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Abstract

Humans utilize an assortment of clues to pre-determine the weight of an object, including but
not limited to size, material, apparent density, and quantity. Previously believed to be a
purely human capability, studies with species such as capuchins have shown that animals
may also be capable of inferring weight from the visual qualities of an object. To date, this
phenomenon remains relatively unexamined, however, and few studies have explored the
extent to which other species attend to the visual signals regarding the weight of an object. In
this study, we tested to see whether kea (Nestor notabilis), known for their curiosity and
physical problem-solving skills, can use the visual cues of size, material, volume, and
quantity (i.e., how full a container is) to determine the weight of an object prior to directly

interacting with it.

The kea were previously trained to drop either a light (16g) or heavy (116g) object into a box.
In this study, the kea were presented with pairs of objects — one light and one heavy — from
the four different categories and were rewarded for dropping the object of their target weight
into the box. We measured 1) which object the birds first contacted, ii) whether they switched
after handling (and feeling the weight of) incorrect objects, and iii) which object the birds
dropped into the box.

The results from this study indicate that, while highly successful at choosing the correct
object based on weight, kea do not appear to use visual markers such as size, material,

volume, or quantity to determine how heavy an object is prior to interacting with it.

Follow-up studies currently in the works include determining the minimum weight difference
kea are sensitive to and investigating whether kea rely on relative or absolute rules for

weight.

Keywords

Visual cues, inferring weight, weight of an object, problem-solving, human capability,
understanding of causality



Zusammenfassung

Der Mensch nutzt eine Reihe von Anhaltspunkten, um das Gewicht eines Objekts zu
bestimmen, darunter Grof3e, Material, scheinbare Dichte und Menge. Bisher wurde
angenommen, dass es sich um eine rein menschliche Fahigkeit handelt. Studien mit Tierarten
wie Kapuzineraffen haben jedoch gezeigt, dass auch Tiere in der Lage sein konnen, aus den
visuellen Eigenschaften eines Objekts auf dessen Gewicht zu schlieen. Bislang ist dieses
Phidnomen jedoch noch relativ unerforscht und nur wenige Studien haben untersucht,
inwieweit andere Tierarten auf die visuellen Signale beziiglich des Gewichts eines Objekts
achten. In dieser Studie wurde untersucht, ob Keas (Nestor notabilis), die fiir ihre Neugier
und ihre physischen Problemlosungstfahigkeiten bekannt sind, die visuellen Signale von
GroBe, Material, Volumen und Menge (d. h. wie voll ein Behélter ist) nutzen konnen, um das

Gewicht eines Objekts zu bestimmen, bevor sie direkt mit ihm interagieren.

Die Keas wurden zuvor darauf trainiert, entweder ein leichtes (16 g) oder ein schweres (116
g) Objekt in eine Schachtel fallen zu lassen. In dieser Studie wurden den Keas Paare von
Objekten - ein leichtes und ein schweres - aus den vier verschiedenen Kategorien vorgelegt
und sie wurden belohnt, wenn sie das Objekt mit dem Zielgewicht in die Kiste fallen lie3en.
Wir haben erhoben, i) welches Objekt die Vogel zuerst beriihrten, ii) ob sie nach dem
Hantieren mit (und dem Erfiihlen des Gewichts von) falschen Objekten wechselten, und iii)

welches Objekt die Vogel in die Box fallen lieen.

Die Ergebnisse dieser Studie deuten darauf hin, dass Keas zwar sehr erfolgreich das richtige
Objekt anhand des Gewichts auswihlen, aber offenbar keine visuellen Marker wie Grof3e,
Material, Volumen oder Menge verwenden, um zu bestimmen, wie schwer ein Objekt ist,
bevor sie mit ihm interagieren.

Zu den derzeit in Arbeit befindlichen Folgestudien gehoren die Bestimmung des
Mindestgewichtsunterschieds, auf den Keas reagieren, und die Untersuchung, ob Keas sich

auf relative oder absolute Regeln fiir das Gewicht verlassen.

