 West. Mean 
bearing ± standard deviation is given. 
 
 Phase 1, 

Flights  
1-5 

Phase 1, 
Flights  
14-18 

All Phase  
1 Flights 

Phase 2, 
Flights  
1-5 

Phase 2, 
Flights  
14-18 

All Phase  
2 Flights 

All Phase  
3 Flights 

All Phase  
4 Flights 

LRLB 
Birds 

185.8 ±  
16.5 

192.1 ±  
9.1 

190.3 ±  
12.0 

198.4 ±  
7.7 

196.3 ± 
5.6 

197.6 ± 
6.3 

193.7 ± 
7.9 

196.4 ±  
3.7 

RLRB 
Birds 

225.4 ± 
44.8 

203.3 ± 
12.2 

209.4 ± 
26.4 

189.6 ±  
11.8 

196.6 ± 
4.3 

192.6 ±  
8.7 

201.1 ± 
10.6 

195.1 ±  
3.4 

Controls 196.2 ± 
7.4 

193.7 ± 
3.8 

194.7 ± 
5.6      
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Virtual vanishing time scores 

 
Virtual vanishing time is the time in seconds between release and when the bird 
reaches the point at which virtual vanishing bearing (above) is taken. Mean vanishing 
time ± standard deviation is given. 
 

 Phase 1, 
Flights  
1-5 

Phase 1, 
Flights  
14-18 

All Phase  
1 Flights 

Phase 2, 
Flights  
1-5 

Phase 2, 
Flights  
14-18 

All Phase  
2 Flights 

All Phase  
3 Flights 

All Phase  
4 Flights 

LRLB 
Birds 

281.8 ± 
141.7 

189.1 ± 
35.4 

223.5 ± 
86.7 

218.4 ± 
56.5 

246.7 ± 
90.1 

227.6 ± 
65.9 

268.5 ± 
159.7 

185.9 ± 
30.6 

RLRB 
Birds 

310.9 ± 
216.1 

202.0 ± 
51.6 

245.3 ± 
130.8 

253.9 ±  
45.3 

208.1 ± 
50.52 

223.9 ± 
48.3 

317.7 ± 
463.6 

210.0 ± 
42.3 

Controls 199.8 ±  
71.1 

195.6 ± 
27.5 

185.8 ± 
43.4      
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Figure S1. All birds’ end-of-phase flights 

This figure shows the traces of the last five flights in each of Phases 1 (blue) and 2 (red) for 

each of the 12 birds in the study.  As can be seen, the flights of Phase 2 are generally flown over 

a different route from that flown during Phase 1. Neither group displayed a tendency to ‘settle’ 

back to their Phase 1 route in Phase 2.  
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Chapter 3 
 
 
Swapping Mallards: Monocular Imprinting in 
Ducklings 
 
 
Antone Martinho III & Alex Kacelnik 
	
  
Under review for Animal Behaviour. 
 

 
“Then lett us drink and dance a Galliard 

in ye Remembrance of ye Mallard, 
And as ye Mallard doth in Poole, 

Lett's dabble, dive, & duck in Boule. 
Hough the bloud of King Edward, 

By ye bloud of King Edward, 
It was a swapping, swapping mallard!” 

 
The Mallard Song 
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Abstract 
	
  
 Eutherian mammals are unique in that sensory input from each eye is 

exchanged and shared between left and right brain hemispheres through the corpus 

callosum. All other vertebrates lack this structure and hence interocular information 

exchange is more restricted, raising issues of how information acquired with each eye 

contributes to the control of behaviour. Studies of food hoarding, laboratory 

discrimination, and homing in birds show that information acquired with one eye is 

not immediately available for action guided by the opposite one.  We investigate 

interocular transfer, using filial imprinting in ducklings as experimental system. In 

Experiment 1 we imprinted hatchlings on either of two duck decoys, in three 

treatments differing on whether (A) birds were trained and later tested for a following 

response binocularly, (B) trained and tested monocularly, with the same eye, or (C) 

trained and tested monocularly, with opposite eyes. Birds preferred the training decoy 

for at least 3 hours after imprinting in treatments A and B, but were indifferent in C. 

In Experiment 2 birds were imprinted sequentially with two decoys, in three 

treatments where they were (D) trained and tested binocularly, (E) trained monocularly 

with a different decoy for each eye and tested monocularly with each eye, or (F) 

trained monocularly with a different decoy for each eye and tested binocularly. In 

treatment D ducklings were close to indifference, with a weak preference for the most 

recent decoy.  In treatment E preference weakly favoured the decoy used during 

imprinting with the eye being tested. Finally, in treatment F there was no evidence for 

dominance of either eye. Thus, imprinting information is laterally isolated for at least 

three hours, the experience status of the opposite eye (naïve or with a competing 

imprinting) has a small effect, and we found no evidence for eye dominance.  
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Introduction 
	
  
 Among vertebrates, only eutherian mammals have a corpus callosum, the main 

anatomical structure allowing a high level of rapid information exchange between the 

left and right brain hemispheres. In the case of birds, whilst several smaller 

commissures connect the two hemispheres,1,2 the relative independence (compared 

with mammals) of information processing between the left and right sides of the brain 

is interesting for a number of reasons. On one hand, relating differences in 

neuroanatomy to differences in behaviour between mammals and birds allows for 

deeper understanding of how action is controlled by the brain in general. On the other, 

it makes the avian bird a useful model for exploring hemispheric information 

integration, including how a system so different from the mammalian one controls 

attention and use of acquired information to control action.  

 The avian visual system consists primarily of the tectofugal and thalamofugal 

pathways. In most birds, the optic nerves are completely decussated, and the inputs 

from each eye project only to the contralateral hemisphere. From there, in both the 

tectofugal and thalamofugal pathways, inputs remain mostly within the same 

hemisphere: in the tectofugal, the right tectum projects to the right nucleus rotundus 

and vice versa, and in the thalamofugal, the right dorsal lateral geniculate nucleus 

projects to the right wulst and vice versa. In both pathways, there are also smaller 

interhemispheric projections, which are generally smaller then the ipsilateral 

projections, and in some species, lateralised, with one hemisphere sharing more 

information contralaterally than the other.2-4 This results in brains in which each 

hemisphere may have a better representation of the contralateral eye’s inputs than the 

ipsilateral, and in which one hemisphere may have more ipsilateral eye information 

than the other.  
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Monocular learning experiments have demonstrated varying levels of 

hemispheric integration of visual information in bird species. Experiments in marsh 

tits (Poecile palustris) have shown that food cached with one eye open is not found when 

searching with the other 5, but that information gathered with the left eye system is 

apparently transferred to long term memory in the right eye system between three and 

24 hours following learning 6.  Incomplete contralateral visual input has been 

demonstrated in local area homing in pigeons (Columba livia),7 and interhemispheric 

transfer of pattern discrimination fails in chickens (Gallus gallus),8 though in the latter 

case, reinforcement with food enabled previously failed transfer.9 This lack of 

complete access to the other hemisphere’s visual memories has produced a similar 

pattern in binary discrimination and transitive inference tasks in pigeons.3,10 In most 

cases, visual input seems to be restricted to the eye-contralateral hemisphere, with 

integration via interhemispheric transfer occurring some time later. Several studies in 

young chicks have suggested that this hemispheric independence may support task 

specialization in each hemisphere, with left and right eyes and hemispheres taking on 

differing roles.1,11-13 

Most existing studies dealing with hemispheric integration in birds have used 

adult birds and protracted learning, with the initial eye, to develop memory contents – 

a homing pigeon requires at least eight to ten flights over several days to develop a 

route, and binary choice and transitive inference require reinforcement over the course 

of many trials. The hoarding-retrieval experiments with adult marsh tits are an 

exception, because memory for the location of caches presumably takes place during 

the brief exposure to the hoarding site and its spatial context. Here we investigate 

interocular transfer in newly hatched ducklings, using imprinting as the critical task.  

Avian filial imprinting is recognised as a unique form of learning – notable for 

having an obvious major biological function, occurring without explicit reinforcement, 
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being fast, relatively permanent, and confined to well-defined critical or sensitive 

periods.14-19 In its most characteristic natural form, imprinting manifests as a strong 

attraction by which young nidifugous birds tightly follow their mother,18 her presence 

providing protection from predation, guidance to food sources, and in the case of the 

Anatidae waterfowl, waterproofing of the chicks’ feathers until their own preen glands 

develop. 

An imprint is formed by exposure to some stimulus during the sensitive 

period,16 and forms in a relatively short amount of time, with preference for the 

imprinted stimulus over a novel stimulus in a binary test occurring after as little as 15 

minutes’ of prior exposure to the imprinted stimulus.20 Imprints may be formed for 

multiple stimuli to which the chick is exposed during the sensitive period,21 and in such 

cases the multiple imprints are sensitive to primacy of formation and immediacy of 

exposure – more recently encountered stimuli are generally preferred to those 

encountered earlier, but equally recent exposure results in a preference for the imprint 

that formed earlier.21  Imprints can be formed of both visual and auditory stimuli,22 and 

maternal auditory calls can enhance the strength of imprinted response to a visual 

stimulus.23 

Duckling imprinting is useful to investigate the autonomy of visual inputs and 

the time scale over which learned visual information may become available to the 

contralateral hemisphere, because multiple tests can be undertaken within minutes and 

hours of reliable acquisition, rather than after days of training.  

Monocular imprinting has been investigated in ducklings before; Moltz and 

Stettner (1962) showed that a duckling imprinted monocularly on a moving duck 

decoy during several sessions would follow that decoy when only the contralateral eye 

was available.24 However, ducklings took several minutes to begin to follow the 

stimulus, and Moltz and Stettner rightly suggest that the following response exhibited 
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during contralateral testing could be due to reacquisition of the imprint with the naïve 

eye, as the imprinted stimulus was the only moving object available to the duckling 

during testing.24 Furthermore, training occurred over three days, a span shown in other 

species to be sufficient for interhemispheric transfer, which may have allowed the 

ducklings access to interocular transfer not available immediately after initial 

imprinting. 

We employ a protocol similar to that of Moltz and Stettner but include an 

additional, novel stimulus in the testing phase to compete with the imprinted stimulus, 

and confine all training to 30 minutes and all testing to within three hours of the 

conclusion of training. This allows us to rule out reacquisition with the naïve eye, 

because if imprinting begins anew with the contralateral eye in the testing phase, it 

would result in equivalent imprinting of the two decoys, regardless of the previous 

experience of the other (now occluded) eye. The very brief nature of imprint learning 

allows us to investigate whether information gathered with one eye is available to the 

other in the interval before interhemispheric transfer occurs (3 hours after acquisition, 

as in caching marsh tits). Furthermore, by testing at hourly intervals within this period, 

we probe the first hours after imprinting for evidence of interhemispheric transfer, 

which if present would result in increasing following fidelity to the originally imprinted 

stimulus. 

Using moving imprinting stimuli shaped as adult duck decoys of indeterminate 

species, and identical to each other except for colour (see Figure 1), in Experiment 1 

we investigate the capacity of ducklings imprinted with only one eye available to 

distinguish between an imprinted and novel stimulus at hourly intervals across the first 

three hours following learning. In Experiment 2, we explored inter-eye dominance and 

the influence of alternative eye experience by setting imprints formed with each eye at 

odds, allowing them to compete for control of the ducklings’ preference. 
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Figure 1. Training and Testing Chambers 

(A,B) The training chambers contained a single moving stimulus, and consisted of a white 

square arena. (C) The testing chamber was a hexagonal arena within which two stimuli rotated 

about its centre. (D) Stimuli were suspended via invisible line to hang approximately five 

centimeters above the floor.  
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Experimental Procedures 

Experiment 1 

Subjects 

Subjects consisted of 48 newly hatched pekin (Anas platyrhynchos domestica) 

ducklings, from a variety of clutches within an established farm stock, between 15 and 

31 hours old at the start of the experiments, divided into three groups of 16: binocular 

controls, monocular ipsilateral, and monocular contralateral. Ipsi- and contralateral 

refer to the relationship between the eyes used for imprinting and testing, as described 

below. Eggs were sourced from the Oxford University Farm in Oxford, UK, and 

incubated and hatched on-site. Incubation occurred largely in darkness, with 

occasional light exposure when eggs were moved between trays or moved to the 

hatcher. 

 

Incubation and hatching 

Eggs were incubated for approximately 28 days, and hatched in a dark hatching 

chamber to ensure that chicks formed no visual imprints prior to experimentation. 

Upon hatching, chicks remained in the dark chamber for approximately 24 hours to 

allow drying and to facilitate imprinting,21 as the highest sensitivity for imprinting has 

been shown to occur between thirteen and forty hours following hatching.18 One hour 

before the commencement of experimentation, ducklings were moved to a brooding 

chamber illuminated from above with a 250W heat and light bulb suspended 50cm 

above the chamber, a protocol that has been reported as optimal for priming domestic 

chickens for high fidelity imprinting.25 Monocular groups birds were fitted with 

occlusion goggles prior to being placed in the lighted chamber with ad libitum food and 

water (newly hatched ducklings eat very little as they consume their internal yolk). The 

goggles were designed to be swiftly secured and removed, loosely fitted around the 
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head, and padded around the eyes to minimize any stress to the ducklings. Occlusion 

goggles were fashioned of elastic and frosted plastic and fastened with Velcro closures. 

The eye set to be available during imprinting was surrounded by an open ring, while 

the other eye was covered by a cone, ensuring no corneal contact. The conical lens 

allowed through a diffuse and uniform field of light, ensuring that only the 

unobstructed eye could form images. The edges of the lenses that came into contact 

with the duckling’s head were lined with ottoman silk. Duckling selection, goggle 

fitting, and all subsequent handling of ducklings during experimentation were 

performed in near darkness, illuminated by a faint green light 26 to prevent the 

formation of extraneous visual imprints. 

 

Imprinting 

Ducklings were imprinted on one of two visual stimuli. Both stimuli consisted 

of a plastic decoy duck of undefined species that had been painted entirely blue or red. 

Ducklings show some spontaneous colour preference in imprinting, and we thus 

selected colours that have evoked similar levels of spontaneous preference in previous 

studies.27 The decoys differed in colour, but were identical in shape and size. They 

were suspended 5cm from the imprinting chamber’s floor with invisible fishing line 

from a rotating boom powered by a motor, which caused them to travel in a one-

metre diameter circle at a speed of approximately one revolution per 30 seconds. 

Movement of stimuli has been shown to elicit better imprinting in domestic chickens18 

and it allows for the expression of preference in following, and not just proximity. The 

imprinting chamber was illuminated by a 100W incandescent light bulb (one metre 

above the chamber floor) and consisted of a square with 1.1m sides. 
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The imprinting phase took place immediately following priming in the lighted 

chamber. Each chick was transferred to the imprinting chamber and allowed to 

interact with its imprinted stimulus (IS) for 25 minutes. The other coloured decoy 

served later as the novel stimulus (NS), during preference testing. 

 

Testing 

The testing chamber consisted of a 3.5m diagonal hexagonal enclosure 

surrounded by white curtains. In the centre of the enclosure, both the imprinted and 

the novel stimuli were suspended 5cm from the chamber’s floor by a rotating boom, 

and rotated in apposition in a circle of diameter 1.75m, at approximately 1 revolution 

per 30 seconds.  

 

Ducklings were placed under an opaque dome in the centre of the enclosure, 

and testing commenced by lifting the dome from outside the enclosure.  Each test 

lasted 10 minutes.   

 

Ducklings’ first test began immediately following the imprinting phase.  

Between each subsequent test, ducklings were placed in a dark brooding chamber with 

ad libitum food and water access. Ducklings were brooded in groups, for welfare 

considerations and to improve ducklings’ imprinting responses.28,29 

 

Testing Sequence 

Figure 2A shows the experimental protocol schematically.  

  

Group A – Binocular control: Ducklings in this group had both eyes available throughout. 

The number of animals imprinted on the blue and red decoys were balanced. 
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Following imprinting, each bird was tested four times for preference between the 

decoys. The first test commenced immediately after imprinting, and each subsequent 

test was performed after a subsequent 1 hour delay, providing four measures of 

preference between the decoys (T0, T1, T2, and T3).  

 

Group B – Monocular ipsilateral: Ducklings in this group were imprinted and tested with 

only one eye available (the same for imprinting and testing).  The number of animals 

starting with each eye and each decoy were balanced. The testing sequence was as for 

the binocular control. 

 

Group C – Monocular contralateral:  Ducklings in this group were imprinted with one eye 

and immediately tested for preference with the same eye (Ipsilateral Test (IT)) to 

corroborate whether an imprint comparable to that demonstrated by the monocular 

ipsilateral group had formed. Immediately following this, the goggles were reversed, 

and ducklings were tested for preference 4 times at hourly intervals as the other 

groups, but with only their naïve eye available. The number of animals with each eye 

and each decoy were balanced. 

 

Scoring 

All sessions were video recorded from above. The total numbers of positive 

(approach) and negative (avoidance) responses to the stimuli were recorded during 

imprinting (one stimulus) and testing (two stimuli). Negative responses were defined as 

either a movement directly away from a stimulus previously approached, or a 

movement dodging an approaching decoy. Positive responses were defined so as to 

control for different patterns of movement across ducklings – some tended to follow 

their imprinted stimulus in a smooth motion, while others made many short, rapid 
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approaches interspersed with brief pauses. Discrete movements toward a decoy were 

counted as one positive response. When a duckling consistently followed a stimulus 

around its circular path, one positive response, and no more, was counted for each 90° 

of stimulus movement, regardless of whether this was composed of many small 

movements, or part of a single smooth movement around the circle. This ensured that 

a duckling moving smoothly around the circle, or making many tens of discrete 

movements in keeping with the stimulus around the circle were both counted as four 

positive responses.  
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Figure 2. Schematic of Experimental Treatments 

Sample schematic of imprinting and testing stimuli and treatments for each experiment and 

group. In all cases, one stimulus was presented in each imprinting phase, while both stimuli 

were presented in each preference test. (A) In Experiment 1 each duckling imprinted on one 

stimulus during the imprinting phase (the blue stimulus is shown here; groups were balanced 

between blue and red). In the binocu lar  group , no occlusion goggles were used. The monocu lar  

ips i la t e ra l  g roup  was occluded on the same side in both imprinting and testing. The monocu lar  

contra la t era l  g roup  was occluded on one side for imprinting and a single ‘ipsilateral test’, and 

then occluded on the other for the subsequent tests. In the monocular groups, half of the 
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ducklings were occluded left and half right during imprinting, with subsequent occlusions as 

appropriate for the treatment. All birds performed four tests at hourly intervals following 

imprinting. The monocular contralateral group performed its ipsilateral test immediately 

between imprinting and the first contralateral test. (B) In Experiment 2, each duckling was 

imprinted on both stimuli in sequence (with sequence order balanced within groups). The 

binocu lar  group  wore no occlusion goggles in either imprinting phase. The monocu lar  group  and 

compet i t ion  group  were occluded on one side for the first imprint and the other for the second 

(balanced with respect to sequence). The binocu lar  group  and compet i t ion  group  were tested 

once, without occlusion. The monocu lar  group  was tested twice, once occluded on each side, 

balanced with respect to sequence. 
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Experiment 2 

Motivation 

The results of Experiment 1 show that in ducklings each of the two brain 

hemispheres are capable of forming and maintaining an imprint, and of showing a 

response independent of the contralateral hemisphere. The experiment contrasted 

trained versus naïve eyes. Experiment 2 was designed to investigate whether each 

hemisphere can maintain a separate imprint simultaneously, and whether such imprints 

interact when neither eye is naïve.   

