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Vision, touch and object manipulation in

Senegal parrots Poicephalus senegalus
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Parrots are exceptional among birds for their high levels of exploratory behaviour and manipulatory abil-
ities. It has been argued that foraging method is the prime determinant of a bird’s visual field
configuration. However, here we argue that the topography of visual fields in parrots is related to their
playful dexterity, unique anatomy and particularly the tactile information that is gained through their
bill tip organ during object manipulation. We measured the visual fields of Senegal parrots Poicephalus
senegalus using the ophthalmoscopic reflex technique and also report some preliminary observations on
the bill tip organ in this species. We found that the visual fields of Senegal parrots are unlike those
described hitherto in any other bird species, with both a relatively broad frontal binocular field and a
near comprehensive field of view around the head. The behavioural implications are discussed and we
consider how extractive foraging and object exploration, mediated in part by tactile cues from the bill,
has led to the absence of visual coverage of the region below the bill in favour of more comprehensive
visual coverage above the head.
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1. INTRODUCTION

For many animals, vision is the main sense used for gaining
information about the position and physical properties of
objects in the surrounding environment [1]. In conjunc-
tion with head and body movements, the visual field of
an animal governs what can influence an animal’s behav-
iour from moment to moment [2-4]. Among birds,
parrots and cockatoos (order Psittaciformes, collectively
known as psittacines [5]) are exceptional for their high
levels of exploratory behaviour and manipulatory abilities
[6,7]. These are made possible by distinctive morphologi-
cal adaptations of the bill, feet and tongue [8], and highly
developed cognitive abilities [9—-11]. We ask whether
these are complemented by sensory adaptations, princi-
pally vision and tactile cues perceived by the bill tip organ
[12]. Additionally, we ask whether parrot visual fields
differ from those of other birds.

It has been proposed that avian visual field configur-
ation is primarily determined by foraging technique
[13,14]. Birds that peck or lunge for their food (e.g. star-
lings, Sturnidae; or herons, Ardeidae [15,16]), or take
prey in their feet (e.g. eagles, Accipitridae [17]) require
accurate visual control of the bill or foot position. This
has evolutionarily favoured relatively narrow (20°-30°)
but vertically long (120°-180°) binocular fields centred
about the bill. However, this results in large blind areas
to the rear, requiring increased vigilance behaviour
against predators [18]. This is overcome in birds that do
not need accurate visual guidance of bill position, such
as tactile probers (e.g. woodcocks Scolopax rusticola
[19]) and filter feeders (e.g. mallards Anas plaryrhynchos
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[20]). Here, the bill falls at the periphery of the frontal
binocular field, which is very narrow (approx. 10°) and
stretches above the head, providing comprehensive
coverage of the celestial hemisphere.

Nothing is known, however, about the visual fields of
extractive foraging birds. Psittacines display dextrous
manipulatory abilities not only in extracting embedded
food items, but also in exploring non-food items. Such
manipulation is achieved by coordination of zygodactyl
feet (allowing a secure grasp of objects), and a highly
curved maxilla and a muscular tongue [6,7,21-23]. Fur-
thermore, the maxilla is joined to the skull by a synovial
joint (in all other birds the maxilla is fused to the skull),
enabling independent movement of both upper and
lower jaws [8,24—-26]. Object manipulation in psittacines
is supported by a comparatively large mesopallium and a
highly investigative nature [9-11,27,28]. While in most
birds neophilia is restricted to juvenescence, in psittacines
it continues throughout life, even in situations not directly
motivated by food [29]. This suggests that exploration
and object play are important for continually updating
information within a dynamic environment (summarized
in [4]). Therefore, we investigated whether parrot visual
fields have an additional function to the traditional drivers
of avian visual field configuration: foraging and predator
detection [13,14].