Schliisselworter

Visuelle Anhaltspunkte, Riickschliisse auf das Gewicht, Gewicht eines Objekts,
Problemlosung, menschliche Fahigkeiten, Verstdndnis von Kausalitét
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1. Introduction

1.1. The Importance of Weight

Weight is a pervasive, invisible property that both humans and nonhuman animals must
reckon with as they navigate their physical reality. While not directly observable, the
property of weight (i.e., the ‘mass’ of an object) can be witnessed indirectly in a myriad of
ways and plays a key role in planning and executing any action. It is the property of weight
that explains why rocks are chosen to break windows rather than Styrofoam, or why someone
taking the stairs to an 8" floor apartment might choose to carry a single volume rather than
the entire set of the Encyclopedia Britannica at once. Judging the weight of a single book
versus a set of books requires not only the appropriate musculature, but the ability to
represent weight in some perceptual (and potentially mental) way. While animals may never
have to decide between hauling a single book or several hundred kilograms of encyclopedias
up eight flights of stairs, they must also navigate a physical environment dominated by the

property of weight.

1.2 Representing Weight as a Human

The human body is remarkably good at tracking and adjusting to the perceived weight (mass)
of an object. As an object is lifted, the body tracks the amount of force it takes to overcome
the gravitational pull on that object and to hold it in place against gravity. During this
process, the body builds and stores an internal “sensorimotor representation” [Povinelli,
2012, p. 13] of the force required to lift that object. This representation is, essentially, an
internal model of the bodily effort required to lift and hold different things and is built over
time through practical experience with a myriad of physical objects. Nor is this representation
static; upon physical contact with the object in question the representation is quickly updated
to include any haptic information that was gained from contact with the object in order to

improve weight prediction and refine the internal representation [Gordon et al., 1993].

Described separately as a long-term “force profile” by Daniel Povinelli [2012, p. 38] and as
an “internal model” by Krakauer and Shadmehr [2006, p. 4], the internal representation

formed by experience allows humans to subconsciously judge the weight of an object and to



pre-program the appropriate amount of effort required to manipulate it prior to even touching
it [Povinelli, 2012]. After such a representation has been formed it can then be called upon,
even years later, via visual appraisal of an object with similar properties (for a visual
depiction of the ways in which humans represent weight, see Table 1) [Povinelli, 2012]. That
is not to say that such a method is foolproof. Few of us have managed to make it through life
without spilling a beverage on ourselves from exerting more force than is strictly necessary
when trying to pick up what we thought was a full cup. When this happens, we refer to it as
embarrassing, but it is more technically known as a “positional overshoot” [Povinelli, 2012,
p. 38]. Positional overshoot occurs when, after visually identifying an object, the object is
determined to be of a type the sensorimotor system has encountered before. The sensorimotor
system then applies the amount of force that it has ‘stored’ as necessary for lifting this type of
object. In this instance, however, the internal representation does not match the actual weight
of the object, and the object is lifted with greater force than necessary resulting in
overshooting the mark. While it can be fooled, the sensorimotor system is remarkably
adaptive. In the 1980’s, Johannson and Westling demonstrated that our sensorimotor systems
are capable of developing an “internal representation” for the force needed to lift an
unfamiliar object after only a single trial (with a single trial being made up of several lifts)

[Johannson & Westling, 1988, p. 83.]

Humans are not the only species to experience positional overshoot as will be shown further
below; nor are we likely alone in the ability of our sensorimotor systems to develop ‘pre-set
force defaults’ for interacting with familiar objects and objects similar enough to feel
familiar. As a core property of the physical environment both humans and nonhuman animals

inhabit, weight is something all species must be capable of coping with.



Table. 1. A table depicting how the human body and brain represents weight. In this thesis, we are focusing on

level 6; the representation of “weight” as a causal mechanism across perceptually distinct categories

[Text and image credit Daniel Povinelli, 2012].

Anti-gravity muscles

Effort required to
lift object

Effort experienced
in lifting object

Feed forward model
of effort required to
lift object

Causal representation
of a relation involving
“weight”

The mass of many muscles in the body quickly atrophy in response to
weightlessness

Humans (and other animals) have phenomenological experiences of effort
lifting and moving objects

The sensory-motor system represents the predicted effort needed to lift
a given object

The perceptual system represents the causal connections between object
and outcome (organisms may use size, weight, shape, effort sensation,
or any cluster of these to learn to predict an "effect” from a “cause”)

Effects of object weight
across contexts, or
F(WEIGHT)

Linguistic
representation

Metaphorical
expression

The human mind represents “weight” as a causal mechanism common
across perceptually distinct categories

Humans generate linguistic (symbolic) labels for the causal mechanism
of weight ("weight”, "heavy”, "light”, etc.)