 

 

Subjects 

Subjects consisted of 40 ducklings aged, sourced and hatched as in Experiment 

1. They were split in three groups: Group D – Binocular (imprinted and tested 

binocularly, n=8), Group E – Monocular (imprinted and tested monocularly, n=16) 

and Group F – Eye Competition (imprinted monocularly and tested binocularly, 

n=16). 

 

Imprinting 

Pre-experimental treatment was as in Experiment 1. Prior to imprinting, birds 

in the Monocular and Eye Competition groups had goggles fitted over one eye. All 

ducklings were imprinted sequentially on one and then the other decoy for 25 minutes 

each, with order balanced within groups. The binocular group underwent both 

imprinting sessions with no goggles, while both the monocular and competition 

groups wore goggles over one and then the other eye for each session, balanced for 

order and decoy. The second imprinting session began approximately two minutes 

after the conclusion of the first, allowing goggles to be switched to the other eye and 
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ducklings to be moved to the appropriate chamber. Following the second imprinting 

session, ducklings were placed in the dark brooder for 30 minutes. 

 

Testing 

Figure 2B shows the protocol graphically. Tests for preference were as in 

Experiment 1, except for the 30 minutes in the dark incubator between the second 

imprinting session and testing. Ducklings in the binocular and competition groups 

were tested once, with no goggles. Ducklings in the monocular group were tested 

twice in succession, once with each eye, with a two minute interval to allow switching 

the goggles to the other eye. Eye and decoy order were balanced. Tests were scored as 

in Experiment 1. 

 

Ethical  Note 

These experiments were conducted according to the University of Oxford’s 

Department of Zoology animal welfare standards. The experimental protocols were 

approved by the University of Oxford’s Animal Welfare and Ethical Review Body. 

Eighty-eight one-to-two day old domesticated mallard ducklings of unknown sex were 

used in the experiment. The animals were incubated and hatched by Oxford University 

Farms and returned to their care upon completion of trials. Ducklings were housed 

together in a heated industrial brooding chamber before and after experiments and in 

smaller social brooding baskets with overhead heat during experimental intervals. 

Handling was kept to a minimum to avoid disturbance, and consisted only of moving 

animals from one chamber to another (which occurred over a matter of seconds), and 

of fitting goggles. The goggles were designed with Velcro release to allow swift fitting 

and removal (again, on the order of seconds) and were lined with silk to avoid 

discomfort. No invasive procedures occurred in this study.  
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Results 

Experiment 1 

 The results of preference tests are displayed in Figure 3. Subjects in the 

Binocular and monocular ipsilateral groups showed a circa 70% preference for the 

imprinted stimulus. Birds in the monocular contralateral group showed a similar 

degree of preference for the imprinted stimulus in their ipsilateral test, but no 

significant preference between the imprinted and novel stimulus in the contralateral 

tests. Whilst birds testing with the right eye (regardless of group) showed higher 

fidelity preference for the imprinted stimulus than those tested with left, the effect of 

ipsilateral versus contralateral testing had a consistent effect on the strength of 

preference, regardless of eye. (See Figure S1, Supplementary Materials)  

For our overall statistical analysis we excluded the ipsilateral test that was 

exclusive to the monocular contralateral group, performing a linear mixed effects 

analysis of the effects of group treatment on preference using the lme4 package30 in R.31 

We used fixed effects of group treatment, test number (and therefore, time from 

imprinting), colour imprinted, and eye imprinted, and individual as random effect, and 

found through stepwise deletion by likelihood test no effect of colour imprinted or test 

number. (Colour preferences are shown in Figure S2, Supplementary Materials). Visual 

inspection of residual plots did not reveal any deviation from homoscedasticity or 

normality, and in spite of being a proportion, preference did not deviate significantly 

from a normal distribution in any of the preference tests (Kolmogorov-Smirnov test, P  

> 0.63 for all tests) nor did they differ in variance (Levene test, P > 0.23 for all tests), 

so no transformation was required. P-values were obtained by a likelihood ratio test of 

the full model with group treatment and eye imprinted against a null model without 

group treatment or eye imprinted. We found a significant effect of group treatment 

(χ2
1 = 21.49, P < 0.001) and of eye imprinted (χ2

1 = 8.42, P = 0.004) on preference. 
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This analysis is conservative with respect to the existence of interocular transfer, 

because during the preference tests the birds were exposed to both decoys and this 

could influence the data towards neutrality, allowing ducklings to ‘revise’ their object 

of imprinting. The fact that the binocular and monocular ipsilateral groups still 

preferred the imprinted decoy after 3 hours, and the monocular contralateral group did 

not drift towards the original stimulus, is consistent with lack of transfer and 

conservative preference.   
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Figure 3. Stimulus preference (± standard error) during testing 

Binocular (solid blue) and monocular ipsilateral (horizontally lined teal) groups showed a 

significant preference for their Imprinted Stimulus during testing, as did monocular 

contralateral birds during their initial, ipsilateral test (checkerboard green). The monocular 

contralateral group showed no significant preference during subsequent contralateral tests 

(diagonally lined yellow). Individual scores are shown as red rings. NB: The monocular 

contralateral birds were only tested ipsilaterally once, immediately preceding their 0 hour 

contralateral test, resulting in absent green bars (N/T, not tested) for time steps 1-3 hours.    
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Experiment 2 

 The results of Experiment 1 show a bias in access to imprinting information 

towards the eye available during acquisition for at least a few hours, but also indicate 

that there may be differences in the strength of imprinting between the two eyes. 

Indeed, the significant effect of eye imprinted in our linear model together with visual 

inspection of the results split by the eye used in imprinting (Figure S1, Supplementary 

Material) suggests that imprinting with the right eye generates slightly stronger 

preference than with the left. Asymmetries in the degree of neuroanatomical 

decussation in the avian brain are well known,32 including (in chickens) in an 

imprinting context.1 This, together with this weak behavioural evidence, raises the 

question of eye dominance. To test for potential effects of eye dominance directly, we 

conducted a second experiment.  

In Experiment 2, a critical Eye Competition group, consisting of sixteen 

ducklings, was, in the imprinting phase, exposed monocularly and sequentially (in 

different sessions) to a different decoy with each eye, and was then tested binocularly, 

to examine if there was a preference for the stimulus imprinted with either eye. Two 

other groups served to further investigate the results of Experiment 1. Individuals in 

the monocular group, also consisting of sixteen ducklings, were imprinted monocularly 

and sequentially with each of the two decoys in separate sessions, and then tested 

monocularly for preference with each eye in turn. In this group, the results of 

Experiment 1 would be confirmed by observing a preference for the decoy on which 

the eye being tested had been imprinted.  Finally, the binocular group, consisting of 

eight ducklings, was imprinted on each decoy binocularly and sequentially in different 

sessions and tested also binocularly to provide a benchmark for normal imprinting.   

All experimental treatments are illustrated in Figure 2B, and the results are summarized 

in Figure 4. 
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Figure 4. Stimulus preference (± standard error) during testing in Experiment 2 

Mean preference is given for the red stimulus (solid red), the more recently imprinted 

stimulus (diagonally hashed blue) and the right-eye imprinted stimulus (checkerboard 

green), for each of the groups (twice for the Monocular Group, which was tested once with 

each eye). In contrast to Experiment 1, most birds preferred the red stimulus regardless of 

imprint or groups. The effect of recency preference was strong for the two groups 

(Binocular and Competition) that were tested binocularly, but not for the Monocular 

Group. The Monocular Group preferred the stimulus imprinted with the tested eye, while 

the Competition Group showed a slight left imprint preference. (The Binocular Group was 

not imprinted monocularly.)    
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 The binocular group showed no significant reliable effects of recency, or 

preference for the more recently imprinted stimulus (P = 0.178, two-tailed, one sample 

t test), contrasting with the effect previously found in chickens when using multiple 

imprints in sequence.21 The competition group showed no statistically significant 

preference for the stimuli imprinted with either eye (P = 0.221, two-tailed, one sample 

t test), in contrast to the rightward bias seen in Experiment 1. These contradictory 

results do not allow for any firm conclusion regarding eye dominance in this context.  

The monocular group was doubly imprinted and tested twice, once with each 

eye. The main difference with the monocular contralateral group in Experiment 1 is 

that in the latter the occluded eye had no previous experience, while in Experiment 2 

both eyes had equal exposure to a different imprinting object. To interpret the results 

of the monocular group, it helps considering two extremes: if there were absolutely no 

interocular transfer, preference when tested with each eye should be as strong for the 

corresponding training stimulus as observed in Experiment 1, while if information was 

fully shared between the two sides, there should be no preference for either stimulus in 

either test. Results were intermediate. Preference for the corresponding decoy was 

62% for the left and 61% for the right eye imprinted stimulus. Preference ratios were 

normally distributed (P > 0.15, Kolmogorov-Smirnov test). Combined, preference for 

the decoy used during acquisition with the eye available in testing was stronger but still 

not conventionally significant (P = 0.066) in a two-tailed, one sample t test (it could be 

argued that one-tailed tests would be more appropriate because we tested for strongly 

predicted expectations). This suggest a low, but not absent, level of interocular 

influence.  
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Discussion 
	
  

In Experiment 1, ducklings in the two monocular groups were imprinted using 

one eye and tested monocularly with either the imprinted (monocular ipsilateral group) 

or the naïve (monocular contralateral) eye. They preferred the imprinted to the novel 

decoy when tested with the ipsilateral eye, but showed no clear preference when tested 

with the contralateral eye. Thus, the content of visual imprinting from one eye did not 

drive behaviour guided by a contralateral naïve eye, at least within three hours. This is 

probably due to lack of interhemispheric information transfer, and places the visual 

behaviour of newborn mallards within the model proposed for some other adult birds, 

including pigeons and chickens,3,7-10 and possibly marsh tits.5,6,33  

In the monocular groups of Experiment 2 neither eye was naïve, as each had 

been imprinted on a different decoy. In this case, when tested monocularly, preference 

for the ipsilaterally imprinted (and then predicted) decoy was weaker (ca. 61% rather 

than ca. 70%) and less statistically reliable than in Experiment 1 (P < 0.07 rather than 

P < 0.001, both 2-tailed). This between-experiments comparison is not direct evidence 

of an effect of state of knowledge in the contralateral eye (naïve in Experiment 1 and 

having a competing imprint in Experiment 2), but it indicates that it would be 

incautious to exclude the presence of some interocular interactions in the timescale 

explored, and is definitely worth further investigation. 

In Experiment 1 the birds were tested monocularly for preference 4 times, at 

1-hour intervals. During choice tests, the unblocked eye was exposed to both decoys, 

thus offering the possibility of new imprinting overwriting the original stimulus, 

causing a drift towards indifference, regardless of any potential inter-ocular transfer. 

Figure 3 does show that in the fourth trial, ducklings tested with their ipsilateral eye 

had a somewhat reduced bias, but testing for changes across the 3 hours did not yield a 

statistically reliable trend. At the same time, any transfer of information from the 
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imprinted to the naïve eye would cause the opposite trend: ducklings tested 

contralaterally should shift from an initial neutrality towards preference for the 

originally exposed decoy, as the trained eye’s information would influence the 

otherwise equal exposure to the two decoys by the naïve eye during testing. Figure 3 

shows no detectable trend in this direction, and this was also reflected in the lack of 

any reliable interaction between preference and trial number.   

Our results from the contralateral test in Experiment 1 stand in contrast to the 

previous monocular imprinting work in the same species by Moltz and Stettner.24 In 

particular, our monocularly imprinted ducklings’ display of indifference when tested 

with the contralateral eye presented with two stimuli indicated the likelihood of the 

formation of new, possibly multiple imprints, when exposed to two stimuli with the 

naïve eye. 

We did not detect reliable signs of dominance between the two eye systems.  

Experiment 2 addressed this directly by imprinting the ducklings monocularly twice, 

with a different decoy in each eye, and testing them binocularly. A strong dominance 

of one lateral visual system would lead to a preference for the decoy on which the 

dominant side was imprinted. The results however did not show any asymmetric 

effect. This may be partially attributable to the dark conditions during incubation. 

Studies in pigeons have shown asymmetry of hemispheric integration to be related to 

exposure of the eggs to light during incubation,10,34 and it is possible that incubating 

ducks with greater exposure to light may induce such an effect in this species as well. 

 

Conclusions 

The relative independence between the two hemispheres of the avian brain has 

often been discussed and related to neuroanatomical asymmetries. The behavioural 

domains in which this has been explored include food caching and retrieving, 
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navigation, and stimulus discrimination.6,7,9 We now report such relative independence 

in filial imprinting, a form of learned behaviour that ontogenetically precedes the stage 

at which other animal systems were tested. Taken together, all such findings pose 

interesting problems for models dealing with the functioning of the avian brain and 

mind, including issues such as the potential multiplicity of simultaneous attention 

targets with each hemibrain.  

It is tempting to speculate whether inter-hemispheric independence is an 

adaptation to some special property of the avian brain for the avian niche, or simply a 

reflection of the phylogenetically ancestral vertebrate architecture. Two arguments lead 

us to support the latter view. On one hand, retaining the independence of monocular 

visual input seems unlikely to be a very widespread need in the wild, although it may 

be true in some cases, such as when New Caledonian crows hunt with sticks for prey 

hidden in narrow, deep burrows.35,36  In most ecological contexts both eyes will have a 

chance to be exposed to the contingencies to be learned, and hence laterally-acquired 

information will not dissociated as it has under experimental conditions.  Our results, 

rather than calling for a post-hoc hypothesis for a functional advantage of keeping two 

non-integrated channels for visual information, suggest that birds manage 

differentiated visual inputs without a large hemispheric commissure akin to the 

mammalian corpus callosum through slower integration via the smaller alternative paths 

for inter-hemispheric communication that do exist in the avian brain.  The effects of 

disruption of binocular vision are not exclusive to imprinting. They affect performance 

in caching,6 transitive inference,10 and in homing route learning in pigeons.7 On the 

other hand, the fact that only eutherian mammals possess a corpus callosum is extremely 

strong evidence that the absence of this structure is the ancestral condition, and hence 

its absence in young ducks is not in need of a functional explanation.  
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Animal Welfare 

The experiments were conducted according to the University of Oxford Department 

of Zoology animal welfare standards and the experimental protocols were approved by 
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Our data set is available on Mendeley Data at 

http://dx.doi.org/10.17632/djssy8yvz5.1 
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Supplementary Material  
	
  

	
  
Figure S1. Stimulus Preference by eye in Experiment 1 

The figure shows the average preference for the imprinted stimulus (as a proportion of total 

approaches to the imprinted and novel stimuli) during each test. Control and ipsilateral 

ducklings, regardless of which eye was trained, preferred the imprinted stimulus, while 

contralateral ducklings, again regardless of eye, showed no preference. Within the ipsilateral 

and contralateral groups, ducklings trained with the right eye showed a higher preference 

proportion than those trained with the left eye. 
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Figure S2. Stimulus Preference by colour in Experiment 1 

The figure shows the average preference for the red stimulus (as a proportion of total 

approaches to the red and blue stimuli) during each test, regardless of which colour was 

imprinted. In all groups, there was no significant preference for one colour over the other, when 

both the blue-imprinted and the re-imprinted ducklings’ test preferences were averaged 

together. 
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Summary 
	
  
 Tool use, though rare, is taxonomically widespread, but morphological 

adaptations for tool use are virtually unknown.1 We focus on the New Caledonian 

crow (NCC, Corvus moneduloides), which displays some of the most innovative tool 

related behavior among non-humans.2-6 One of their major food sources is larvae 

extracted from burrows with sticks held diagonally7 in the bill (Figure 1A-B), oriented 

with individual, but not species-wide, laterality.8,9 Among possible behavioral10 and 

anatomical adaptations for tool use,5,11-15 NCCs possess unusually wide binocular visual 

fields (up to 60°), suggesting that extreme binocular vision may facilitate tool use.5 

Here we establish that during natural extractions, tool tips can only be viewed by the 

contralateral eye (Figure 2). Thus, maintaining binocular view of tool tips is unlikely to 

have selected for wide binocular fields; the selective factor is more likely to have been 

to allow each eye to see far enough across the mid-sagittal line to view the tool’s tip 

monocularly.5,16 Consequently, we tested the hypothesis that tool side preference 

follows eye preference, and found that eye dominance does predict tool laterality 

across individuals (Figure 3). This contrasts with humans’ species-wide motor laterality 

and uncorrelated motor-visual laterality,17 possibly because bill-held tools are viewed 

monocularly and move in concert with eyes, while hand-held tools are visible to both 

eyes and allow independent combinations of eye preference and handedness. This 

difference may affect other models of coordination between vision and mechanical 

control, not necessarily involving tools.  
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Results 
	
  
View of the tool’s tip 

We modeled the geometry of natural food extractions combining 

morphological data,15 and the structure of visual fields,5 to compute the depths at 

which eyes see into foraging hollows as a function of hole diameter and probing 

distance (Figure 1, and Supplemental Experimental Procedures). According to this 

model (Figure 1C), the eye contralateral to the tool’s tip sees the tip independently of a 

hollow’s diameter, but the ipsilateral eye’s maximum depth of view depends on hole 

diameter and distance between bill’s tip and hole’s opening. In the notation of Figure 

1C, binocular viewing requires that B ≥ λ.  

We compared the set of parameters for which this inequality holds true in 

natural circumstances, using ecologically relevant hole dimensions from Bluff et al. 

(2010).18 Sensitivity was examined by comparing three parameter ranges, one favoring 

binocularity, another monocularity, and a third interpolating between these (see 

Experimental Procedures).19-21  

For each parameter set, we plotted two volumes in a space of tool’s tip depth, 

hole diameter, and distance between bill and burrow’s opening (Figure 2). One volume 

shows the region for which binocular vision of the tool’s tip is possible, and the other 

the ecologically relevant space. The intersection between the two volumes shows the 

ecologically relevant area where binocular vision of tool tips is possible. Figure 2 

shows this graphically and quantitatively in separate tables. Even assuming an extreme 

ecological range most favorable to binocularity, a majority of extractions occur in 

circumstances compelling monocularity. Given our conservative modeling, this 

intersection is likely to be much smaller, meaning that food extraction overwhelmingly 

involves monocular viewing of the tool’s tip.  
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Figure 1. The geometry of vision and tool-use in New Caledonian crows.  