Psittacine eyes are positioned laterally and high in the
skull, suggesting their visual fields are unlikely to resemble
those of visually guided foragers. Availability of somato-
sensory information from the bill tip organ [12,30—35]
during object manipulation may have allowed the visual
field to extend above the head, providing extensive coverage
of the celestial hemisphere. The somatosensory area of the
brains of parrots predominantly represents the bill and
tongue, followed by the feet [36—39]. The psittacine bill
tip organ probably consists of groups of mechanoreceptors
embedded in pits at the tip and along the inner ventral
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edges of the hard keratin (rhamphotheca) of the bill, as well
as in the tongue [12]. By contrast, the bill tip organs of tactile
guided foragers (e.g. ducks and geese, Anatidae; or
shorebirds, Scolopacidae) are embedded in the bone of
the maxilla and mandible benearh the keratin [31,32,40].
Psittacine bill tip organs, it seems, have not been studied
since the initial descriptions by Goujon [12], so here we pro-
vide further description and consider how tactile
information may complement visual information during
object manipulation and extractive foraging.

In summary, we measured the visual fields of Senegal
parrots (Psittacidae, Poicephalus senegalus) and ask
whether the features of these visual fields can be related
to extractive foraging and/or the acquisition of infor-
mation associated with exploration. Additionally, since
parrots could also gain tactile information about objects
from their bill, we report some preliminary observations
of the Senegal parrot bill tip organ.

2. MATERIAL AND METHODS

(a) Subjects

Our subjects were two adult captive Senegal parrots (male and
female, 5 years old). Senegal parrots are resident across West
Africa, inhabiting woodland and savannah. Their diet, like
the majority of other psittacines, consists of seeds, nuts, blos-
soms and fruit [41,42]. Senegal parrots also show the
characteristic psittacine exploratory tendency, which lasts
throughout their long life (approx. 30 years) [6]. Their hook-
like maxilla is used both for climbing and object manipulation
(Z. P. Demery, J. Chappell & G. R. Martin 2011, personal
observation). They use the same method of extracting seeds
as found in nearly all Psittaciformes [6].

(b) Visual fields

Visual field parameters (monocular, binocular and cyclopean
fields) and eye movement amplitudes were measured in the
two subjects using the ophthalmoscopic reflex technique.
This is non-invasive and well established as the standard pro-
cedure for measuring avian visual fields [13]. The ethical
guidelines of the UK Animals (Scientific Procedures) Act
1986 were followed.

For a detailed description of the apparatus and methods,
see [13,43]. Briefly, each subject was securely fastened into a
foam cradle with Velcro straps. The head was held at the
centre of a visual perimeter by a custom-made holder
moulded from hardened Fimo (Eberhard Faber GmbH),
mounted on an adjustable steel brace to allow for the
unique shape and manoeuvrability of the parrot bill. The
back of the head was supported by a Fimo brace. The eye-
to-bill tip angle projected at 50° below the horizontal,
which was the approximate head position adopted by the
birds when held in the hand or in a resting perched position.

The perimeter’s coordinate system follows conventional
latitude and longitude with the equator aligned vertically in
the median-sagittal plane of the head. The eyes of the alert
bird were examined using an ophthalmoscope mounted on
a perimeter arm and its latitudinal position read to + 0.5°.
Alignment of the bird’s head in the perimeter was such that
the ophthalmoscope viewing aperture was essentially moved
over the surface of a sphere (radius 320 mm) centred on
the mid-point of the line joining the centres of the pupils;
the cyclopean projection centre. In each eye, the limits of
the retinal visual field were determined as a function of
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elevation in the median-sagittal plane at 10° & 1.0° intervals.
The non-conjugate eye movements at each elevation were
induced and determined by the difference between these
maximum and minimum values. The projections of the
edges of the pecten were also recorded. The direction of
the optic axis of each eye was determined by recording the
positions at which the first and second Purkinje images
(reflections from the cornea and the lens anterior surface)
of a discrete source of light, held close to the line of sight
on the perimeter arm, were most closely aligned.

A topographical map of the visual field and its principal
features was constructed based on the retinal margin projec-
tions as a function of elevation, corrected for viewing from a
hypothetical viewpoint placed at infinity [44].

(c) Bill tip organ

If a bill tip organ is present, tactile pits (in which mechano-
receptors are likely to be embedded in bone or in keratin)
can be observed with the naked eye [12,31,32]. Four skulls
of Senegal parrots held in the collections of the Natural History
Museum (Tring, UK) both with and without intact keratin
were inspected with the naked eye and photographed. The
bill tip organs of the two live Senegal parrots were also
photographed.