Humans generate linguistic (symbolic) descriptions that connect both the
phenomenological aspects of weight and f(weiGHT) to nonliteral contexts

1.3 Visual Properties of Weight

Before even picking up an object, humans make several inferences regarding its properties.
These inferences stem from prior experience and are built on the associations between certain
visual qualities of the object and its properties such as weight [Adelson, 2001; Hirsiger,
2012]. Properties such as the size, color, material, and shape of an object are all visually
identified. This process occurs effortlessly and automatically but yields a wealth of
information [Adelson, 2001]. These inferences allow humans to determine how to use the
object; if it is a large, flat stone it might be used to crush a nut or hold down an errant piece of
paper. If it is a sturdy, wooden stick it might be used to move something closer that is just out
of reach (such as the cookie jar at the back of the shelf). The relationship between the visual
properties of an object and its weight is learned early on in human beings. At 11 months,
human infants can already use visual information such as the material composition of an
object to determine its weight [Paulus & Hauf, 2011]. By the age of 3, children can use the
property of size to predict the weight of an object [Gordon et al., 1992]. After enough
experience, novel objects can be correctly categorized by humans as “light” versus “heavy”

based on their visual qualities alone.



In concert with the visual-system and the internal long-term “force profile” [Povinelli, 2012,
p-38], humans also develop additional ‘felt sense’ representations of weight. These
representations of weight include the subjective experience of weight (i.e., how heavy or light
something feels) as well as the causal linking of the weight, size, or density of an object and
the sound it makes or the size of the dent it creates when it hits the ground or strikes a metal
door. Alongside these sense-based representations are representations mediated at a
conscious, cognitive level [Flanagan & Beltzner, 2000; Ellis & Lederman, 1998]. This
cognitive-based system of weight perception operates independently of the sensory-based
system and is hypothesized to account for the various ‘weight illusions’ humans (and
potentially other animals) experience including the size-weight illusion [Flanagan &

Beltzner, 2000].

In the size-weight illusion, participants are presented with two objects that are identical apart
from size. Although the objects weigh the same amount, a lifetime of experience associating
certain visual cues and object weight creates strong expectations which, when violated, create
the perceptual illusion for the participants that the larger object is lighter than the smaller one'
[Charpentier, 1891, as cited by Murray, D.J., 1999]. The size-weight illusion has been shown
to be cognitively impenetrable so that even when the participants have been informed that the
objects are the same weight, they still report that the larger object feels lighter than the
smaller one [Flournoy, 1894, as cited by Buckingham, 2014]. Similarly to the size-weight
illusion, the material-weight illusion also causes participants to perceive one object as being
lighter than the other despite the two objects having identical weights [Wolfe, 1898]. In this
case, however, it is due not to a size difference but to a difference in surface material. In
instances where two objects are identical apart from surface material, participants will
perceive the object that appears to be made from a heavier material (such as metal) as being
lighter than the one that appears to be made from a lighter material (such as polystyrene)
[Wolfe, 1898; Seashore, 1899, as cited by Saccone et al., 2019; Harshfield & DeHardt, 1970;
Buckingham et al., 2009]. In the case of both illusions, although the participants’ motor-
systems adjust over time and begin to apply the correct amount of lift force, the participants
continue to report the larger object or the heavier-looking object as being the lighter of the

two [Buckingham, 2014; Buckingham et al., 2009].

! Interestingly, it has even been shown that the size-weight illusion can be caused by social expectations around
weight as in the ‘Barbie Experiment’ [Dijker, 2008].
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These illusions not only highlight the deeply ingrained connection between weight and
certain visual cues in humans, but the apparent co-existence of at least two internal
representations of weight: sensorimotor and cognitive [Povinelli, 2012]. While the
sensorimotor system primarily concerns itself with the ‘veridical weight’ of individual
objects encountered in the physical environment, the cognitive system is more concerned
with the learned associations between object properties (such as size) and weight — allowing

it to make judgments regarding entire “families” of objects [Flanagan et al., 2008, p. 1744].