(A) Author AK probes a cross-sectioned larva burrow in a length of decaying candlenut wood. 

(B) A simplified rendering of the larval burrow shown in Figure 1A, showing from above how a 

crow probes for larvae using a lateralized tool grip. The angled opening of the burrow results in 

a varying target depth of 7-10 cm. (C) Top view of our model, generalized from Figure 1B with a 



	
  114	
  

straight burrow and flat opening, showing a left-held tool being used to probe a cavity with a 

generalized target (T) at its bottom. The model identifies the obstructions of tool viewing by 

the eye on the side of the tool’s tip. Using mean population morphology from Kenward e t  a l . 

(2004) 15 for α and β, the angle of tool-use, γ, can be calculated and used to determine the angle 

and depth of the tool-tip’s side eye’s deepest line of sight into the hole, A. As ‘δ’ (distance 

between bill’s tip and burrow opening) decreases, ‘B,’ (maximum depth of tool visibility) also 

decreases, non-linearly. Similarly, increases to the diameter of the hollow, ν, cause B to 

increase, while increases of target depth, λ, require a greater B for binocular viewing to be 

possible. As eye rotation and individual variation in the location of the eyes on the head cause 

varied inter-ocular distance, we placed the eyes at the widest point of the bill, thus modeling 

the inter-ocular distance as equivalent to bill width. This is the minimum possible inter-ocular 

distance and biases the model in favor of binocular vision by increasing the depth at which the 

eye on the side of the tool’s tip can see into the burrow. 

	
  
	
  
	
  
	
  
Figure 2. (Opposite) Ecological relevance of binocular and monocular vision.  

Three sets of ecologically relevant ranges for hole diameter, target depth, and probing distance, 

one set of ranges favoring monocularity (A), one favoring binocularity (C), and an interpolation 

obtained by taking the midpoint of the range limits from each of the other two (B). For an 

explanation of how each of these ranges was derived, see Experimental Procedures. Depicted 

are the foraging burrow dimensions for which binocular viewing of target are possible (blue 

volume, which is the same across plots) and ecologically relevant burrow dimensions and 

probing distances (yellow prism, based on the relevant set of ranges from the table above each 

plot). The dark area of intersection shows the combinations of cavity dimensions and bill 

distances for which binocular viewing is possible. The size of this intersection is represented in 

the table as the percent of cases within the ecologically relevant yellow prism that are also 

within the binocular blue volume. As the plots reveal, this intersection is relatively small, 

amounting to less than half of the ecologically relevant conditions even under the parameters 

most favorable to binocularity. Thus, a majority portion of the crows’ tool-use occurs under 

monocular conditions. 
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Thus, the species’ extremely wide visual fields may be an adaptation for tool 

use, but not through binocular control. Consistently with a general argument put 

forward by Martin (2010)16 for bird visual fields in general, the wide overlap between 

left and right visual fields in NCCs may be a consequence of allowing each eye to see 

far enough across the mid-sagittal plane to include the tip of obliquely held tools. The 

NCCs’ strong individual laterality of tool-use and lack of consistent species-wide bias 

may result from holding tools such that their tips fall in the field of the preferred eye. 

If this is true, eye preference should predict individual tool sidedness. We test this 

prediction by examining whether the eye preferred by individual NCCs to explore 

potential hollows in the absence of available tools predicts individual tool-holding 

sidedness. 

 

Eye dominance and laterality 

Nine out of 10 subjects completed an eye-dominance test, of which 4 were 

right- and 5 left-biased. All of them also completed a tool laterality test, of which 3 

were right- and 6 left-biased. Eye preference reliably predicted tool sidedness (see 

Figure 3; n = 9, two-tailed binomial test, p = .039), with only one subject opposing the 

prediction (Figure 3 and Supplemental Data, Table S1). 
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Figure 3. Percentages of lateralized tool bouts for (A) left-eye and (B) right-eye 
dominant individuals.  

Each line represents an individual, showing the overall preference to hold the shaft of the tool 

on the same side as the dominant eye. ‘Liane’, the exception, is shown by the dark line in (B). 

Note her high percentage of center-held bouts. 
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Discussion 
	
  

NCCs show strong individual lateralization of tool-use, display no detectable 

population-level bias (8,9 and present data), have unusually wide overlap between the 

visual fields of both eyes, and prefer to hold their tools’ working end on the side 

opposite to their preferred eye. By contrast, humans show species-level laterality of 

handedness and no correlation between the dominant eye and hand,17,22 probably 

reflecting the difference between unity of movement between head and tools in crows, 

as compared to independence of movement between head and hands in humans.  

Given that tool use is rarer than eye dominance –the latter affects multiple 

behavioral traits and taxa23 – it is reasonable to infer that the causality goes from vision 

to tool sidedness rather than vice versa. The avian brain shows species-wide functional 

lateralization, and this may have been expected to cause consistent species-level 

laterality in eye dominance and tool use, but so far neither consistency has been found. 

Alternatively, eye dominance could be a consequence of individuals compensating for 

differences in quality of vision between their eyes. Such remedial dominance is unlikely 

to have species-wide consistency, but is consistent with eye dominance being causally 

related to tool use preference. Humans’ eye dominance is about one third left and two 

thirds right, while handedness is roughly 90% right.17 However, since humans and 

other primates manipulate tools with their hands, which can be moved independently 

of the head, differences between left and right eyesight do not need to constrain 

individuals’ handedness. Crows instead are constrained to move tools and eyes in 

concert, and hence a random distribution of left-right eye preference probably leads to 

individual but not species-wide side bias. Further, eyesight-determined laterality in tool 

use may act against the evolution of species-wide hemispheric specialization for tool 

control. 
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This line of thinking may be relevant to other forms of laterality, constrained 

or not by joint movement of body parts. For instance, at least one species studied so 

far, the Japanese jungle crow, Corvus macrorhynchos, appears to have species-level 

laterality of footedness across tasks.24 The contrast with bill-controlled tool use may 

reflect that footedness in birds, like handedness in humans, is unconstrained by side 

differences in eyesight.  
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Experimental and Modeling Procedures 
	
  
Geometric model 

Modeling the geometry of tool-assisted extractions in ecological circumstances 

required estimates of 6 parameters. Three describe anatomical traits (eye separation, 

bill and head length, and head width), and three are ecological variables that present 

greater uncertainty (dimensions of probing holes, depth at which the tool tip operates, 

and distance between the NCCs’ bill tip and the hole’s opening). Some potentially 

relevant correlations are poorly known, in particular the relation between prey and hole 

dimensions. For instance, Rutz et al. 20107 give the sizes of larva collected by humans 

in the NCCs habitat as 3.6 – 7.6 cm in length and 1.0 cm – 1.6 cm in girth, but it is not 

known how these sizes are represented in the crows’ diet or the size of holes in which 

they reside. We used information in the supplementary materials of Bluff et al. (2010),18 

describing the dimensions of holes in which tools were left behind by NCCs. With this 

information we generated three sets of parameters, as indicated in Figure 2.  

 

Operational tool tip depth (Target depth) 

NC crows extract beetle larva predominantly by provoking them to bite the 

tool tip, so that both hole depth and position of the larva’s head influence the 

operational location of the tool’s tip. Bigger larvae reside in deeper burrows, but their 

greater length means that their heads are farther from the hole’s bottom. As this 

correlation is unmapped, we used the hole depth quartiles provided by Bluff et al. 

(2010).18 They provide two sets of quartiles, one for twig tools and one for leaf stem 

tools. The lower pair of middle quartiles (4.3 – 9.3 cm) comes from twig tools and 

favors binocularity, and the higher (5.0 – 12.4 cm), from leaf-stem tools, favors 

monocularity. Averaging the extremes of both ranges gave us our interpolation range, 

4.65 – 10.9 cm. 
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Hole diameter 

The hole openings described by Bluff et al. (2010)18 had mean (±SD) minimum 

and maximum diameters of 1.392 ± 0.65 cm and 2.554 ± 1.25 cm respectively. For the 

sensitivity analysis favoring binocularity, we used a range of one standard deviation on 

either side of the mean of these diameters, estimating standard deviation as the square 

root of the sum of the two variances, giving a range of 1.97 ± 1.40 cm. This range 

includes both holes too narrow to contain a larva, and holes of greater diameter than 

the average NCC’s head15 which would decrease the use of tools, as the bird could 

easily access the prey with its bill.25 We thus tightened our monocularity favoring range 

to span from the median minimum diameter, 1.3 cm, to the median maximum 

diameter, 2.4 cm, and held the median at 1.97 cm. The interpolation range was the 

midpoint between these two ranges. 

 

Probing distance 

As bill to hole opening distance increases, the possibility of binocular view of 

tool tips increases. Tool length is not a suitable guide for this parameter because tools 

are most frequently held at intermediate points and inserted at various depths, from 

zero at insertion time upwards, resulting in bill tip to hole opening distances often 

shorter than 2 cm. We used the 0 – 3 cm as the range favoring monocular viewing, and 

0 – 7.5 cm as the range favoring binocular viewing, including the insertion distance of 

above average length tools. The interpolation range, 0 – 5.25 cm, selected was the 

midpoint of each value for these two ranges. 

 

Subjects and housing 

Subjects were 13 wild caught NCCs (7 females and 6 males), with experimental 

histories. They were housed in groups of 2 or 3 in outdoor aviaries (60 m2) with indoor 
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enclosures (8m2), with ad libitum food for 12 hours per day, and water at all times. 

Details of housing conditions can be found in von Bayern et al. (2009).26 All 

experiments complied with German animal experimentation legislation (§7 

Bundestierschutzgesetz). 

 

Tool laterality test 

Tool laterality was determined following Weir et al. (2004) 8, except where 

otherwise noted. We used a semi-circular tree stump section with two holes on its side, 

each 1.6 cm in diameter and 10 cm deep. A length of dowelling 0.3 cm in diameter and 

20 cm long was furnished for use as a tool (Figure 4A). This doweling was longer than 

tools left behind in nature,18 as longer tools result in a higher incidence of lateralized 

tool use.  

Testing occurred before the usual food supply was placed in the indoor aviary 

each morning, ca. 11 hours after ad libitum food had been removed the previous night. 

The probing holes were baited with chilled mealworms, with an additional mealworm 

near the openings to attract the birds’ attention. The surface of the apparatus was 

sprinkled with sawdust to approximate the cues left by NCCs’ natural prey.27 The log 

was placed in the enclosure approximately 10 cm from the center of a wall with the 

dowelling placed parallel to the wall, 10 cm in front of the apparatus. The test bird was 

then confined to the indoor enclosure and visually isolated from the outside 

aviary. Sessions were video-recorded from above the apparatus and lasted 30 minutes 

from the time of presentation. 

Laterality of tool-use was scored in ‘bouts’ of tool use.8 A new bout started if 

the crow changed tool grip or released the tool and moved its head before re-grasping 

it. Bouts were scored as ‘right’ or ‘left’ according to the cheek against which the non-

functional end of the tool rested (Figure 4C) and ‘centered’ if the tool was held 
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straight. Tests were completed once the bird engaged in a minimum of 10 lateralized 

bouts. If the subject did not achieve this in one half hour, it was retested once and the 

bouts from both trials were pooled. To compute individual laterality we excluded 

center-held bouts, as did Weir et al. (2004).8 The statistical significance of individual 

lateral bias was determined by a two-tailed binomial test against a random expectation 

of 50%.  

 

Eye dominance test 

Subjects that completed the tool laterality test were tested for eye dominance in 

the same enclosure. The apparatus was a rectangular wooden board (15.5 x 21 cm) 

with an opaque plastic tube 8.5 cm tall and 1.6 cm internal diameter protruding from 

its center (Figure 4B). The tube contained a darkling beetle larva (Zophobas morio), and 

the board was sprinkled with sawdust and mealworms to attract the crow’s attention.27 

The apparatus was placed 10 cm from a wall’s midpoint. The subject was confined to 

the indoor enclosure after placement of the apparatus. Tests were video recorded from 

above. 

In the absence of potential tools, the bait was out of the bird’s reach. Seven 

subjects made one look down the tube, of which six then abandoned the apparatus 

and one attempted to upturn it. The remaining two looked more than once and 

attempted to retrieve the food. We operationally defined eye dominance by the first 

‘look’. This normalized analysis across subjects, and controlled for the possibility that 

eye preference is expressed both in absolute use and order of eye use. A look was 

defined by one eye being placed directly above and within a bill’s length of the tube’s 

opening (Figure 4D), ensuring a direct and uninterrupted line of sight to the tube’s 

bottom.  
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Figure 4. Experimental apparatus.  

(A) Tool laterality probing apparatus and tool. Note the perpendicular placement of the tool to 

prevent approach bias. (B) Eye dominance apparatus. (C) Right-sided tool-use by ‘Mango’, 

viewed from above. (D) A right-eye ‘look’, with eye placed directly to the hole, by ‘Liane’, 

viewed from above. 

  



	
   125	
  

Sessions lasted between 5 and 30 minutes, ending 5 minutes after the first look. 

Although the testing room was searched prior to tests to eliminate potential tools, one 

crow (Agaios) retrieved a previously cached tool and approached the apparatus with it 

before having looked. We removed the tool once the bird dropped it, and resumed 

testing. Each crow was tested until it looked once or failed to do so in 4 sessions. Four 

subjects were excluded from analysis because they didn’t look at the apparatus. 
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Supplemental Data 
 

Table S1. Data record for all trials.  

Tool laterality was assessed via two-tailed binomial test against an even chance, with all 

NC crows lateralized with p < .001. Of 9 birds, 8 consistently held a tool with the tip 

on the opposite side as their dominant eye. Individual notes: * completed tool laterality 

test in 2 sessions; ** completed eye dominance test in second session; *** failed to 

provide tool-laterality data; **** provided data on tool laterality but not eye 

dominance. 

 Tool Laterality Eye Laterality 

Bird Sex Left  
Bouts 

Center 
Bouts 

Right  
Bouts 

Tool 
Laterality 

First 
Look 

Correlated? 

Jungle M 18 7 0 Left Left Yes 

Liane F 19 14 0 Left Right No 

Amais** F 72 2 0 Left Left Yes 

Agaios M 0 0 42 Right Right Yes 

Mermaid** F 0 2 40 Right Right Yes 

Tortue F 12 2 0 Left Left Yes 

Mango M 0 0 47 Right Right Yes 

Tumulte* F 41 23 11 Left Left Yes 

Tethys* F 18 0 0 Left Left Yes 

Birds Excluded for Unsuccessful Trials 

Coralie*** F 9 0 0 Fail NA NA 

Cpt. Hook**** M 18 9 0 Left Fail NA 

Titan*** M 1 0 6 Fail NA NA 

Mangroove*** M 0 0 0 Fail NA NA 
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Supplemental Experimental Procedures 
 

R code for geometric analysis.  

Script outputs a comma separated values (CSV) file giving the maximum depth of 

vision by the tip-ipsilateral eye for each pair of hole diameter and probing distance 

values within specified ranges. Furthermore, the spreadsheet contains a binary value 

signifying whether the maximum depth in which a crow can see is greater than each 

hole depth in the given range, and a binary value determining if that set of hole 

parameters is ecologically relevant. 

# NC Crow Binocular Probing Model 
 
rm(list = ls()) 
 
#bird parameters, from Kenward et al. (2004) all entered in mm. 
head.width<-33.7 #widest point of head 
head.length<-38.3 #length of head without bill 
bill.length<-45.1 #length of bill 
bill.width<-20.9 #width of bill at base 
#diameter of probing hole = i 
#distance from bill tip to hole opening = j 
#depth of probing hole = k 
 
# Function 'get.point' uses bird parameters inputted above to calculate 
# depth of vision for ranges of variables i, j, k 
get.point <- function(x) { 
  i <- x[1] 
  j <- x[2] 
  k <- x[3] 
  bill.angle<-(2*atan((head.width/2)/((head.length/2)+bill.length))) 
  tool.angle<-(pi-bill.angle) 
  bill.side<-(sqrt(((bill.width/2)^2)+(bill.length^2))) 
  imag.tri.side<-(sqrt((j^2)+((i/2)^2))) 
  imag.tri.ang<-atan((i/2)/(j)) 
  sca.tri.a<-tool.angle-imag.tri.ang 
  sca.tri.A<-sqrt((bill.side^2)+(imag.tri.side^2)-(2*bill.side*imag.tri.side*cos(sca.tri.a))) 
  sca.tri.b<-acos(((imag.tri.side^2)-(sca.tri.A^2)-(bill.side^2))/(-2*sca.tri.A*bill.side)) 
  viewing.angle<-(pi-((2*pi)-(.5*pi)-(tool.angle)-(sca.tri.b))) 
  max.depth<-(.5*i*tan(viewing.angle)) 
  max.depth 
  sub.df<-data.frame(max.depth = max.depth, diameter = i, distance = j, depth = k) 
  sub.df 
} 
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# Install library plyr to allow construction of dataframe and set library 
install.packages("plyr") 
library(plyr) 
 
# Set ranges for i, j, and k in millimeters 
grid<-expand.grid(i=seq(1,30,.5),j = seq(1,150,3),k=seq(1,150,3)) 
 
# Construct dataframe of parameters i, j, k, and max depth vision using get.point() 
final.df <- ldply(1:length(grid[,1]), function(x) get.point(grid[x,])) 
 
# Assign dataframe column names  
# max.depth gives maximum depth of vision for shaft-contralateral eye  
# for given diameter and distance    
names(final.df)<-c("max.depth","diameter","distance","depth") 
 
# Adds column, 0 if binocular viewing is possible, 1 if not possible 
# by comparing depth and max.depth 
final.df$bm<-ifelse(final.df$max.depth >= final.df$depth, 0, 1) 
 
# Adds column that determines if point is in ecologically relevant ranges, 
# ranges can be inputted bellow in millimeters 
# 1 it they are, 0 if not 
final.df$norm<-ifelse(final.df$diameter>=13 & final.df$diameter<=26, 
                      ifelse(final.df$depth>=60 & final.df$depth<=140, 
                             ifelse(final.df$distance>=0 & final.df$distance<=100,1,0),0),0) 
 
# Counts cases of monocular and binocular viewing within natural range 
# Number monocular 
mono<-sum(final.df$bm==1 & final.df$norm==1) 
# Number Binocular 
bino<-sum(final.df$bm==0 & final.df$norm==1) 
 
# Percentage of natural cases in which binocular viewing is possible 
(bino/(mono+bino))*100 
 
# Writes CSV of data set 
write.csv(final.df,"data.csv") 
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“Though lofty aims 
Catastrophe entail, 

We’ll gloriously succeed 
Or nobly, fail!” – King Paramount 

 
W. S. Gilbert, Utopia Limited 
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Abstract 
	
  
 The ability to identify and retain logical relations between stimuli and apply 

them to novel stimuli is known as relational concept learning. This has been 

demonstrated in a few animal species after extensive reinforcement training, and it 

reveals the brain’s ability to deal with abstract properties. Here we show relational 

concept learning in newborn ducklings without reinforced training.  Newly hatched 

domesticated mallards briefly exposed to a pair of objects that were either the same or 

different in shape or colour later preferred to follow pairs of new objects exhibiting 

the imprinted relation. Thus, even in a seemingly rigid and very rapid form of learning 

like filial imprinting, the brain operates with abstract, conceptual reasoning, a faculty 

often assumed to be reserved to highly intelligent organisms.  