3. RESULTS

Four complete sets of visual field measurements (within
2° of each other at each elevation) were made in the
male Senegal parrot. Three sets of measurements were
made in the female, but we were not able to complete a
comprehensive series of measurements at all elevations
for this bird. However, in both birds, we recorded unob-
structed measurements at elevations from directly behind
the head through an arc to below the bill tip. When the
birds were mounted in the apparatus, the bill holder pre-
vented observation of the visual field boundaries below
the bill tip. Nonetheless, when the birds were held in
the hand we were able to verify from casual observations
that binocularity ended at or just below the bill tip. There-
fore, we combined data from the two birds to describe a
mean visual field. Figure 1 shows a map of the mean fron-
tal visual field, as well as horizontal sections through the
visual field in the horizontal plane, and in the plane of
the eye-bill tip projection (50° below the horizontal).
The width of the binocular field as a function of elevation
in the median—sagittal plane in the male bird is shown
in figure 2.

(a) Binocular field

The region where binocularity occurs is vertically long
(190°) and narrow, and extends from just below the bill
tip to behind the head about 40° from the vertical plane
(figure 2). The maximum width is 27° and occurs at the
horizontal plane. The binocular area covers approximately
8 per cent of the total horizontal width of the visual field, or
6 per cent of the total visual field sphere. It is of a similar
width (approx. 20°) throughout most of its vertical extent.
Where the bill tip projects, the binocular width is only 5°
and there is a blind area directly below the bill.

(b) Monocular fields
Each eye has a monocular retinal field of 186° in the hori-
zontal plane (figure 1d) and approximately 88 per cent of
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Figure 1. Visual fields of Senegal parrots P senegalus. (a) Perspective view of an orthographic projection of the frontal retinal
field (grid at 20° intervals). It shows the region of binocular overlap (blue) between the monocular portion of the left eye
(yellow) and right eye (orange) visual fields, as well as the projection of the pectens (brown). The blind area is in dark grey
and shows as just a small segment below the bill. The projections of the optic axes are indicated by the diamond points.
The bird’s head may be imagined to be at the centre of the sphere with its bill tip projecting towards the triangular point in
the same posture as depicted in (b). This is the typical resting posture, in which measurements were also taken. Lines (c)
and (d) through the eye refer to the respective diagrams of (¢) and (d). (¢) The section through the visual field in the plane
(50° below the horizontal) that passes through the eye and the bill tip (bill tip direction is indicated by a red triangle). In
this plane, the binocular field (blue) has a width of only 5°. (d) The section through the visual field in the horizontal plane.
This is the region where the binocular field has its maximum width (27°). In this plane, there is a blind area behind the
head (grey) of 16°. The yellow and orange sectors show the monocular portions of the visual fields of each eye and the full

widths of the monocular fields of each eye in these two planes are indicated.

the total visual field in the horizontal plane has monocular
visual coverage. This is true nearly throughout the vertical
extent of the visual fields, as illustrated in figure 1c¢ in the
plane of the bill tip projection, where each monocular
field is 183°.

(¢) Cyclopean fields and blind areas

The cyclopean field covers approximately 98 per cent of
the celestial hemisphere (figure 1); 344° in horizontal
plane. A blind sector begins approximately 50° beyond
the vertical plane to the back of the head, and widens to
16° at the horizontal. The pecten in each eye projects
from 40° above the horizontal to 10° beyond the vertical
plane. The parrot is technically blind in these areas,
which cover approximately 10 per cent of the celestial
hemisphere, but they can be abolished effectively by the
large amplitude of eye movement.

(d) Eye movements
Maximum eye movement amplitude is 24° and eye move-
ments of about this amplitude were found through a
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range of 60° of elevation in the region of the binocular
frontal field. Owing to the small degree of maximum bin-
ocular overlap, these eye movements mean parrots can
abolish binocularity. Eye movements are non-conjugate
and can, therefore, produce asymmetrical visual fields.