At this cognitive level, the brain not only makes determinations regarding families of objects,
but also ties together disparate perceptual experiences of weight into a unified theory about
how weight works. Representing weight as a “causal variable” [Povinelli, 2012, p. 14] allows
the human mind to see the immediate connection not only between the heavy object hitting
the ground and the loud thud, but also the connection between the heavy object hitting a
packed surface, that large thud, and the sudden gouged appearance of the dirt. This ability to
perceive the connection between disparate perceptual experiences and the weight of a single
object leads to an understanding of weight as a persistent, causal property of physical objects;

it is also generally held to be a uniquely human capability [Povinelli, 2012].

1.4 Weight Representation in Non-human Animals

Given that humans are not the only animals that must make judgments about objects to
successfully navigate their physical world, it is likely that humans are also not alone in the
ability to form these types of sensorimotor and cognitive representations.” While it is
generally accepted that nonhuman animals likely rely on sense-based representations, it is
less clear whether they are also capable of forming more cognitively sophisticated
representations that rely on an understanding of weight as a causal variable and an inherent
property of physical objects [Povinelli, 2012]. Although currently there are no conclusive
studies confirming that nonhuman animals represent weight cognitively, some evidence (as

discussed below) exists to support the idea. Most of this existing evidence comes from

2 N.B.: The word “representation” is used throughout this thesis to indicate an “internal model”; in the case of
the term “sensorimotor representations,” the word “representation” refers to the internal pre-set patterns of lift
that the body applies prior to lifting objects it recognizes. In the case of “cognitive representations,” the term
“representation” refers to an understanding of the property of weight as a causal variable and property of
physical objects [Povinelli, 2012].
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studies done with primates as, until recently, weight understanding in other nonhuman

animals remained almost entirely unexplored.

1.5 Povinelli’s Experiments

In 1999, a team of researchers headed by Daniel Povinelli (cited above) attempted one of the
first comprehensive studies on weight perception in nonhuman animals and their
understanding of weight as a causal property of physical objects. At his lab in New Iberia,
Povinelli focused his efforts on humanity’s closest relative: the chimpanzee. Povinelli set out
to systematically explore, not only the chimpanzees’ ability to form sensorimotor
representations of “effort-to-lift” [Povinelli, 2012, p. 13], but their ability to deduce causal

relationships between the weight of an object and its impact upon the world.

One of the early experiments Povinelli and his team conducted was a ‘discrimination’
experiment which investigated the chimpanzees’ ability to discriminate between two visually
identical, but differently weighted objects on the basis of weight alone [Experiment 9;
Povinelli, 2012, p. 92]. To test this ability, the researchers constructed two identical objects
with one weighing approximately 3155g while the other weighed only 330g. The researchers
then presented the chimpanzees with the objects one at a time while instructing them to place
it in the correct sorting tray based on its weight. While the chimpanzees proved capable of
sorting between the two objects, it took them an average of 895.2 trials to reach criterion
[Povinelli, 2012]. This high number surprised the researchers who had assumed the task
would be easy for the chimpanzees; interestingly, as will be shown further on in the paper,
other animals seem to have a much easier time with sorting visually identical, but differently

weighted objects.

In addition to testing their ability to sort objects based on weight, Povinelli and his team also
tested whether the chimpanzees formed stable sensorimotor representations of the effort it
took to lift a given object and how rapidly this representation of “effort-to-lift” was formed
[Experiment 1; Povinelli, 2012, p. 62]. In one of the first experiments in the series, the
chimpanzees were tested using pairs of identical, but differently weighted objects. After a
series of lifts, the object was swapped out for its much lighter identical twin, giving

researchers the chance to measure how much higher the chimpanzees lifted the new,
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unexpectedly lighter object. While at first the chimpanzees lifted the new object considerably
higher, as they got used to the new weight of the object, the height of the lifts decreased,
indicating that the chimpanzees had formed new, stable sensorimotor representations around
the weight of the object (Fig. 1). In 2017, this finding was also replicated in a field-based
study with wild chimpanzees where the researchers showed that the wild chimpanzees

initially experienced positional overshoot (lifting the object with more force than necessary)

when lifting artificially hollowed out ‘hammers’ compared to normal ‘hammers’ [Sirianni et

al., 2017].