  



	
  136	
  

Introduction 
	
  
 Relational concepts, such as “same” and “different”, have been demonstrated 

in a few animal species, typically following extensive training.1,2 Relational concepts 

differ from other forms of categorical generalization. For instance, pigeons and bees 

can be trained to discriminate whether novel images contain humans or not,3 or 

whether novel paintings are by Monet or Picasso4 relying on the similarity between 

features of the training and novel stimuli. In relational concept learning, however, 

relative properties between training stimuli generate the relationship that has to be 

generalized to sets of novel stimuli.5 

 The relations of “same” and “different” have been used to study relational 

concept learning in a few primates and birds,6 using a variety of protocols. For 

instance, in the Identity Matching to Sample (IMTS) protocol, an animal sees a sample 

stimulus and subsequently chooses between two test stimuli, one of which is identical 

to the sample. Reinforcement can be contingent on responding to the identical one 

(“same”) or to the alternative (“different”).  Honeybees can learn this discrimination 

and even transfer correct response to novel stimuli across sensory modalities (olfaction 

and visual texture).7 The IMTS task requires learning the appropriate comparison 

between the working memory representation of the sample and the currently perceived 

test stimuli, but it does not require interpreting an abstract relationship between 

perceived items and then reapplying the same relation to discriminate between sets of 

novel objects.  

 A different procedure, which isolates relational learning, involves presenting 

more than one stimulus as a sample, and then selecting, from between various sets of 

stimuli, the set that has the same internal relation (“same” for sets of identical elements 

and “different” for sets of non-identical elements) as the sample set, a procedure called 

relational matching to sample (RMTS).1,8 In RMTS what has to be retained is a relation 
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between stimuli, rather than a representation of a perceived stimulus. Primates,9 

pigeons 5, parrots,10 and corvids,1 have succeeded in such problems, and it has been 

cogently argued that this may indicate their possession of the ability to reason by   

analogy.8  

 Demonstrating capacity for both identity and relational matching to sample has 

so far used reinforcement, and often-extensive training, to allow subjects to infer the 

target relation. This contrasts with avian filial imprinting, a specialized form of 

unrewarded learning by which hatchlings acquire the ability to identify and then follow 

a parent or substitute parental object.11-13 As could be expected from its biological 

adaptive significance, imprinting is one of the fastest and most reliable forms of 

learning.14 In chickens and ducklings, high fidelity imprinting responses can be 

acquired in a few minutes of unrewarded exposure to a stimulus.15  

Filial and sibling imprinting cannot be mediated just by snapshot 

representations of two-dimensional retinal images. Wood (2015) summarised the 

problem sharply: “Building an invariant object representation requires transforming 

patterns of retinal activity (view-specific information) into an abstract representation 

that is tolerant to retinal image changes and selective for a particular object (identity 

information)”.16 This is particularly relevant when considering that ducklings may 

benefit by recognizing not just their mother but also their group of siblings,17 because 

broods may have different degrees of heterogeneity. Evidence showing that young 

birds are sensitive to abstract qualities of stimuli, both spontaneously and through 

imprinting, supports this view and shows that imprinting is far richer, as a learning 

phenomenon, than had originally been envisaged.18-21 It is thus tempting to ask 

whether their abstraction abilities may extend to the more demanding phenomenon of 

relational concept representation, which has so far only been demonstrated through 
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extensive reinforcement in species with advanced intelligence.  To this effect we 

modified the RMTS protocol to combine it with imprinting, as follows.  

Following Bateson’s22 and Lickliter’s23 procedures for effective imprinting, we 

hatched domesticated mallard ducklings in the dark and kept them for 1 hour in a 

social group, with light, food, and water. They were then exposed for 25 minutes to a 

moving pair of sample objects, kept for a 30min retention interval in the dark, and 

presented for 10min with two novel pairs of moving objects (Figure 1). Sample stimuli 

within the pair shown in the imprinting phase were either equal to each other in both 

colour and shape, or different in one of these characteristics. Test stimuli in the 

preference test consisted of two stimuli pairs, composed of objects novel to the birds.  

In one test pair the objects were equal in colour and shape, and in the other they 

differed in either shape or colour (Figure 2). Detailed methods may be found in 

Supplementary Materials. 
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Figure 1. Imprinting and testing stimuli . 

Newborn ducklings were first exposed to a pair of objects revolving about the centre of a 

training arena, then tested with two novel pairs of objects. (A) Example of a ‘different shape’ 

training stimulus pair. (B) Example of a ‘same colour’ training stimulus pair. Following this, 

the ducklings were tested for preference between two novel stimulus pairs revolving in 

apposition. (C) A duckling trained with the set shown in (A) demonstrates its preference for a 

novel ‘different shape’ stimulus over an also novel ‘same shape’ stimulus. (D) A duckling 

trained with the stimulus pair shown in (B) approaches a novel “different colour” stimulus pair  

– an “incorrect” response. (E) The same duckling later in the same trial correctly approaches 

and closely follows the novel ‘same colour’ stimulus. 
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Figure 2. Experimental Stimulus Pairs 

Experiment 1 tested for responses between red objects that could differ in shape and 

Experiment 2 for responses between spherical objects that could differ in colour, using the 

pairs illustrated here. In Experiment 1 members of Subgroup 1 were initially exposed to either 

two spheres or a pair of a cone and a cylinder, and then tested for preference between a pair of 

two pyramids and a pair formed by a prism and a cube, while members of Subgroup 2 were 

imprinted on pairs of either two pyramids or a prism and a cube and tested on preference 

between a pair of spheres and a pair formed by a cone and a cylinder.  In Experiment 2 

members of each subgroup were trained on either two identical spheres or a pair formed by two 

spheres of different colours, and all participants were tested for preference between two novel 

identical spheres and a pair formed by two novel, differing spheres.  
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Results 
	
  

In Experiment 1, the imprinting phase stimulus pair consisted of two red 

solids, which were equal to each other in shape for group ‘same’ and different for 

group ‘different’ (n=36 for each group). The stimuli forming the two test pairs were 

also red, but one pair consisted of two novel, identical shapes and the other two novel, 

different shapes. In Experiment 2, the imprinting stimulus pair comprised two spheres, 

either of same or different colour (n=40 for each group) and test stimuli were also 

spherical but with novel colours, equal in one pair and different in the other.  

To measure preference, the number of approaches undertaken by each 

duckling toward each test pair was scored twice, once by an independent scorer blind 

to each duckling’s imprinting condition and to the study’s hypothesis. Ducklings that 

were inactive during testing (fewer than five approaches) were excluded from analysis. 

Preferences were assessed via sign test, with sample size being the number of 

individual ducklings. Ducklings making more than half of their approaches toward a 

given stimulus were scored as having preferred it (See Methods in Supplementary 

Materials).  

Figure 3 shows the preference results. In Experiment 1, 25 inactive ducklings 

were excluded; out of a total of 47 active ducklings, 32 preferred the pair bearing their 

imprinted shape relation (two-tailed binomial test, p = 0.02). In Experiment 2, 14 

inactive ducklings were excluded; out of 66 active ducklings, 45 preferred the stimulus 

pairs bearing their imprinted colour relation (two-tailed binomial test, p = 0.004). 

Combining both results, out of 113 active ducklings, 77 preferred the relational 

concept, same or different, upon which they had imprinted (two-tailed binomial test, p 

<0.0001). 
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Figure 3. Ducklings’ preferences for an imprinted relational concept 

The number of subjects showing preference for the imprinted (left column) or alternative (right 

column) relation is shown for shape relations in Experiment 1 (A) and the same for colour 

relations in Experiment 2 (B). Ducklings preferred the imprinted relation in both shape and 

colour, regardless of whether the imprinted relation was ‘same’ or a ‘different’.   
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Discussion  
	
  
The accuracy of our ducklings was comparable to, or better than, reinforced relational 

concept discrimination in primates24 and crows.1 This finding supports a richer 

emerging view of the representation of information in the animal brain than is 

presently prevalent, in which even relatively simple learning systems do not process 

information just through the content of sensory signals but also by encoding higher-

level, abstract aspects of stimulus analyses, already the target of neural network models 

designed to simulate such cognitive function.25 The ducklings’ performance indicates 

that their brains may be prepared, not just to respond differentially to certain visual 

inputs, such as scrambled objects containing species-specific elements like legs or 

heads or virtual points that move in a biologically plausible coordination,20 but also to 

pick up abstract relational properties between elements of their sensory input and their 

characteristics.  

 For young precocious birds, having this competence makes biological sense. 

For a duckling critically dependent on proximity to its mother and siblings, defining 

the attachment stimulus configuration as a library of sensory inputs and logical rules 

increases the likelihood that the mother and sibling group will be identified with high 

fidelity in spite of considerable variations in how they are perceived. The rules that 

may define the imprinted attachment target are likely to extend beyond properties of a 

single object such as colour, shape, or symmetry, to include properties of object 

assemblies such as their informational entropy.26 
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Supplementary Materials (Materials and Methods) 
	
  
Subjects 

Subjects consisted of 154 newly hatched pekin (Anas platyrhynchos domestica) 

ducklings between 24 and 48 hours old. Seventy-two ducklings were used in 

Experiment 1 and eighty in Experiment 2. In each experiment, half of the ducklings 

were imprinted on a ‘same’ stimulus pair, and half on a ‘different’ stimulus pair (see 

Figure 2). Eggs were sourced from the University Farm in Oxford, UK, and incubated 

and hatched on-site. Ducklings were returned to this source upon completion of 

experiments. All experiments were approved by the University of Oxford Department 

of Zoology’s Animal Welfare and Ethical Review Body. 

 

Incubation and hatching 

Eggs were incubated for approximately 28 days, and hatched in a dark hatching 

chamber to ensure that chicks formed no visual imprints prior to experimentation. 

Upon hatching, ducklings remained in the dark chamber for approximately 24 hours to 

allow drying and to ensure imprinting could occur.27 One hour before the 

commencement of experimentation, ducklings were moved to a brooding chamber 

with ad libitum food and water access illuminated from above with a 250W heat and 

light bulb to prime them for imprinting.1,21 Ducklings were primed socially with up to 

three other ducklings to improve imprinting response.22 Duckling selection we 

performed with brief lighting to ensure that only sufficiently dry and healthy ducklings 

were included; potential ducklings were placed on a brooder tray, and were included 

only if they performed several stable steps, with those not sufficiently dry or too young 

returned to the brooding chamber. All subsequent handling of ducklings during 

experimentation was performed in complete darkness, or illuminated by a faint green 

light13 to prevent the formation of extraneous visual imprints. 
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Imprinting 

Ducklings were imprinted on one visual stimulus pair composed of two three-

dimensional solids approximately five to eight centimetres in their longest dimension. 

In Experiment 1, all stimuli were red, but could differ in shape, whilst in Experiment 

2, all stimuli were spheres, but could differ in colour. In each experiment, half of the 

ducklings were imprinted on a stimulus pair composed of two stimuli of the same 

shape and colour, and the other half on two stimuli that differed in either shape 

(Experiment 1) or colour (Experiment 2). All stimuli used for imprinting and testing 

are shown in Figure 2. Stimulus objects were suspended 5cm from the imprinting 

chamber floor with invisible fishing line from a rotating boom powered by a motor, 

which caused them to travel in a one-metre diameter circle at a speed of approximately 

two revolutions per minute, as mobile stimuli have been shown to elicit better 

responses.14 Imprinting chambers were illuminated by a 100W incandescent light bulb, 

and consisted of a square with 1.1m sides, within which the stimulus rotated. 

Imprinting was performed immediately following priming in the lighted 

chamber. Each chick was transferred to the imprinting chamber and exposed to its 

assigned imprinting stimulus pair (IS) for 25 minutes. The bird was then placed in a 

dark brooding chamber with ad libitum food and water access for 30 minutes. 

Ducklings were again brooded socially with up to three others to improve imprinting 

responses.14 

 

Testing 

The testing chamber consisted of an hexagonal enclosure (3.5m diagonal) 

surrounded by white curtains. Two novel stimulus pairs were suspended 5cm from the 

chamber floor from a boom, and rotated in apposition in a circle of diameter 1.75m, at 

the same speed as during imprinting. Neither of the testing pairs contained a stimulus 
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that the duckling had seen before. In Experiment 1, one pair was same-shaped and 

one was differently shaped. In Experiment 2, one stimulus pair was same-coloured, 

and one differently-coloured. As in imprinting, all Experiment 1 stimuli were red and 

all Experiment 2 stimuli were spheres. 

Ducklings were placed under an opaque dome in the centre of the enclosure, 

and testing commenced when this dome was lifted via a pole from outside the 

enclosure.  Each test lasted 10 minutes.  Testing began 30 minutes after completion of 

imprinting. 

 

Scoring 

All testing was video recorded from above. During testing, the total number of 

positive and negative responses to both object pairs was recorded. A negative response 

was defined as either a movement directly away from a stimulus previously 

approached, or a movement evading the oncoming approach by a stimulus. Positive 

responses were counted so as to control for different patterns of movement between 

ducklings – some tended to follow their imprinted stimulus in a smooth motion, while 

others made many short, rapid approaches interspersed with brief pauses. Discrete 

movements toward an object pair were counted as positive responses, reflecting an 

imprinted duckling’s tendency to approach imprinted, rather than novel stimuli.13 

When a duckling consistently followed a stimulus around its circular path, one positive 

response, and no more, was counted for each 90° of stimulus revolution, regardless of 

whether this was composed of many small movements, or part of a single smooth 

movement around the circle. This ensured that a duckling moving smoothly around 

the circle, or making many tens of discrete movements in keeping with the stimulus 

around the circle were both counted as four positive responses per stimulus 

revolution. All tests were scored by AM and rescored by an independent observer 
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blind to the duckling’s pre-exposure and the study’s purpose. Correlation was assessed 

by Spearman’s rank correlation coefficient, and the scores were highly correlated 

(Experiment 1: R = 0.9367, Experiment 2: R = 0.9489). 

Ducklings were assigned a preference by sign test, with ducklings exhibiting 

more than 50% of approaches to one stimulus scored as having preferred that 

stimulus. We analysed the sensitivity of this method of assigning preference, finding 

that statistical significance was reduced when preference required one stimulus to 

command five or ten more approaches than the other, as opposed to just one. Our 

results remain significant for the shape modality (p = 0.02 for five, p = 0.05 for ten) 

and the combined shape and colour analysis (p = 0.003 for five, p = 0.02 for ten) 

regardless of which of these three criteria is used. For the colour modality alone, the 

results remain significant when preference required five more approaches to one 

stimulus than the other (p = 0.05), becoming non-significant for ten (p = 0.2). 
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Summary of Findings 
 

With the only exception of eutherian mammals, vertebrate brains have the 

problem of integrating sensory input from two independent eyes so that the organism 

acts as a well-informed whole. This thesis set out to investigate how vertebrates’ brains 

solve this problem. In eutherian mammals such as humans, this is solved by a fast flow 

of information between the higher centres of the brain, where information is analysed 

and decisions are made, via the corpus callosum, a thick commissure connecting the two 

hemispheres. Yet other vertebrates likely have a similar need for fast decision making 

processes, and have to do this without the main route for immediate information 

integration used by eutheria. This thesis began with the question of how a bird, living 

with brain hemispheres whose two visual systems are independent, manages 

information, and behaves as a coordinated whole. Beginning with Chapter 2 and 3, 

which investigated this question directly, the line of inquiry proceeded to Chapter 4, 

where some behavioural strategies of coping with a split-brain design were explored, 

and Chapter 5, attempting to determine what information actually is to an avian brain. 

 In Chapter 2, homing pigeons were tested for the effects of the neurological 

independence between the right and left avian visual pathways, taking advantage of 

their tendency to recapitulate homing routes consistently. Trained to return home 

from a given location with one eye occluded over the course of several days, they were 

then subsequently released a number of times from the same location with the other 

eye occluded, to determine if the route and performance established in the first phase 

was conserved. I found that whilst the first flights undertaken with the new eye were 

indeed generally more efficient and less divergent from the beeline than the first flights 

with the original eye, they did not constitute recapitulation, with pigeons both 

beginning and ending the second phase flying a route significantly different from that 

of the first phase. This may suggest a lack of complete access to the first phase route 
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information during the second phase, though the improved initial performance 

suggests that not all benefits of experience are lost upon switching eyes. 

 In Chapter 3, the same principle was investigated in a substantially different 

system. Ducklings were allowed to form a maternal imprint onto a blue or red duck 

decoy with one eye occluded, then tested for preference between the two decoys with 

the same or the opposite eye occluded. Through the use of imprinting, this protocol 

allowed the transfer of visual information to be tested within the first three hours 

following acquisition, a period after which some evidence has suggested that visual 

information transfer may occur.1,2 Control ducklings imprinted and tested binocularly, 

or monocularly with the same eye during both training and testing showed a significant 

preference for the imprinted stimulus, whilst those tested with the eye ‘naïve’ to their 

imprinted stimulus performed no better than chance in terms of preference between 

the two stimuli, suggesting the absence of transfer during this three hour window. A 

second experiment directly followed, investigating whether one eye’s visual system (the 

left or right) might dominate behaviour should the two systems conflict as to the 

identity of the imprinting substrate. Here, ducklings were allowed to imprint on both 

decoys, each with a different eye, then tested either once with each eye, or a single time 

binocularly. The ducklings that were tested once with each eye showed a weaker, but 

still noticeable preference for the stimulus imprinted upon with the tested eye, 

suggesting some cross-hemisphere interaction, but a general preservation of the 

autonomy of the two visual memories. The ducklings tested binocularly did not show a 

preference for one eye’s stimulus over the other, indicating either a lack of dominance 

or sufficient mingling of the two visual systems’ information for both stimuli to evoke 

the following response. 

 Chapter 4 turns, then, to investigate the behavioural strategies a bird might 

employ to ensure optimal behaviour, given this partial independence of each eye’s 
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perspective and information. New Caledonian crows are known for their deft use of 

stick tools during foraging, often probing narrow, deep hollows for the larvae that 

comprise a substantial portion of their calorie supply.3 In doing so, they show a within-

individual, consistent preference for clasping the tool against either the right or left 

side of the bill and face,4,5 a laterality often compared to handedness in primates. 