(e) Optic axes

The eyes project laterally, with the optic axes oriented
slightly above the horizontal plane (13°), and 28° forward.
The optic axis of an eye is likely to be the direction of
highest optical quality within a visual field and is therefore
also likely to coincide with the direction of highest visual
acuity in each eye.

(f) Bill tip organ

Figure 3 shows photographs of the Senegal parrot max-
illa. Seven pairs of pits within the rhamphotheca can be
seen along the edges, with a single pit at the bill tip.
These pits probably contain clusters of mechanoreceptors
[12,31,32]. No trace of structures associated with the bill
tip organ was found in the bones (maxilla and mandible)
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Figure 2. Binocular field width in Senegal parrots P senegalus
as a function of elevation in the median-sagittal plane. The
orientation of the bird’s head is shown diagrammatically.
The last point at 150° elevation has been extrapolated.
Note that where the binocular field (shaded in blue) ends,
the blind areas below and behind the head begin.

of any specimens that we inspected. We observed irregular
grooves leading down towards the bill tip, which may
reveal the course of the blood vessels and/or nerve fibres
that supply mechanoreceptors embedded in the keratin
sheath. Figure 36 indicates the hard keratin sheath
grows to extend beyond the bone. Also clearly visible
are periodic grooves within the keratin, lying distal to
the smooth mouth palate, which Collar [6] suggests aids
grip. The junction between these grooved and smoothed
sections of keratin lies approximately where the mandible
meets the maxilla when the bill is closed. A similar
arrangement of tactile pits in the maxilla is found in the
mandible but in smaller numbers. This is contrary to
Goujon’s descriptions [12], who found the mandible
has a significantly larger number of tactile pits than
the maxilla.

4. DISCUSSION

We have shown that Senegal parrots have a visual field
topography unlike those described hitherto in any other
birds. Here, we discuss these differences and whether
there are features of the visual fields that can be related
to extractive foraging and/or the acquisition of
information associated with exploration.

(a) General topography of the psittacine visual field
In birds, two main arrangements of visual fields have
been described: those associated with visually guided
foraging for food taken directly in the bill or feet and
those associated with tactile probing or filter feeding
[13]. In both types, the binocular field is relatively long
(up to approx. 180°) than it is broad, but its location
with respect to bill position differs. Visually guided fora-
gers have a broad frontal binocular field (20°-30°),
within which the bill is centrally placed and there is a
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Figure 3. Location of the bill tip organ in a Senegal parrot
P senegalus. (a) A ventral view and (b) lateral view of a Sene-
gal parrot skull superimposed on a photograph of a live bird
to illustrate how the keratin, in which the bill tip organ is
embedded, extends the bill into a hook-like structure
beyond the maxilla bone. The blue line in both diagrams
indicates approximately where the bone ends.

blind area above and behind the head. By contrast, in tac-
tile and filter feeders, the bill is at the periphery of the
binocular field and there is comprehensive coverage of
the celestial hemisphere. Additionally, the binocular
field width in filter feeders and tactile probers is narrower
(approx. 10°) than in visually guided foragers.

In Senegal parrots a different arrangement is found,
which can be viewed as a compromise between the two
main visual field types (see the electronic supplementary
material, figure SA). The binocular field is relatively
broad (approx, 27°), but there is nearly comprehensive
coverage of the celestial hemisphere. As in tactile probers
and filter feeders, the bill tip projects at the periphery of
the visual field (so parrots can just see below their
bill tip), but because it projects at a steep angle from
the horizontal, absolute coverage of the celestial hemi-
sphere is not achieved. However, by pitching the head
back only 40°-50°, parrots could achieve comprehensive
visual coverage, enabling them to see predators around
the entire horizon.

As another consequence of where the bill tip projects,
if Senegal parrots wish to inspect visually objects that lie
below the bill, they must either pitch their head forwards
to view them binocularly, or turn their head to use the lat-
eral, monocular portion of their visual field. This
probably prohibits the rapid and accurate control of the
bill towards objects, which is achieved by birds that
peck or lunge for their food [14]. However, like visually
guided foragers, Senegal parrots do have a relatively
broad frontal binocular field, which could aid inspection
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of objects held up in the foot. Parrots are often seen bring-
ing their food items or novel objects up into their field of
view with their feet [8,29]. Psittacines exhibit lateralization
of visual function (e.g. one eye is often used preferentially
for certain tasks) and motor function (e.g. ‘footedness’ in
grasping objects) [45-50]. Highest acuity in all avian
taxa is thought to occur in the lateral field [14].

(b) Extractive foraging and exploration

The tactile pits of the Senegal parrot bill tip organ are
arranged along the inside of the curve of the bill tip. This
means that unlike other taxa, such as kiwi (Apterygidae),
ibises (Threskiornithidae) and probing shorebirds (Scolo-
pacidae) [34,35,40,51], the parrot bill tip organ can only
provide information about objects wizhin the bill. More-
over, the unique bill shape obstructs a clear view of an
object held within it (see the electronic supplementary
material, figure SBb for more information). This suggests
items to be explored are typically detected visually first,
and the bill tip organ provides tactile information only
once an object is grasped. Thus, parrots can manipulate
objects efficiently without further need for visual infor-
mation. This may have allowed natural selection to
favour eyes placed high and laterally within the skull, result-
ing in extensive visual coverage above and behind the head,
presumably for detecting predators and conspecifics. Some
birds species that are known to manipulate and posi-
tion objects carefully between their mandibles, such as
hornbills (Bucerotidae [52]) and cormorants (Phalacro-
coracidae [53]), have more forward-facing eyes, allowing
them to inspect visually items held in the bill. By contrast,
parrots seem to have achieved control over objects held in
the bill without the need for visual cues.

Both object exploration and extractive foraging are
likely to have been important factors in the evolution of
psittacine visual fields, as both activities set parrots apart
from other birds. However, the visual fields could be
seen as facilitating the exploratory approach towards an
object, rather than visual exploration of the object once it
has been grasped. Another important factor that may be
associated with parrot visual field configuration is the
mode of locomotion used during climbing, in which the
hooked bill tip is used as a third appendage. When a Sene-
gal parrot climbs, the maximum binocular field width lies
forward and above, allowing it to determine the position of
the next point it can grasp with its bill. Similarly, it would
prove most efficient when walking towards a target object
for the parrot to approach with its head pitched down-
wards and then swung up towards the object just before
grasping it with the bill (see the electronic supplementary
material, figure SBa).

What tentative behavioural predictions can be drawn
from our description of the Senegal parrot visual field?
During exploration, we hypothesize that a parrot would
first attend to a novel object or food item using its mon-
ocular (left/right) visual field, then on approach pass
visual control to the binocular field by orientating
its head frontally. The parrot might then continue to
tilt its head downwards in the approach towards the
object, keeping it within the binocular field, close to the
horizontal (as defined in figures 1 and 2). Then the indi-
vidual may either pick up the object in a foot and bring it
to a monocular field (left/right preference [45-50]), or

Proc. R. Soc. B (2011)

grasp it directly in the bill where tactile exploration
could proceed using the bill tip organ, allowing further
understanding of the object’s affordances [2,9].

(c¢) Conclusion

The Senegal parrot visual field is unlike those described
previously in any other bird species. It has both a rela-
tively broad frontal binocular field in the horizontal
plane and a near comprehensive field of view around
the head. Although this could be considered a compro-
mise between features described previously in visually
guided foragers and the features seen in tactile guided
probers and filter feeders, we argue that parrot visual
fields are actually associated with their unique anatomy,
extractive foraging, exploratory play and their climbing
mode of locomotion. The key to all of these behaviours
probably lies in the somatosensory information provided
by the bill tip organ, which seems to integrate tightly
with information from the Senegal parrots’ visual fields.
This allows parrots to have foregone visual coverage of
the region below the bill in favour of more comprehensive
visual coverage above the head, presumably for greater
predator and conspecific detection. The ability to mani-
pulate objects with the foot and present them in the
lateral visual field for inspection may also have facilitated
the evolution of eye position to be high and lateral in
the skull.
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