However, unlike some primates, there is no species-level preference for one limb over 

another, and furthermore, this preference of tool-holding side does not reflect a 

preference between two bilaterally symmetric appendages (the arms), but for a 

positional choice of the tool with respect to a single, medial structure (the neck and 

head). By assessing the crows’ eye dominance in a non-tool-use peering task and 

comparing this with tool-holding laterality in a basic tool-use task, I determined that 

the crows hold the tool against the side of the head corresponding with their preferred 

eye for peering. Mathematical modelling of the geometry of a crow probing a narrow 

hollow with a stick-tool indicated that this preference is likely to reflect the crows’ 

attempts to ensure that the dominant eye can maintain visual contact with the tool-tip 

even in deep hollows. In light of the results of Chapters 2 and 3, this would seem a 

highly adaptive behaviour. A crow holding a tool such that the non-dominant eye can 

see the tip would result, at least instantaneously, in the dominant eye’s visual system 

remaining naïve with respect to the information gathered, likely a disadvantage for a 

dextrous task such a larva extraction. 

 Chapter 5 was initially conceived as a response to a problem raised by the 

results of Chapters 2 and 3 but it ventures towards areas I plan to investigate beyond 

this thesis. In both the ducklings and the pigeons, there is a clear independence of the 

two visual systems evidenced by the poor performance of subjects guided by their 

naïve eye in tasks for which training used the alternative eye; and in both cases, 

performance guided by a naïve eye is not entirely like that of a totally naïve animal – 
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not entirely surprising, as the animal can derive information from sources other than 

vision, which may inform both hemispheres. All of this raised the question of what 

exactly information is to an avian brain, and how information gathered in a visual 

protocol is represented in a bird’s brain for subsequent reference. I thus explored 

whether imprinting may involve the acquisition of one or more abstract concepts 

defining the imprinting substrate, rather than the formation of a visual memory 

thereof. Ducklings were imprinted on a pair of stimuli that were the same or different 

in either colour or shape, and tested for whether they could apply these concepts – 

“sameness” and “difference” – to novel pairs of objects, following the pair that 

exemplified the imprinted concept, even if it visually did not resemble the training pair. 

I found that the ducklings could indeed imprint on a concept and identify it in a novel 

stimulus, with accuracy comparable to their more typical imprinting as in Chapter 3, 

and indeed higher than the accuracy of primates performing a similar conceptual task. 

This suggests that the ducklings can learn and deploy abstract concepts in a single 

training session and without reinforcement training, through imprinting. 

	
  

Implications 
	
  

Each of the threads within this thesis – laterality, hemispheric integration, and 

concept learning – brings with it its own implications, and these are discussed in detail 

in the individual chapters themselves. As a summed body, however, they may be able 

to inform our understanding, to paraphrase Thomas Nagel, of what it is like to be a 

bird. This construction is associated with controversial areas such a consciousness, 

experience, and animal ethics, but it need not only refer to such contested topics. 

Insight into the information processing necessary for survival, especially the realities 

affecting what information is available to contribute to behaviour can help to explain 



	
   157	
  

behaviours that may exist to integrate information from independent visual systems, or 

to maximise the quality and consistency of information given the apparatus the bird 

has available to it.   

Chapters 2 and 3, in particular, offer a much more complete picture of the 

information availability problem inherent in the avian (and indeed any non-placental 

mammalian) brain. Much work has been undertaken to uncover what information 

transits the divide between the two brain hemispheres,6-9 and these chapters are, 

fundamentally, a continuation of the program, further exploring this problem in 

opposite directions. The established understanding of birds’ hemispheric integration is 

that visual information gathered in a conventional learning protocol with one eye and 

tested several hours or days later is not available with sufficient fidelity to the opposite 

eye to successfully complete the task at hand with only the naïve eye.10 Chapter 2 

stretches this question to the lengthier intervals of pigeon homing, positing that 

information may slowly be transferred across the brain divide. The rather complex 

results of Chapter 2 do not offer a definitive answer on this matter, but they do 

suggest that even lengthy periods of time do not allow a complete interhemispheric 

sharing of information. Pigeons flying even several weeks after first settling on a route 

with an initial eye still do not revert to that route with the other eye, even if some 

amount of relevant information is clearly available to the naïve hemisphere upon 

guiding its first flight.  

Homing is not a solely visual task, and this may explain why monocularly 

experienced pigeons flying with the naïve eye are not indistinguishable from fully naïve 

pigeons, but these results also reinforce the key role of vision in local area homing. 

The case for vision, and visual landmark recognition, in pigeon homing has been 

building with increasingly strong evidence coming from the discovery of route 

recapitulation in homing,11 but magnetoreception,12,13 olfaction,14 and sun compass 



	
  158	
  

reckoning15 are all components of accurate homing, and are likely more critical to 

navigation from unfamiliar locations than visual landmarks. However, Chapter 2 seems 

to leave little remaining doubt as to the importance of visual recognition in local area 

homing: pigeons with no other modification but that the very eye they first homed 

with from that site has been covered do not fly over the route they have learned. Thus 

beyond confirming the divide between the hemispheres as regards visual information, 

Chapter 2 also provides some of the strongest evidence yet for the role of visual 

information in pigeon homing. Birds are mostly diurnal and have high-acuity eyes and 

visually equipped brains, so it is not surprising to find vision critical to any given 

behaviour, but it reinforces this fact nonetheless; being a bird means seeing like a bird, 

which is to say, seeing well, and making use of it. 

Chapter 3, in contrast, turns to very short learning intervals, using imprinting 

to enable testing of the near-instantaneous availability of information inter-

hemispherically. The results from Chapter 2, along with evidence from marsh tits1, and 

pigeons and chickens in Skinner boxes,9,16 suggests that some amount of information 

must be available inter-hemispherically on the several-hour to several-day time scales 

of those experiments. Many such studies have had a lower bound of several hours for 

the timescales testable due to the necessity of achieving accuracy through operant or 

associative training with the initial eye before the naïve eye can be tested. As far as 

answering the question of what it is like to see like a bird, Chapter 3 brings us closer to 

what the naïve brain hemisphere knows immediately upon the other hemisphere (and 

its associated eye) “seeing it”. Binary discrimination by imprinting allows the learning 

to be almost entirely visual, and to happen in a matter of minutes, with testing of the 

naïve eye occurring only 30 minutes after the very first exposure of either eye to a 

stimulus. The results here, unlike Chapter 2, are straightforward. Ducklings reliably 

revert to a chance level of preference for the learned stimulus when they switch to the 
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inexperienced eye. The follow up experiment reinforces this separateness of visual 

systems, with each eye system being able to independently maintain fidelity to 

opposing imprints, albeit weakly, and with neither showing dominance over the other. 

This implies that not only are the visual systems and their corresponding information 

independent of each other, but that each may be able to exert control over the bird’s 

behaviour, even to the point that conflicting behaviours prompted by each hemisphere 

can nullify each other. Thus, seeing like a bird is apparently a disjointed experience, 

and being a bird seems tantalisingly close to having two brains.  

The lateralised tool use explored in Chapter 4 is one behaviour that may have 

arisen to afford a bird unified information and unified action. The observation of 

laterality in tool holding in New Caledonian crows might be easily thought similar to 

the handedness seen in other tool using species,17 but there are clear contextual 

differences, and Chapter 4 reveals that this behavioural laterality is, in fact, 

anatomically derived – arising due to the underlying laterality of the eyes. This is 

further contextualised by the results of the eye-capping chapters. Chapter 3, in 

particular, suggests that there is virtually no instantaneous visual interhemispheric 

transfer. This creates an information problem for monocular behaviours such as 

peering down a hollow whilst foraging – insofar as an individual bout of foraging does 

not last several hours or days (but rather, several seconds), such monocular tasks are 

confined to half the brain, and information which could guide aiming and 

manipulation of the tool gathered with one eye will never integrate with that of the 

other within the useful life of that information. It is thus advantageous that any given 

monocular task be performed consistently with the same eye (as opposed to switching 

back and forth), to concentrate the information gathering to one hemisphere. This 

being the case, even a slight superiority of one eye or hemisphere should induce the 

animal to the use of the same, and this is indeed what we see in the crows. This 
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interpretation should hold for any brain in which visual inputs remain independent. It 

has been pointed out that chickens focussing on a distant object will turn to direct one 

eye at it to the exclusion of the other.18 To the usual explanation that the chicken is 

centring one of its two fovea on the target we can add that to the extent that the 

information gathered is immediately relevant, it is better for the chicken that only one 

eye (the better one) sees it. When dealing monocularly, being a bird means prioritising 

one eye. 

More than the others, Chapter 5 involves matters of cognition, and offers 

evidence for a much more cognitively advanced lower bound on the capacities of 

Neognathae. Concept learning has been shown previously in crows19 and parrots,20 and 

much of this has been attributed to their relatively high intelligence and flexible 

learning, with respect to most other birds. The evidence presented in Chapter 5 

suggests abstract concept learning in a newly hatched Galloanserae species, the mallard, 

and may imply that such abilities are taxonomically more widespread, perhaps even an 

ancestral characteristic of many vertebrate taxa. This would mean that being a bird, any 

bird, involves a greater cognitive capacity than may have been previously assumed, and 

it might be argued to suggest an avian mind something like that of humans, given our 

own abstract capacities, despite our very different brains. 

More practically, the findings of Chapter 5 relate directly back to the issue 

raised in Chapter 2. The homing pigeons in Chapter 2 engage in a mostly visual 

learning to develop their recapitulated routes. Yet the pigeons, despite being incapable 

of flying their exact learned route with the naïve eye, do show some evidence of 

experience, differentiating them from complete naïveté. Many of the posited 

explanations for this come down to abstraction: perhaps though the pigeon may fail to 

access the visual snapshots of its landmarks, it can access the conceptual 

understanding of angles, bearings, sequences of manoeuvres, or sun compass 
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derivations associated with the landmarks gathered by the occluded eye. All of this 

information is non-visual or abstract, and may not be subject to the dividedness that 

keeps visual information in discrete halves. The ducklings monocularly imprinted in 

Chapter 3 are engaged in a much less abstract task than the pigeons, and this may be 

why the eye-switched pigeons look less like naïve birds than the eye-switched 

ducklings: the pigeons have concepts available throughout the unified brain on which 

to draw – the ducks have only their visually remembered maternal surrogate in one 

half of their divided brain. Concepts could be the means by which the avian brain 

avoids the tantalising “two-brains-in-one-head” challenge presented on first inspection 

of the visual system. 

 

Conclusion 
	
  
 The direct conclusions of this work are simply stated: birds seemingly have 

little interhemispheric visual integration in the short term and incomplete integration 

in the long term, they may prioritize a preferred eye behaviourally to accommodate 

this in monocular tasks, and they make use of abstract representations from a young 

age. More deeply, however, it raises a number of questions, and potentially offers the 

way to new models for research into memory and learning, as well as a new 

understanding of the mental life of birds. 

The avian brain is not unique in its lack of a corpus callosum, or other large, 

integrative commissure. The corpus callosum is a relatively young evolutionary 

development, arising in placental mammals about 100 million years ago, with all older 

lineages having no such structure.21 Marsupials and monotremes, like birds, reptiles, 

and amphibians, also lack the corpus callosum, but instead have a massive anterior 

commissure – larger than that of placentals or reptiles, that seemingly accomplishes 
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the same role. Thus, mammals in general have all greatly enhanced their integrative 

capacity relative to other vertebrates.  

Yet, despite the anatomical, and indeed, as this research has shown, functional 

separateness of the hemispheres in non-mammalian vertebrates, these animals do not 

fail to act as a unified whole, outside of monocular experiments. Birds and reptiles do 

not seem to suffer for their unintegrated hemispheres in their ordinary, binocular 

context. There could be a number of reasons for this: whether behavioural 

compensations as in the New Caledonian crows, or higher level conceptual integration 

made possible by abstraction of sensory information; but what remains is the question: 

what evolutionary pressure drove mammals to develop these large, interhemispheric 

pathways? Why could mammals not adopt the same solutions that seem to continue to 

be ample for the rest of the seeing vertebrates? One explanation holds that as 

mammals are the only group with topographically organized sensory maps in the 

telencephalon (rather than the mesencephalon, as in reptiles), they are the only lineage 

that required such a large forebrain commissure.21 However, this still does not manage 

the evolutionarily ultimate explanation for the difference, failing to provide an adaptive 

reason for this sensory difference. There is fertile ground for further investigation 

here, especially, on the behavioural side, in marsupials, representing as they do the 

“third way” for integration. A suite of monocular learning tests in wallabies could be 

especially fruitful. Furthermore, there is some suggestion that various predatory birds 

may have better interhemispheric integration than other species, perhaps convergently 

evolved in a manner similar to that in mammals, given their visually demanding 

hunting.22 A comparative approach into the problems solved by instantaneous 

integration would be enlightening. Such investigations could aid in pinpointing the 

adaptive origins of the corpus callosum: the presence or absence of mammalian visual 

integration in marsupials could date the origin of the structure, whilst a convergent 
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ability for instantaneous integration in raptors would point to the adaptive pressures 

that give rise to that ability. 

Regardless of the origins of the difference between birds and mammals, the 

reliable performance of monocular birds in failing to transfer learned visual 

information could make them an ideal model system for studying memory formation. 

The very straightforward and largely non-invasive method of covering one eye allows 

for behavioural tests of something that can only be accomplished with great difficulty 

in mammals: isolation of half of the brain (at least within one sensory modality). Birds, 

though more like reptiles in their neuroanatomy, are, generally speaking, more akin to 

mammals in their cognitive ability, and their different brain could allow testing of 

complex behaviours in a conveniently malleable system. 

In a sense, all the most interesting questioned raised by this work on birds are 

about mammals, and some of this is unavoidable. The question posed by this chapter, 

of what it is like to be a bird, asks that question for our mammalian perspective, and it 

is difficult to completely efface the assumption that our arrangement is the default. 

Humans only know what it is like to be a (human) mammal, and so much of what we 

can say about the experience of another species is to determine the ways it must be 

different from our own. Chapters 3 and 5 together suggest that while birds cannot 

integrate vision instantaneously, they can form abstractions (or qualia) from a very 

young age. Their experience of vision must therefore be different from our own, but 

perhaps where we integrate visually, they conceptualize both visual streams, and 

through that means, unify their information. This could be easily tested by combining 

the two experiment’s methods: monocular imprinting on a relational pair, and testing 

on two novel pairs with the other eye. Such experiments are informative because they 

identify solutions to problems that cannot exist in mammals; and whilst the hard 
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problem of consciousness remains hard, we can only assert what it is like to be a bird 

by the ways it must necessarily be unlike being a human.   

So then, as far as we can manage, what is it like to be a bird? To be a bird 

seems to mean seeing strategically – concentrating relevant information about any 

given situation to one eye. It seems to mean relying on non-visual information to 

ensure an integrated, single understanding of the world around one, and to bring unity 

to two, disparate visual banks of knowledge. It seems to mean being capable of basic 

abstraction, and possibly quite complex abstraction, with the same-different distinction 

only the first of a suite of investigations into concept learning that ducklings should 

undergo. It seems to mean being quite intelligent, or at least enough to deal with 

abstract concepts from a young age. It may mean, but then it may not, having a mind 

unlike that of any mammal, having a different or even absent sense of a unified self, 

but being capable of cognitive tasks and behaviours to challenge mammals despite this. 

At any rate, it probably means that I shouldn’t eat so much duck. 
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Appendix 
 
 
Published Versions of Chapters 
 

 
“What’s more, since the second act is a subtly different reprise of the first, he has written a play in 

which nothing happens, twice.” 
 

Vivian Mercier, on Waiting for Godot 
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Published Version of Chapter 2 
 
The published typesetting of Chapter 2 begins on the following page. The citation for 
the chapter is as follows: 
 
Martinho, Antone, Dora Biro, Tim Guilford, Anna Gagliardo, and Alex Kacelnik. 
"Asymmetric visual input and route recapitulation in homing pigeons." In Proc. R. Soc. 
B, vol. 282, no. 1816, p. 20151957. The Royal Society, 2015. 
 
 



	
  170	
  

	
   	
  



	
   171	
  

 

 

 

 

 
 
 
 
 
 
 
 
 
 

rspb.royalsocietypublishing.org

Research
Cite this article: Martinho III A, Biro D,
Guilford T, Gagliardo A, Kacelnik A. 2015
Asymmetric visual input and route
recapitulation in homing pigeons. Proc. R. Soc.
B 282: 20151957.
http://dx.doi.org/10.1098/rspb.2015.1957

Received: 13 August 2015
Accepted: 9 September 2015

Subject Areas:
behaviour, cognition, neuroscience

Keywords:
Columba livia, homing, tecto-fugal pathway,
monocular route learning, route recapitulation,
visual asymmetry and learning

Authors for correspondence:
Dora Biro
e-mail: dora.biro@zoo.ox.ac.uk
Alex Kacelnik
e-mail: alex.kacelnik@zoo.ox.ac.uk

Electronic supplementary material is available
at http://dx.doi.org/10.1098/rspb.2015.1957 or
via http://rspb.royalsocietypublishing.org.
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Pigeons (Columba livia) display reliable homing behaviour, but their homing
routes from familiar release points are individually idiosyncratic and tightly
recapitulated, suggesting that learning plays a role in route establishment.
In light of the fact that routes are learned, and that both ascending and des-
cending visual pathways share visual inputs from each eye asymmetrically
to the brain hemispheres, we investigated how information from each eye con-
tributes to route establishment, and how information input is shared between
left and right neural systems. Using on-board global positioning system
loggers, we tested 12 pigeons’ route fidelity when switching from learning a
route with one eye to homing with the other, and back, in an A-B-A design.
Two groups of birds, trained first with the left or first with the right eye,
formed new idiosyncratic routes after switching eyes, but those that flew
first with the left eye formed these routes nearer to their original routes. This
confirms that vision plays a major role in homing from familiar sites and
exposes a behavioural consequence of neuroanatomical asymmetry whose
ontogeny is better understood than its functional significance.

1. Introduction
Birds and mammals moving in familiar landscapes acquire, process, store and
use visual information, but while in the mammalian brain bilateral projections
from the optic chiasma and interhemispheric connectivity through the corpus
callosum ensure that visual information is readily available bilaterally, in birds
visual pathways are almost completely decussated at the optic chiasm, and
there is no corpus callosum. These differences make integration of visual input
from the two eyes very different between these two vertebrate classes, and lead
to differences in learning and memory [1]. Pigeons using visual landmarks
to fly homewards from familiar locations [2] provide an opportunity to study
how visual information acquired by each eye is stored and made available to
contralateral visual control of navigation.

How pigeons find their way home has been subject of extensive research and
lively debate for many years [3,4]. Field experiments have shown that pigeons
compute their homeward bearing based on a ‘map’ (information on the bird’s
position relative to the loft, probably derived from olfactory cues when in unfami-
liar territory) [2,3,5] and use a time-sensitive sun compass [6,7] or a magnetic
compass [8] in assuming a homeward bearing and navigating to their loft. As
they acquire experience with an area, pigeons progressively incorporate visual
cues in the form of landmarks to engage in pilotage—or navigation by a series
of visual landmarks—with reliance on compass information decreasing with
experience [9–12]. On-board global positioning system (GPS) loggers have
greatly enriched the study of pigeon homing, revealing that pigeons released
repeatedly from the same site form individually idiosyncratic routes that are
tightly recapitulated on subsequent flights [10,11,13]. Furthermore, their routes
often incorporate long linear landmarks such as roads, railway lines and rivers [9].

The pigeon visual system is lateralized at both neuroanatomical and
functional level, as shown in birds tested in laboratory cognitive tasks [14].

& 2015 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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Functional asymmetries have also been found for spatial tasks
involving memorization and processing of cues in both labora-
tory settings and natural behaviours, such as homing [15]. In
particular, the functional contribution of the left and right
side of the brain in homing behaviour has been the subject of
experiments focusing on the hippocampal formation and olfac-
tory and visual systems [15,16]. Although both the left and
right parts of the hippocampal formation seem to be involved
in familiar landmark-based navigation [17], an intact left hip-
pocampus is needed for olfactory map learning in young
pigeons raised confined [18], probably due to the critical role
of the left hippocampus in sun compass-mediated spatial
learning [19] through which the association of wind-born
odours with wind direction is memorized. In the olfactory
system, an asymmetric involvement in favour of the left piri-
form cortex and of the right nostril has been highlighted [15].

Within the visual system, pigeons’ optic nerves completely
decussate at the optic chiasm, projecting exclusively to the
tectum contralateral to the input eye [20], meaning that direct
visual inputs to a hemisphere can be eliminated by capping
an eye. The ascending tecto-fugal and thalamo-fugal visual
pathways do allow for indirect visual input to the contralateral
hemisphere [21], but while each tectum projects to the ipsilat-
eral diencephalic nucleus rotundus roughly equally, more

projections from the right tectum are shared contralaterally to
the left nucleus rotundus and entopallium than from left to
right [1,14,22]. This asymmetry is developmentally related to
the orientation of the pigeon embryo, whereby the right eye
is exposed to more light during incubation [14,23]. The impor-
tance of this light exposure to interhemispheric integration has
been shown in visual transitive inference tasks performed by
monocularly occluded pigeons [20]. Memory formation and
storage may be lateralized, with predominance of the left hemi-
sphere [24], and further asymmetries of projections have been
found in both the ascending and descending visual systems
[25]. This fits into the wider model of the avian visual system
as being lateralized differently for specific tasks and roles
[26]. Nonetheless, this model is largely derived from chickens,
and it is likely that detailed patterns of lateralization differ
between pigeons, chickens and other birds.

Here, we investigate whether the asymmetries of the visual
memory system are reflected in pigeons’ route fidelity when
switching from monocular homing with an ‘experienced’ to a
‘naive’ eye. We trained 12 pigeons to fly home under reversible,
non-invasive monocular occlusion (figure 1) for 18 flights
before subsequently flying another 18 flights from the same
release point with the opposite eye blocked. This was followed
by five flights with the original eye blocked, and finally by five

(b)(a)

complete
decussation of 

optic nerves

more inputs from
right tectum to left

rotundus than vice versa

left
eye

optic chiasm

optic tecta

nuclei rotundi

right
eye

(c)

Figure 1. Pigeon with eye ring and eye cap, and generalized structure of pigeon tecto-fugal system. (a) Each pigeon was fitted with two eye rings as shown. The
‘hook’ side of Velcro was used for the ring attached to the pigeons’ feathers as its thinner profile ensured forward vision would not be compromised. (b) The eye
caps were constructed of a double layer of flexible etched plastic. The seam in the eye cap was consistently oriented posteriorly to ensure a homogeneous image in
the forward direction. (c) Schematic of the pigeon tecto-fugal visual system, detailing the asymmetry of inputs. Adapted from [23].
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binocular flights, completing a total of 46 flights per bird, in
four phases. Our results reflect a poverty of interhemispheric
exchange of visual homing information and a hemispheric
imbalance of information availability in the pigeon brain.

2. Results
The 12 experimental birds flew in two groups defined by the
sequence of which eye was available (i.e. the eye which was not
occluded) in each phase of experimentation: ‘left–right–left–
binocular’ (hereafter LRLB) and ‘right–left–right–binocular’
(hereafter RLRB). A control group of four birds flew 18
non-occluded flights. Positional fixes recorded at 5 Hz by on-
board GPS loggers allowed us to reconstruct the pigeons’ flights
(see ‘Experimental procedures’) and to compare paths flown. The
set of the first 18 flights for each group is referred to as ‘phase 1’
and the second 18 flights, flown with the other eye, as ‘phase 2’.
The subsequent five flights, flown with the original eye, comprise
‘phase 3’. For clarity, except where otherwise indicated, the
descriptors ‘left eye’ and ‘right eye’ refer to the eye that is open
(not occluded) for the flight being described.

Visual inspection of the trajectories revealed consistent
patterns, as displayed by exemplars in figure 2. For all

experimental birds, the first several flights show properties
distinct from subsequent monocular flights and from all con-
trol flights. In these early monocular flights, the pigeons’
routes deviate from the beeline between the release site
and the loft in the direction of the available eye. As the pigeons
become more experienced with a given eye, the routes migrate
towards the beeline. Furthermore, during early flights, the
pigeons often perform many tight loops around the open
eye—clockwise when the right eye is open and counterclock-
wise when the left eye is open—possibly attempting to
gather information from a 3608 field of view. This is a behav-
iour not previously described, as far we are aware. At no
point in the study was a bird seen to loop around an occluded
eye. Control birds did perform loops, but as both eyes were
open, flights included loops in both directions. We quantified
each bird’s looping rate as loops per kilometre of route
flown, excluding loops made around the release site and
home loft (figure 3). Among experimental birds, looping rate
begins high and subsides through subsequent flights, before
returning to a high rate when the occluded eye is switched,
and subsiding in a similar pattern. We compared the looping
rate across flights within each of the controls, and the first
two phases of each of the LRLB and RLRB birds, using a two-
way repeated measures ANOVA. The 18 flight phases of the

left eye

release site

home loft

beeline length (3.8 km)

left eye, phase 3

right eye

right eye, phase 3

binocular

1 km

Figure 2. Examples of flight series for two experimental and one control pigeon. Each experimental pigeon flew 46 flights in either a ‘18 left, 18 right, 5 left, 5
binocular’ or ‘18 right, 18 left, 5 right, 5 binocular’ pattern (referring to the eye open, not the eye occluded). Bird IDs and treatment received are indicated in the
bottom right corner of each panel. Left-eyed flights are shown in red (magenta for phase 3, bird B77 only), whereas right-eyed flights are blue (cyan for phase 3,
bird B72 only). Binocular flights are shown in green. The control pigeons flew 18 flights each, all of which were binocular.
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experimental birds were considered separately, such that the
ANOVA included five groups of 18 repeated measures (flights).
The rate of looping differs significantly across flights (F17,340 ¼
7.162, p , 0.001), indicating that reduced looping rates correlate
with increased experience homing over a given route. There
was no significant interaction between looping rate and
group, indicating that this effect is similar across groups.
Both experimental groups showed an increase in looping rate
following the first eye switch followed by a decline with experi-
ence. The cause for this looping may simply be that it takes time
to adjust to the new circumstances, or, more interestingly, that
using an eye that is naive for the release site, in the absence of
interocular transfer, requires learning of new visual landmarks,
and that looping in the direction of the naive eye reflects this
search for visuo-spatial input. One possible mechanism in
either case may be that under binocular conditions, the view
of each eye ‘pulls’ the animal to the corresponding side, and
being newly deprived of one eye’s counterbalance results in a
loop, until this is corrected by experience.

To test whether information input to the contralateral hemi-
sphere was more effective in one direction than the other, we

assessed how the birds’ trajectories changed across phase
changes. To do this, we used a distance-to-beeline analysis
(figure 4). Each flight was sampled at points representing
GPS positional fixes collected at 5 Hz. This analysis computes
the mean perpendicular distance in metres between the beeline
and each point in a given flight, assigning positive values to
scores left of the beeline and negative values to those to the
right, with respect to the direction of flight. Figure 4a shows
the beeline analysis for each flight. To compare the degree to
which routes changed across phases, we computed the differ-
ence in distance to beeline between each bird’s first flight
after an eye switch and the mean of the 10 flights before the
switch (figure 4b), for both the initial switch from phase 1 to
phase 2 (i.e. switching to a ‘naive’ eye) and the subsequent
switch from phase 2 to phase 3 (i.e. switching back to the eye
that became ‘experienced’ in phase 1). We calculated the
magnitude of the change from pre-switch mean to the first
post-switch flight for each bird and compared the groups via
two-sample t-tests, as shown in figure 4b. The average (+s.e.)
signed magnitude of the changes in distance to the beeline
after the first (naive) switch was 2250.2+67.0 m for the
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Figure 3. Looping rate analysis. Monocularly occluded birds perform tight loops (approx. 25 – 50 m in diameter) around the open eye during early flights as seen in
the panel at top right (the blue track is a right-eyed bird, the red, left). The binocular controls and both phases of experimental flights show significant decrease in
looping rate throughout the 18 flights. The heavy black lines show the mean value across pigeons in the group for each flight. High early looping rates may reflect
information gathering by visually hemicompromised pigeons.
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LRLB group and 506.9+98.5 m for the RLRB group. In
addition to the obvious sign difference (figure 4b), the absolute
value of the difference between the first and second phase for
the RLRB group was significantly greater than for the LRLB
group ( p ¼ 0.049, two-sample t-test), corresponding with the
move across the beeline seen in the RLRB graph, indicating
that the asymmetric effect of the treatment was true at individ-
ual level and not an artefact of averaging. This implies that the
LRLB group’s route was less affected by the eye switch than
was the case for the RLRB group. It is possible that informa-
tion concerning a general spatial affinity for the landmarks
acquired with the left eye/right hemisphere system (LRLB
group) reached the left hemisphere via an indirect input to a
greater degree than in the opposite direction (RLRB group).

There was no significant difference between groups in the
absolute value of change between the second and third
phases ( p ¼ 0.580).

While the LRLB birds did fly nearer to their phase 1 routes
in phase 2 than was the case for RLRB birds, the beeline analy-
sis does not determine the fidelity of route recapitulation
(similar mean distance to the beeline can result from different
trajectories). For this reason, route fidelity was examined
using a ‘nearest neighbour analysis’ (figure 5a), in which
each flight within a bird’s series was compared to the immedi-
ately preceding flight. The details of this analysis are presented
in the ‘Experimental procedures’ section below. The nearest
neighbour analysis shows how the route differs between
consecutive pairs of flights [27], providing a measure of
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Figure 4. Beeline analysis. The beeline analysis calculates the distance to the beeline for each point along a flight and gives the mean of these distances as the score
for that flight. (a) Each bird’s score is shown for each flight. The black lines show a fitted exponential curve with 95% confidence intervals ( fitted parameters are
given in the electronic supplementary material). The ‘left eye’ and ‘right eye’ labels refer to the open eye. Points to the right of the beeline, with reference to the
direction of motion, are scored as negative values, while those to the left are positive. (b) For each of the two eye-switches from phase 1 to phase 2 and phase 2 to
phase 3, the mean of the final 10 flights before the switch is compared with the first flight after the switch.
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variability or fidelity of a bird’s recapitulation of its route.
Figure 5a shows the nearest neighbour results for the controls
and the first phases of the two experimental groups. The con-
trols show a rapid progression from early variability to
asymptotic fidelity. These results were compared to the first
phase of both experimental groups via two-way repeated-
measures ANOVAs. All three groups showed a significant
main effect of decrease in nearest neighbour distance with
experience across the 17 pairwise comparisons (F16,176 ¼
1.827, p ¼ 0.031), but no significant difference between the
groups (F32,176 ¼ 0.876, p ¼ 0.662). The phase 2 results of the
experimental groups were compared in the same way, with
both groups again showing a significant decrease across the
18 pairwise comparisons (including the cross-phase compari-
son of the last flight in phase 1 to the first in phase 2;
F17,170 ¼ 7.098, p , 0.001), and a significant difference in near-
est neighbour values between the two groups (F17,170 ¼ 2.167,
p ¼ 0.007). This is consistent with the results of the beeline
analysis, which showed that the RLRB group displayed a
larger shift in spatial location of route across the eye switch.
Both groups were affected by the switch from the first eye to
the second—the high nearest neighbour values imply that
the first flight of phase 2 did not recapitulate the last flight of
phase 1 in either group. This is consistent with the findings
of the beeline analysis, which showed that both groups’
routes changed, albeit to different degrees, across the initial
eye switch. This implies that while both groups achieved con-
sistent recapitulation by the end of each of phases 1 and 2, both
groups also modified their routes after the switch, as nearest
neighbour distances increased at the beginning of phase 2.

The high nearest neighbour values at the beginning of
phase 2 do not exclude the possibility that the birds produced
high variability as a result of the eye switch, but then settled
back to the same recapitulated route as before the switch—
especially the LRLB birds, which were shown in the beeline
analysis to achieve similar scores across phases. However, as
we noted earlier, similarity of beeline score does not imply
route recapitulation, and a visual inspection of the final five
flights for each bird in each of phases 1 and 2 reveals that this
was not the case. Figure 5b shows representative examples of
these flights for each group (equivalent figures for all birds
are supplied in electronic supplementary material, figure S1).
As can be seen, while within phase flights are near to each
other, routes differ across phases. Some birds, especially in
the LRLB group, did fly very near their previous route, but
the shape of their route differed between the two phases.
While the LRLB birds did show slightly higher route fidelity
after the eye switch than the RLRB birds, the complete
information necessary for precise recapitulation, perhaps
including sequence, bearings or other onward guidance
connecting one landmark to another, was not sufficiently
available to either group to allow strict recapitulation.

3. Discussion
Our results indicate that in pigeons input of visual homing
information from each eye is not closely integrated with
input from the other eye, that the level of integration is asym-
metric and that this asymmetry has functional consequences.
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Figure 5. Nearest neighbour analysis of route development. (a) The nearest neighbour analysis calculates the degree to which a flight has changed with respect to
the previous flight, as seen in the panel at top right (see ‘Experimental procedures’ for details). The blue arrows represent the shortest distances between the two
flights, computed at each point in the flight (here, three are shown for clarity). The pairwise comparisons of flights in each group (controls, LRLB and RLRB) are
shown as boxplots about the median. The ‘left eye’ and ‘right eye’ labels refer to the open eye. (Note that since there is no flight previous to the first, the first frame
is left empty.) Recapitulation occurs when nearest neighbour values remain low, while adjacent high values indicate variability of route. (b) Examples showing that
both LRLB and RLRB birds recapitulated over a different route in each phase.
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Pigeons’ routes learned solely with one eye are not recapitu-
lated when flying with the other, naive eye, and this failure
to recapitulate occurs regardless of which eye learns first,
though birds that home first monocularly with the left eye fly
significantly nearer to their left-eyed route when subsequently
flying right-eyed than vice versa. This suggests that the various
commissures in the pigeon visual pathway allow insufficient
contralateral input of route information for strict recapitulation
using the naive eye. However, route recapitulation by visual
landmarks requires both visual and non-visual memory, as a
pigeon must both recognize each landmark visually and
remember which direction to take and which landmark
comes next in sequence at each point to follow its established
route tightly. It is thus possible that though this strict sequence
was lost in both groups, the LRLB group’s more general visual
recognition and attraction to the previously learned landmarks
may have endured across phases and may reflect the asymme-
try of the pigeon’s visual pathway, especially in the ascending
tecto-fugal pathway.

Concordant with the asymmetry present in the commis-
sures of the tecto-fugal visual pathway, birds flying with the
right eye after learning initially with the left eye, as seen in
the LRLB group, fly significantly nearer to their original (left
eye), first-learned route than birds flying in the opposite
order. Thus, although neither group using the second eye fol-
lowed the precise set and sequence of visual landmarks
learned with the first eye, the asymmetry of the pigeon visual
system [1,14,23] means that information acquired with the
left eye is more readily available to control visually guided be-
haviour by the other eye than the opposite. Even after repeated
experience, the phase 2 routes of the RLRB group settle farther
from their initial (left-eyed acquired) routes than those of the
LRLB birds, possibly because the weaker projections from the
left optic tectum to the right nucleus rotundus are much
reduced relative to the opposite side [1,14,23], though other
neural asymmetries may contribute to this difference [25].
Thus, though neither eye can access the exact sequence of land-
marks determining the route established with the other eye,
birds flying right-eyed after left fly more closely to the routes
learned with the left eye. The fact that no significant change
in route was found in either group upon returning to the first
eye in the third phase is consistent with previous observations
that pigeons retain learned recapitulated routes over long
periods of time. In both groups, by the beginning of the third
phase, 18 flights had been flown by each eye, thus allowing
whichever eye was used in the third phase to access those
visual memories and home accordingly.

Our beeline analysis results further indicate that the
difference in performance cannot be solely attributed to latera-
lization—the superiority of one eye or hemisphere over the
other for homing performance. If this were the case, we
would expect to find similar performance for a given eye
across both groups in all phases. Instead, we see that homing
performance for a given eye varies depending on the sequence
of training and previous experience. This suggests that our
results derive from the asymmetry of visual inputs to the two
hemispheres, rather than simple superiority of one hemisphere
or eye.

These results confirm the suspected effects of neuro-
anatomical division and asymmetry of visual processing,
and contribute to our understanding of visual lateralization
in homing for pigeons with some homing experience. A pre-
vious study on monocular homing inferred the importance of

the eyes for homing lateralization from different homing
speed and vanishing bearings with each eye, but argued
that since both naive and experienced birds showed vanishing
bearing deflection and lateralization of performance, this was
not an effect of visual memory but potentially of lateral special-
ization for magneto-reception or optic flow [28]. However,
naive and experienced pigeons navigate by different strategies;
namely, naive pigeons rely mostly on site-specific compass
orientation, whereas experienced pigeons transition to pilo-
tage-based orientation within the familiar area [29]. By using
GPS technology that allows investigation of the fidelity of
homing to previously recapitulated routes, we have shown
that the better performance of the LRLB pigeons in phase 2
(when flying with the previously naive right eye) is likely to
be a result of the left hemisphere’s more complete visual
memory of homing routes. The phase 2 results indicate that
pigeons experienced with both eyes separately show right
eye/left hemisphere superiority in homing, a pattern previou-
sly noted in pigeons flying monocularly after simultaneous
binocular experience [30], and in pigeons navigating in an
indoor arena strewn with visual landmarks [31].

Finally, our results reaffirm the importance of vision itself
in the process of pigeon homing. At one time the subject of
debate, the degree of relevance of visual information in
allowing pigeons to reliably home remains in question.
While the formation of, and loyalty to, individually idiosyn-
cratic homing routes have been taken as key support for the
importance of visual information and memory in familiar
area homing [9], these inferences were indirect. The current
study is the first to assess route recapitulation while manipu-
lating visual information input directly during homing, and
demonstrates that monocular homing performance follows
well the pattern established in other purely visual tasks.
Pigeons undertaking a monocular binary discrimination
task after binocular training show better performance with
the right eye than with the left, again probably a consequence
of the right eye’s access to a more complete visual memory
[32]. Our results demonstrate a similar pattern for familiar
area homing, and thus situate this homing within the
pigeon’s visually controlled behaviours.

4. Experimental procedures
(a) Subjects and materials
Sixteen homing pigeons 2 years of age and of both sexes were
used. Pigeons were housed at the Oxford University Field
Station, Wytham, UK, where they had also been bred. Pigeons
were kept at free-feeding weight with unlimited access to
water, grit and mixed grain food, and allowed to fly freely
from the loft daily.

Twelve experimental birds were prepared for attachment of
GPS logging devices by trimming non-flight feathers on their
backs and applying a 4 cm strip of Velcro with fast-drying
glue. All GPS devices were initially attached via the Velcro
method, but in cases in which the strip became loose during
the course of the experiment, the attachment method was
switched to the use of an elasticated harness (for further details,
see ‘Irregularities’ below). Rings of Velcro to facilitate eye cap
attachment were glued around each eye as in figure 1. QStarz
BT-Q1300ST 5 Hz personal GPS loggers were modified for
attachment to pigeons by removing the outer plastic covering.
Eye caps (figure 1) consisted of a 2 cm diameter disc composed
of a double layer of etched plastic to allow for light penetration
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but prevent shape identification. The remaining four birds
formed a control group and were prepared in the same fashion
for GPS attachment, but were not fitted with eye rings.

All pigeons received basic training of at least three flock
releases and three solo releases from locations roughly aligned
with the four cardinal directions, approximately 2 km from the
loft, alternated to prevent directional bias. All training flights
were flown binocularly.

(b) Releases
Releases investigated homing in birds completely naive to the
release site. All birds’ experimental releases were solo flights and
birds were released 7 min apart to prevent ad hoc flock formation.
The pigeons had no previous homing experience beyond basic
training. A single release point was used, but all analyses compared
changes in route within subject and between flights, rather than
location of route with reference to the landscape. Any bias towards
landmarks from this release site is therefore unlikely to have affected
our results. Furthermore, the use of a single release site minimized
loss of birds.

(i) Experimental groups
The 12 experimental birds were divided into two groups, one of
seven (LRLB group) and one of five (RLRB group). The groups
initially contained eight birds each, but one bird from the LRLB
group and three birds from the RLRB group failed to home
during the first flight (see ‘Losses and Irregularities’ below).

The pigeons were released from a novel location 3.8 km from
the loft. The releases comprised 50 flights in four phases over the
course of three months.

Phase 1 (flights 1–20) consisted of first-eye training and test-
ing. The LRLB group flew with their left eye (right eye covered)
and the RLRB group with the right eye (left eye covered) during
all flights in phase 1. The first 18 of the 20 phase 1 flights com-
pleted by each bird were included in analysis. The final two
flights were reserves, included to accommodate occasions when
a bird missed a flight for one of a number of reasons or a GPS
logger failed (see ‘Irregularities’ below). In cases in which a
bird did not miss two flights within the set of 20, any flights
beyond the 18th (one to two flights) were excluded from
consideration.

Phase 2 (flights 21–40) consisted of second-eye training and
testing, and followed the same pattern as phase 1. In phase 2, the
LRLB group flew with their right eye (left covered) and the RLRB
group with their left eye (right covered). As in phase 1, the
pigeons flew 20 flights, of which 18 were included in analysis,
and two were reserves.

Phase 3 (flights 41–45) consisted of re-testing the first eye. The
LRLB group flew with their left eye and the RLRB group with their
right eye. All pigeons flew five flights in phase 3.

Phase 4 (flights 46–50) consisted of binocular testing. All 12
pigeons flew five flights with both eyes uncovered.

(ii) Control group
The four control birds were released binocularly 18 times from the
same site as the experimental birds, following the same protocols.
The first 13 flights comprised training and the last five flights
(flights 14–18) were used to determine ‘normal high-familiarity
homing’ for comparison with experimental birds. The control
birds did not experience any irregularities.

(c) Data processing
GPS traces of flight paths were converted into comma-separated-
values format by proprietary software included with the GPS
loggers. All subsequent processing and analysis of flight paths
was performed in MATLAB. All flights were trimmed for

speed (retaining all points for which speed was greater than
0.5 m s21 for 30 s before or after) to exclude waiting time
before release and after re-entering the loft. Flights were then
trimmed to exclude points within 200 m of the start and end-
points to exclude time when all flights are constrained to be
very close together. To assist comparisons with other exper-
iments, a table of commonly used pigeon homing metrics
before the advent of GPS location may be found in the electronic
supplementary material.

(i) Nearest neighbour analysis
The nearest neighbour analysis holds one of the two flights com-
pared in reference, and for each point along the reference
measures the distance to the closest point on the compared
flight in any direction (figure 5a, inset). For each pairwise com-
parison, both flights are held in reference and compared to the
other in turn, and the mean of these two series of distances pro-
vides the mean nearest neighbour distance between the two
flights.

(d) Losses and irregularities
(i) Losses
The first flight of the experimental releases was performed with a
slightly modified version of the eye cap that incorporated a layer
of tracing paper to partially occlude light. Four of 16 birds failed
to home during this first flight. As a result of this high failure
rate, the eye caps were restructured to exclude the tracing
paper and include a second layer of etched plastic, preserving
the shape disruption but allowing for still more light penetration.
Following this modification, the remaining 12 birds homed suc-
cessfully. Among the 12 birds that successfully homed during
the first flight, performance was reduced, with long routes very
far from the beeline.

(ii) Irregularities
On some occasions, a bird did not produce data during a given
flight. When this occurred, a reserve flight was used. All such irre-
gularities occurred during phases 1 and 2, and in no case did a bird
require more than two reserve flights. Causes of irregularities
included sudden weather changes, GPS device failure and birds
not yet returned from free flight around the loft. Additionally,
nine birds’ Velcro strips fell off during the course of the exper-
iment. As this was a result of feather moulting beneath the strip,
the strip could not be reattached until the following season, and
so was replaced by a ‘backpack’ consisting of a fabric pouch to
hold the GPS logger, attached to the pigeon by elasticated straps
that go around the wings and across the keel. In seven of these
cases, the bird in question was mounted with the backpack and
excluded from flights for the remainder of the day to allow it to
become accustomed to the backpack. Each of these birds wore
the backpack for the remaining duration of the experiment and
during all remaining flights.
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Summary

Tool use, though rare, is taxonomically widespread, but
morphological adaptations for tool use are virtually un-
known [1]. We focus on the New Caledonian crow (NCC,
Corvus moneduloides), which displays some of the most
innovative tool-related behavior among nonhumans [2–6].
One of their major food sources is larvae extracted from bur-
rows with sticks held diagonally [7] in the bill, oriented with
individual, but not species-wide, laterality [8, 9]. Among
possible behavioral [10] and anatomical adaptations for
tool use [5, 11–15], NCCs possess unusually wide binocular
visual fields (up to 60!), suggesting that extreme binocular
vision may facilitate tool use [5]. Here, we establish that dur-
ing natural extractions, tool tips can only be viewed by the
contralateral eye. Thus, maintaining binocular view of tool
tips is unlikely to have selected for wide binocular fields;
the selective factor is more likely to have been to allow
each eye to see far enough across the midsagittal line to
view the tool’s tip monocularly [5, 16]. Consequently, we
tested the hypothesis that tool side preference follows eye
preference and found that eye dominance does predict tool
laterality across individuals. This contrasts with humans’
species-wide motor laterality and uncorrelated motor-visual
laterality [17], possibly because bill-held tools are viewed
monocularly and move in concert with eyes, whereas
hand-held tools are visible to both eyes and allow indepen-
dent combinations of eye preference and handedness.
This difference may affect other models of coordination
between vision and mechanical control, not necessarily
involving tools.

Results

View of the Tool’s Tip
We modeled the geometry of natural food extractions, by
combining morphological data [15], and the structure of visual
fields [5] to compute the depths atwhich eyes see into foraging
hollows as a function of hole diameter and probing distance
(Figure 1; Supplemental Experimental Procedures available
online). According to this model (Figure 1C), the eye contralat-
eral to the tool’s tip sees the tip independently of a hollow’s
diameter, but the ipsilateral eye’s maximum depth of view de-
pends on hole diameter and distance between bill’s tip and
hole’s opening. In the notation of Figure 1C, binocular viewing
requires that B R l.

We compared the set of parameters for which this inequality
holds true in natural circumstances by using ecologically rele-
vant hole dimensions from Bluff et al. [18]. Sensitivity was
examined by comparing the following three parameter ranges:
one favoring binocularity, another favoring monocularity, and
a third interpolating between these (see Experimental Proce-
dures) [19–21].
For each parameter set, we plotted two volumes in a space

of tool’s tip depth, hole diameter, and distance between bill
and burrow’s opening (Figure 2). One volume shows the region
for which binocular vision of the tool’s tip is possible, and
the other volume shows the ecologically relevant space. The
intersection between the two volumes shows the ecologically
relevant area where binocular vision of tool tips is possible.
Figure 2 shows this graphically and quantitatively in separate
tables. Even assuming an extreme ecological range most
favorable to binocularity, a majority of extractions occur in cir-
cumstances compelling monocularity. Given our conservative
modeling, this intersection is likely to be much smaller, mean-
ing that food extraction overwhelmingly involves monocular
viewing of the tool’s tip.
Thus, the species’s extremely wide visual fields may be an

adaptation for tool use, but not through binocular control.
Consistently, with a general argument put forward by Martin
[16], for bird visual fields in general, the wide overlap between
left and right visual fields in New Caledonian crows (NCCs)
may be a consequence of allowing each eye to see far enough
across themidsagittal plane to include the tip of obliquely held
tools. The NCCs’ strong individual laterality of tool use and
lack of consistent species-wide bias may result from holding
tools such that their tips fall in the field of the preferred eye.
If this is true, eye preference should predict individual tool
sidedness. We tested this prediction by examining whether
the eye preferred by individual NCCs to explore potential hol-
lows in the absence of available tools predicts individual tool-
holding sidedness.

Eye Dominance and Laterality
Nine out of ten subjects completed an eye-dominance test.
Out of these, four were right biased and five were left biased.
These subjects also completed a tool laterality test, of which
three were found to be right biased and six were found to be
left biased. Eye preference reliably predicted tool sidedness
(see Figure 3; n = 9, two-tailed binomial test, p = 0.039),
with only one subject opposing the prediction (Figure 3 and
Table S1).

Discussion

NCCs show strong individual lateralization of tool use, display
no detectable population-level bias ([8, 9] and present data),
have unusually wide overlap between the visual fields of
both eyes, and prefer to hold their tools’ working end on the
side opposite to their preferred eye. By contrast, humans
show species-level laterality of handedness and no correlation
between the dominant eye and hand [17, 22], probably reflect-
ing the difference between unity of movement between head
and tools in crows, as compared to independence of move-
ment between head and hands in humans.
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Given that tool use is rarer than eye dominance—the latter af-
fectsmultiple behavioral traits and taxa [23]—it is reasonable to
infer that the causality goes from vision to tool sidedness rather
than vice versa. The avian brain shows species-wide functional
lateralization, and this may have been expected to cause con-
sistent species-level laterality in eye dominance and tool use,
but so far, neither consistency has been found. Alternatively,
eye dominance could be a consequence of individuals com-
pensating for differences in quality of vision between their
eyes. Such remedial dominance is unlikely to have species-

wide consistency but is consistent with eye dominance being
causally related to tool use preference. Humans’ eye domi-
nance is about one-third left and two-thirds right, whereas
handedness is approximately 90% right [17]. However, be-
cause humans and other primates manipulate tools with their
hands, which can be moved independently of the head, differ-
ences between left and right eyesight do not need to constrain
individuals’ handedness. Crows instead are constrained to
move tools and eyes in concert, and hence, a random distribu-
tion of left-right eye preference probably leads to individual, but
not species-wide, side bias. Further, eyesight-determined
laterality in tool use may act against the evolution of species-
wide hemispheric specialization for tool control.
This line of thinking may be relevant to other forms of later-

ality, constrained or not by joint movement of body parts. For
instance, at least one species studied so far, the Japanese
jungle crow, Corvus macrorhynchos, appears to have spe-
cies-level laterality of footedness across tasks [24]. The con-
trast with bill-controlled tool use may reflect that footedness
in birds, like handedness in humans, is unconstrained by
side differences in eyesight.

Experimental Procedures

Geometric Model
Modeling the geometry of tool-assisted extractions in ecological circum-
stances required estimates of six parameters. Three described anatomical
traits (eye separation, bill and head length, and head width), and three
were ecological variables that presented greater uncertainty (dimensions
of probing holes, depth at which the tool tip operated, and distance between
the NCCs’ bill tip and the hole’s opening). Some potentially relevant corre-
lations are poorly known, in particular, the relationship between prey and
hole dimensions. For instance, Rutz et al. [7] give the sizes of larva collected
by humans in the NCCs’ habitat as 3.6–7.6 cm in length and 1.0–1.6 cm in
girth, but it is not known how representative these sizes are of the crows’
diet or of the size of holes in which typical prey reside. We used information
in the supplementary materials of Bluff et al. [18], describing the dimensions
of holes in which tools were left behind by NCCs. With this information, we
generated three sets of parameters, as indicated in Figure 2.

Operational Tool Tip Depth
NCCs extract beetle larva predominantly by provoking them to bite the tool
tip, so both hole depth and position of the larva’s head influence the oper-
ational location of the tool’s tip. Bigger larvae reside in deeper burrows,
but their greater length means that their heads are farther from the hole’s
bottom. As this correlation is unmapped, we used the hole depth quartiles
provided by Bluff et al. [18]. They provide two sets of quartiles, one for
twig tools and one for leaf stem tools. The lower pair of middle quartiles
(4.3–9.3 cm) came from twig tools and favors binocularity, and the higher
(5.0–12.4 cm), from leaf stem tools, favors monocularity. Averaging the ex-
tremes of both ranges gave us our interpolation range, 4.65–10.9 cm.

Hole Diameter
The hole openings described by Bluff et al. [18] had mean (6SD) minimum
and maximum diameters of 1.392 cm 6 0.65 cm and 2.554 cm 6 1.25 cm,
respectively. For the sensitivity analysis favoring binocularity, we used a
range of 1 SD on either side of the mean of these diameters, estimating
SD as the square root of the sum of the two variances, giving a range of
1.97 cm 6 1.40 cm. This range included both holes too narrow to contain
a larva and holes of greater diameter than the average NCC’s head [15],
which would decrease the use of tools because the bird could easily access
the prey with its bill [25]. We thus tightened our monocularity favoring range
to span from the median minimum diameter, 1.3 cm, to the median
maximum diameter, 2.4 cm, and held the median at 1.97 cm. The interpola-
tion range was the midpoint between these two ranges.

Probing Distance
As bill-to-hole opening distance increases, the possibility of binocular view
of tool tips increases. Tool length is not a suitable guide for this parameter
because tools are most frequently held at intermediate points and inserted

Figure 1. The Geometry of Vision and Tool Use in New Caledonian Crows

(A) Author (A.K.) probes a cross-sectioned larva burrow in a length of decay-
ing candlenut wood.
(B) A simplified rendering of the larval burrow shown in Figure 1A, showing
from above how a crow probes for larvae using a lateralized tool grip. The
angled opening of the burrow results in a varying target depth of 7–10 cm.
(C) Top view of our model, generalized from Figure 1B, with a straight
burrow and flat opening, showing a left-held tool being used to probe a cav-
ity with a generalized target (T) at its bottom. The model identifies the ob-
structions of tool viewing by the eye on the side of the tool’s tip. Using
mean population morphology from Kenward et al. [15] for a and b, the angle
of tool use, g, can be calculated and used to determine the angle and depth
of the tool tip’s side eye’s deepest line of sight into the hole, A. As d (distance
between bill’s tip and burrow opening) decreases, B (maximumdepth of tool
visibility) also decreases, nonlinearly. Similarly, increases to the diameter of
the hollow, n, cause B to increase, while increases of target depth, l, require
a greater B for binocular viewing to be possible. As eye rotation and individ-
ual variation in the location of the eyes on the head cause varied interocular
distance, we placed the eyes at the widest point of the bill, thus modeling
the interocular distance as equivalent to bill width. This is the minimum
possible interocular distance and biases the model in favor of binocular
vision by increasing the depth at which the eye on the side of the tool’s
tip can see into the burrow.

Visual Fields, Eye Dominance, and Tool Laterality
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at various depths, from zero at insertion time upward, resulting in bill tip-to-
hole opening distances often shorter than 2 cm. We used 0–3 cm as the
range favoringmonocular viewing and 0–7.5 cmas the range favoring binoc-
ular viewing, including the insertion distance of above-average length tools.
The selected interpolation range, 0–5.25 cm, was themidpoint of each value
for these two ranges.

Subjects and Housing
Subjects were 13 wild caught NCCs (seven females and six males), with
experimental histories. They were housed in groups of two or three in out-
door aviaries (60 m2) with indoor enclosures (8 m2), with ad libitum food
for 12 hr per day and water at all times. Details of housing conditions can
be found in von Bayern et al. [26]. All experiments complied with German an-
imal experimentation legislation (x7 Bundestierschutzgesetz).

Tool Laterality Test
Tool laterality was determined following Weir et al. [8], except where other-
wise noted. We used a semicircular tree stump section with two holes on its
side, each 1.6 cm in diameter and 10 cm deep. A piece of doweling 0.3 cm in
diameter and 20 cm long was furnished for use as a tool (Figure 4A). This
doweling was longer than tools left behind in nature [18], as longer tools
result in a higher incidence of lateralized tool use.
Testing occurred before the usual food supply was placed in the indoor

aviary each morning, approximately 11 hr after ad libitum food had been
removed the previous night. The probing holes were baited with chilled
mealworms, with an additional mealworm near the openings to attract the
birds’ attention. The surface of the apparatus was sprinkled with sawdust
to approximate the cues left by the NCCs’ natural prey [27]. The log was
placed in the enclosure approximately 10 cm from the center of a wall,

Figure 2. Ecological Relevance of Binocular and Monocular Vision

(A–C) Three sets of ecologically relevant ranges for hole diameter, target depth, and probing distance: one set of ranges favoring monocularity (A), one set
favoring binocularity (C), and an interpolation obtained by taking the midpoint of the range limits from each of the other two sets (B). For an explanation of
how each of these ranges was derived, see Experimental Procedures. Depicted are the foraging burrow dimensions for which binocular viewing of target are
possible (blue volume, which is the same across plots) and ecologically relevant burrow dimensions and probing distances (yellow prism, based on the
relevant set of ranges from the table above each plot). The dark area of intersection shows the combinations of cavity dimensions and bill distances for
which binocular viewing is possible. The size of this intersection is represented in the table as the percent of cases within the ecologically relevant yellow
prism that are also within the binocular blue volume. As the plots reveal, this intersection is relatively small, amounting to less than half of the ecologically
relevant conditions, even under the parameters most favorable to binocularity. Thus, themajority of the crows’ tool use occurs under monocular conditions.

Current Biology Vol 24 No 24
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with the doweling placed parallel to the wall, 10 cm in front of the apparatus.
The test bird was then confined to the indoor enclosure and visually isolated
from the outside aviary. Sessions were video recorded from above the
apparatus and lasted 30 min from the time of presentation.
Laterality of tool use was scored in ‘‘bouts’’ of tool use [8]. A new bout

started if the crow changed tool grip or released the tool and moved its
head before regrasping it. Bouts were scored as ‘‘right’’ or ‘‘left,’’ according
to the cheek against which the nonfunctional end of the tool rested (Fig-
ure 4C), and ‘‘centered’’ if the tool was held straight. Tests were completed
once the bird engaged in a minimum of ten lateralized bouts. If the subject

Figure 3. Percentages of Lateralized Tool Bouts
for Left-Eye-Dominant and Right-Eye-Dominant
Individuals

Percentages of lateralized tool bouts for left-eye-
dominant (A) and right-eye-dominant (B) individ-
uals. Each line represents an individual, showing
the overall preference to hold the shaft of the tool
on the same side as the dominant eye. Liane, the
exception, is represented by the dark line in (B).
Note her high percentage of center-held bouts.

Figure 4. Experimental Apparatus

(A) Tool laterality probing apparatus and tool.
Note the perpendicular placement of the tool to
prevent approach bias.
(B) Eye-dominance apparatus.
(C) Right-sided tool use by Mango, viewed from
above.
(D) A right-eye ‘‘look,’’ with eye placed directly to
the hole, by Liane, viewed from above.

did not achieve this in 30 min, it was retested
once, and the bouts from both trials were pooled.
To compute individual laterality, we excluded
center-held bouts, as did Weir et al. [8]. The sta-
tistical significance of individual lateral bias was
determined by a two-tailed binomial test against
a random expectation of 50%.

Eye-Dominance Test
Subjects that completed the tool laterality test
were tested for eye dominance in the same
enclosure. The apparatus was a rectangular
wooden board (15.5 cm3 21 cm), with an opaque
plastic tube 8.5 cm tall and 1.6 cm internal diam-
eter protruding from its center (Figure 4B). The

tube contained a darkling beetle larva (Zophobas morio), and the board
was sprinkled with sawdust and mealworms to attract the crow’s attention
[27]. The apparatus was placed 10 cm from a wall’s midpoint. The subject
was confined to the indoor enclosure after placement of the apparatus.
Tests were video recorded from above.
In the absence of potential tools, the bait was out of the bird’s reach.

Seven subjects took one look down the tube, of which six then abandoned
the apparatus and one attempted to upturn it. The remaining two looked
more than once and attempted to retrieve the food. We operationally
defined eye dominance by the first ‘‘look.’’ This normalized analysis across

Visual Fields, Eye Dominance, and Tool Laterality
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subjects and controlled for the possibility that eye preference is expressed
both in absolute use and in order of eye use. A look was defined by one eye
being placed directly above and within a bill’s length of the tube’s opening
(Figure 4D), ensuring a direct and uninterrupted line of sight to the tube’s
bottom.
Sessions lasted between 5 min and 30 min, ending 5 min after the first

look. Although the testing room was searched prior to tests to eliminate
potential tools, one crow (Agaios) retrieved a previously cached tool and ap-
proached the apparatus with it before having looked. We removed the tool
once the bird dropped it and resumed testing. Each crow was tested until it
looked once or failed to do so in four sessions. Four subjects were excluded
from analysis because they did not look at the apparatus.

Supplemental Information

Supplemental Information includes Supplemental Experimental Procedures
and one table and can be found with this article online at http://dx.doi.org/
10.1016/j.cub.2014.10.035.
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21. Ligges, U., and Mächler, M. (2003). Scatterplot3d - an R package for
visualizing multivariate data. J. Stat. Softw. 8, 1–20.

22. Merrell, D.J. (1957). Dominance of eye and hand. Hum. Biol. 29, 314–328.
23. Rogers, L.J. (2008). Development and function of lateralization in the

avian brain. Brain Res. Bull. 76, 235–244.
24. Izawa, E.-I., Kusayama, T., and Watanabe, S. (2005). Foot-use laterality

in the Japanese jungle crow (Corvus macrorhynchos). Behav.
Processes 69, 357–362.

25. Taylor, A.H., Hunt, G.R., and Gray, R.D. (2012). Context-dependent tool
use in New Caledonian crows. Biol. Lett. 8, 205–207.

26. von Bayern, A.M.P., Heathcote, R.J.P., Rutz, C., and Kacelnik, A. (2009).
The role of experience in problem solving and innovative tool use in
crows. Curr. Biol. 19, 1965–1968.

27. Troscianko, J. (2011). Ecological, morphological, and behavioural as-
pects of tool-use in New Caledonian crows. PhD thesis (Birmingham:
University of Birmingham).

Current Biology Vol 24 No 24
2934



	
  188	
  

	
    



	
   189	
  

Published Version of Chapter 5 
 
The published typesetting of Chapter 5 begins on the following page. The citation for 
the chapter is as follows: 
 
Martinho, Antone, and Alex Kacelnik. "Ducklings imprint on the relational concept of 
“same or different”." Science 353, no. 6296 (2016): 286-288. 
 
 
 
	
    



	
  190	
  

	
    



	
   191	
  

	
    ACKNOWLEDGMENTS

This work was largely supported through an AXA (global
investment and insurance group) Research Fund Fellowship. We
are grateful to the National Centers for Environmental
Information for providing access to the World Ocean Database and
to all those who have contributed ocean data from the region
surrounding the Antarctic Peninsula. The glacier-change data

reported in this paper are tabulated in a database in the
supplementary materials. We are most grateful to the reviewers
who gave recommendations for improving this paper.

SUPPLEMENTARY MATERIALS

www.sciencemag.org/content/353/6296/283/suppl/DC1
Materials and Methods

Figs. S1 and S2
Table S1
Database S1
References (33)

4 December 2015; accepted 9 June 2016
10.1126/science.aae0017

EVOLUTIONARY COGNITION

Ducklings imprint on the
relational concept of
“same or different”
Antone Martinho III* and Alex Kacelnik*

Theability to identify and retain logical relations between stimuli and apply themtonovel stimuli
is known as relational concept learning.This has been demonstrated in a few animal species
after extensive reinforcement training, and it reveals the brain’s ability to deal with abstract
properties. Here we describe relational concept learning in newborn ducklings without
reinforced training. Newly hatched domesticatedmallards that were briefly exposed to a pair of
objects that were either the same or different in shape or color later preferred to follow pairs of
newobjects exhibiting the imprinted relation.Thus, even in a seemingly rigid and very rapid form
of learning such as filial imprinting, the brain operates with abstract conceptual reasoning, a
faculty often assumed to be reserved to highly intelligent organisms.

R
elational concepts, such as “same” and
“different,” have been demonstrated in a
few animal species, typically after extensive
training (1, 2). Relational concepts differ
from other forms of categorical general-

ization. For instance, pigeons and bees can be
trained to discriminate whether novel images

contain humans or not (3), or whether novel
paintings are by Monet or Picasso (4), by relying
on the similarity between features of the training
and of the novel stimuli. In relational concept
learning, however, relative properties between
training stimuli generate the relationship that
has to be generalized to sets of novel stimuli (5).

The relations of “same” and “different” have
been used to study relational concept learning
in a few primates and birds (6), using a variety
of protocols. For instance, in the identity match-
ing to sample (IMTS) protocol, an animal sees a
sample stimulus and subsequently chooses be-
tween two test stimuli, one of which is identical
to the sample. Reinforcement can be contingent
on responding to the identical one (“same”) or
to the alternative (“different”). Honey bees can
learn this discrimination and even transfer a
correct response to novel stimuli across sensory
modalities (olfaction and visual texture) (7). The
IMTS task requires learning the appropriate com-
parison between the working-memory represen-
tation of the sample and the currently perceived
test stimuli, but it does not require interpreting
an abstract relationship between perceived items
and then reapplying the same relation to dis-
criminate between sets of novel objects.
A different procedure, that isolates relational

learning, involves presenting more than one
stimulus as a sample, and then selecting, from
between various sets of stimuli, the set that has

286 15 JULY 2016 • VOL 353 ISSUE 6296 sciencemag.org SCIENCE

Fig. 1. Imprinting and testing stimuli. Newborn ducklings were first ex-
posed to a pair of objects revolving about the center of a training arena, then
tested with two novel pairs of objects. (A) Example of a “different shape”
training stimulus pair. (B) Example of a “same color” training stimulus pair.
After this exposure, the ducklings were tested for their preference between
two novel stimulus pairs revolving in apposition. (C) A duckling trained with

the set shown in (A) demonstrates its preference for a novel “different
shape”’ stimulus over an also-novel “same shape” stimulus. (D) A duckling
trained with the stimulus pair shown in (B) approaches a novel “different
color” stimulus pair—an incorrect response. (E) The same duckling later in
the same trial correctly approaches and closely follows the novel “same
color” stimulus.

Department of Zoology, University of Oxford, South Parks
Road, Oxford OX1 3PS, UK.
*Corresponding author. Email: antone.martinho@zoo.ox.ac.uk
(A.M.); alex.kacelnik@zoo.ox.ac.uk (A.K.)
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the same internal relation as the sample set, a
procedure called relational matching to sample
(RMTS) (1, 8). In RMTS, what has to be retained
is a relation between stimuli, rather than a rep-
resentation of a perceived stimulus. Primates
(9), pigeons (5), parrots (10), and corvids (1) have
succeeded in solving such problems, and it has
been cogently argued that this may indicate their
possession of the ability to reason by analogy (8).
Demonstrating the capacity for both identity

and relational matching to sample has so far
used reinforcement, and often extensive train-
ing, to allow subjects to infer the target relation.
This contrasts with avian filial imprinting, a spe-
cialized form of unrewarded learning by which
hatchlings acquire the ability to identify and then
followaparent or substitute parental object (11–13).
As could be expected from its biological adaptive
significance, imprinting is one of the fastest and
most reliable forms of learning (14). In chicks and
ducklings, high-fidelity imprinting responses can
be acquired in a few minutes of unrewarded ex-
posure to a stimulus (15).
Filial and sibling imprinting cannot be me-

diated just by snapshot representations of two-
dimensional retinal images. Wood summarized the
problem sharply: “Building an invariant object rep-
resentation requires transforming patterns of ret-
inal activity (view-specific information) into an
abstract representation that is tolerant to retinal
image changes and selective for a particular
object (identity information)” (16). This is partic-
ularly relevant when considering that ducklings
may benefit by recognizing not just their mother
but also their group of siblings (17), because broods
may have different degrees of heterogeneity.
Evidence showing that young birds are sensi-
tive to abstract qualities of stimuli, both spon-
taneously and through imprinting, supports this
view and shows that imprinting is far richer, as
a learning phenomenon, than had originally been
envisaged (18–21). It is thus tempting to askwheth-
er their abstraction abilities may extend to the
more demanding phenomenon of relational con-
cept representation, which has so far only been
demonstrated through extensive reinforcement
in species with advanced intelligence. To this ef-
fect, we modified the RMTS protocol to combine
it with imprinting, as follows.
Following Bateson’s (22) and Lickliter’s (23)

procedures for effective imprinting, we hatched
domesticatedmallard ducklings in the dark and
kept them for 1 hour in a social group, with light,
food, and water. They were then exposed for
25 min to a moving pair of sample objects, kept
for a 30-min retention interval in the dark, and
presented with two novel pairs ofmoving objects
for 10min (Fig. 1). Sample stimuli within the pair
shown in the imprinting phase were either equal
to each other in both color and shape, or differ-
ent in one of these characteristics. Test stimuli
in the preference test consisted of two stimuli
pairs, composed of objects novel to the birds.
In one test pair, the objects were equal in color
and shape, and in the other they differed in ei-
ther shape or color (Fig. 2). Detailed methods
may be found in the supplementary materials.

In experiment 1, the imprinting phase stim-
ulus pair consisted of two red solids, which were
equal to each other in shape for group “same”
and different for group “different” (n = 36 duck-
lings for each group). The stimuli forming the
two test pairs were also red, but one pair con-
sisted of two novel, identical shapes and the
other of two novel, different shapes. In exper-

iment 2, the imprinting stimulus pair was two
spheres, either of the same color or different
colors (n = 40 ducklings for each group), and test
stimuli were also spherical but had novel colors,
equal in one pair and different in the other.
To measure preference, the number of ap-

proaches undertaken by each duckling toward
each test pair was scored twice, once by an

SCIENCE sciencemag.org 15 JULY 2016 • VOL 353 ISSUE 6296 287

Fig. 2. Experimental stimulus pairs. Experiment 1 tested for responses between red objects that could
differ in shape, and experiment 2 tested for responses between spherical objects that could differ in
color, using the pairs illustrated here. In experiment 1, members of subgroup 1 were initially exposed to
either two spheres or a pair formedby a cone and a cylinder andwere then tested for preference between
a pair of two pyramids and a pair formed by a prism and a cube, whereas members of subgroup 2 were
imprinted on pairs of either two pyramids or a prism and a cube and were then tested on preference
between a pair of spheres and a pair formed by a cone and a cylinder. In experiment 2, members of each
subgroupwere trained on either two identical spheres or a pair formed by two spheres of different colors,
and all ducklings were tested for preference between two novel identical spheres and a pair formed by
two novel differing spheres.

Fig. 3. Ducklings’ preferences for an imprinted relational concept.The number of ducklings showing
preference for the imprinted (left column) or alternative (right column) relation is shown for shape rela-
tions in experiment 1 (A) and the same for color relations in experiment 2 (B). Ducklings preferred the
imprinted relation in both shape and color, regardless of whether the imprinted relation was “same”
or “different.”
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independent scorer blind to each duckling’s im-
printing condition and to the study’s hypoth-
esis. Ducklings that were inactive during testing
(fewer than five approaches) were excluded from
analysis. Preferences were assessed via sign test,
with sample size being the number of individual
ducklings. Ducklings making more than half of
their approaches toward a given stimulus were
scored as having preferred it (see the methods in
the supplementary materials). Video of sample
trials (movie S1) is available in the supplemen-
tary materials.
Figure 3 shows the preference results. In ex-

periment 1, out of a total of 47 active ducklings,
32 preferred the pair bearing their imprinted
shape relation (two-tailed binomial test, P = 0.02).
In experiment 2, out of 66 active ducklings, 45 pre-
ferred the stimulus pairs bearing their imprinted
color relation (two-tailed binomial test, P = 0.004).
Combining both results, out of 113 active duck-
lings, 77 preferred the relational concept, same or
different, upon which they had imprinted (two-
tailed binomial test, P < 0.0001).
The accuracy of our ducklings was compara-

ble to, or better than, reinforced relational con-
cept discrimination in primates (24) and crows
(1). This finding supports a richer emerging view
of the representation of information in the ani-
mal brain than is presently prevalent, in which
even relatively simple learning systems do not
process information just through the content of
sensory signals but also by encoding higher-level,
abstract aspects of stimulus analyses, already the
target of neural network models designed to sim-
ulate such cognitive function (25). The ducklings’
performance indicates that their brains may be
prepared, not just to respond differentially to cer-
tain visual inputs, such as scrambled objects con-
taining species-specific elements like legs or
heads or virtual points that move in a biolog-
ically plausible coordination (20), but also to pick
up abstract relational properties between ele-
ments of their sensory input and those elements’
characteristics.
For young precocious birds, having this com-

petence makes biological sense. For a duckling
critically dependent on proximity to its mother
and siblings, defining the attachment stimulus
configuration as a library of sensory inputs and
logical rules increases the likelihood that the
mother and sibling group will be identified with
high fidelity in spite of considerable variations
in how they are perceived. The rules that may
define the imprinted attachment target are like-
ly to extend beyond properties of a single object
such as color, shape, or symmetry, to include prop-
erties of object assemblies such as their infor-
mational entropy (26).
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BIODIVERSITY

Has land use pushed terrestrial
biodiversity beyond the planetary
boundary? A global assessment
Tim Newbold,1,2* Lawrence N. Hudson,3 Andrew P. Arnell,1 Sara Contu,3

Adriana De Palma,3,4 Simon Ferrier,5 Samantha L. L. Hill,1,3 Andrew J. Hoskins,5

Igor Lysenko,4 Helen R. P. Phillips,3,4 Victoria J. Burton,3 Charlotte W. T. Chng,3

Susan Emerson,3 Di Gao,3 Gwilym Pask-Hale,3 Jon Hutton,1,6 Martin Jung,7,8

Katia Sanchez-Ortiz,3 Benno I. Simmons,3,4 Sarah Whitmee,2 Hanbin Zhang,3

Jörn P. W. Scharlemann,1,8 Andy Purvis3,4

Land use and related pressures have reduced local terrestrial biodiversity, but it is unclear
how the magnitude of change relates to the recently proposed planetary boundary
(“safe limit”). We estimate that land use and related pressures have already reduced local
biodiversity intactness—the average proportion of natural biodiversity remaining in local
ecosystems—beyond its recently proposed planetary boundary across 58.1% of the world’s
land surface, where 71.4% of the human population live. Biodiversity intactness within
most biomes (especially grassland biomes), most biodiversity hotspots, and even some
wilderness areas is inferred to be beyond the boundary. Such widespread transgression of
safe limits suggests that biodiversity loss, if unchecked, will undermine efforts toward
long-term sustainable development.

L
and use and related pressures have been the
maindrivers of terrestrial biodiversity change
(1) and are increasing (2). Biodiversity has al-
ready experiencedwidespread largenet losses
(3), potentially compromising its contribution

to resilient provision of ecosystem functions and
services, such as biomass production and pollina-
tion, thatunderpinhumanwell-being (4–7). Species-

removal experiments suggest that loss of ecosystem
function accelerates with ongoing species loss (5),
implying that there may be thresholds beyond
which human intervention is needed to ensure ad-
equate local ecosystem function (8, 9). The loss of
20% of species—which affects ecosystem produc-
tivity as strongly as other direct drivers (5)—is one
possible threshold, but it is unclear by which
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