Fig. 1. The experimental situation for Experiment 1 testing the chimpanzees “effort-to-lift” (a) Light object in
position on trial 2, (b, ¢) one of the chimpanzees (Megan) lifting the light box on her fifth trial
(Images and partial text credit Daniel Povinelli, 2012)

1.6 Inferring Weight from Visual Cues

After establishing that the chimpanzees did, in fact, form stable sensorimotor representations
about “effort-to-lift,” the researchers pivoted to testing whether the chimpanzees formed
default sensorimotor representations that would allow the chimpanzees to reliably lift novel
objects with the appropriate amount of force [Povinelli, 2012]. It is well-established that
humans form default sensorimotor representations based on prior experience lifting various
objects [Gordon et al., 1993]. As previously mentioned, the visual features of an object such
as its size, texture, shape, and even color, cue humans to the properties of an object, including
its potential weight, prior to handling; ongoing experience with the relationship between the
visual features of an object and its weight are also what allow the human sensorimotor system
to develop “default lift effort” settings for objects based on their visual appearance [Povinelli,

2012, p. 79; Adelson, 2001].
There are solid evolutionary reasons for having such a skill set. The ability to determine the

potential weight of an object without handling it first has the twin benefits of limiting risk

prior to interacting with the object as well as assisting with planning an action by pre-judging
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the amount of effort it could take to lift the object [Jelbert et al., 2019]. Given the wide-
ranging uses of such an ability, it seems likely that animals as well as humans would share in
it from a survival perspective. Despite this, little is currently known about how animals use
visual information to determine the weight of an object prior to handling it. A study
conducted in 2009 with wild capuchin monkeys shed some light on the subject when it was
demonstrated that capuchins are capable of relying on visual information to infer the weight
of different stone tools [Visalberghi et al., 2009]. In the case of these wild capuchins, they
used visual cues such as size and material to identify the functional stone whenever such cues
were both available and reliable. However, to this day, few other studies exist that probe the
link between visual cues and weight inference. Povinelli and his team attempted to begin
answering this question by presenting the chimpanzees with identically weighted objects of
different sizes to test whether the chimpanzees formed default “effort-to-lift” representations

based on the visual features of the objects alone.

In the first of a series of three experiments [Experiments 4, 5, and 6; see Povinelli, 2012, p.
79 — 87] exploring this question, the chimpanzees were presented with a small, novel object
to lift (Fig. 2a). After several trials, the original object was swapped out for a second object
that was identical apart from size. In both cases the lifting height was measured and later
compared (Fig. 2b). This study was then replicated a second time with novel cylindrical

objects with similar results (Fig. 2¢).

Fig. 2a and 2b. Kara preparing to lift the (a) small and (b) large boxes in Experiment 4.
Both objects weighed 1.13 kg [Text and image credit Daniel Povinelli, 2012]

14
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Weight of each object = 1.36 kg

Fig. 2c. The novel cylindrical objects used in Experiment
[Text and image credit Daniel Povinelli, 2012]

In the third and final study in the series, the researchers tested whether the chimpanzees were
capable of using cues besides size to infer the weight of an object and tested them using

identically weighted rough versus smooth textured boxes.

1.7 Results

The results from the first two studies of the series [Experiments 4 and 5] showed that the
chimpanzees were initially lifting the larger box higher than the smaller box despite the equal
weight of the boxes — the expected result if the chimpanzees were relying on the visual cue of
size to determine how much effort it would take to lift the object. The chimpanzees’ overall
performance during these two experiments lent evidence to the theory that chimpanzees form
default sensorimotor representations that allow them to predict the amount of effort it will
take to lift a given object (familiar or novel) and that visual cues such as the size of the object

activate these representations [Povinelli, 2012].

The third study in this series [Experiment 6], which investigated whether chimpanzees use
visual cues beyond weight to predetermine lift force, presented a somewhat mixed picture,
however. In the experiment testing the use of texture as a visual cue, the chimpanzees were
first given extended experience handling and moving a variety of both rough and smooth
objects with the weight of the objects adjusted so that the smooth objects weighed
significantly less than the heavy objects. After familiarizing the chimpanzees with these
objects, the researchers tested them using two identically weighted objects with differing

textures: one rough and one smooth. Based on the chimpanzees’ earlier experiences with the
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heavy rough objects and the light smooth objects, the researchers predicted that if the
chimpanzees relied on default lift force settings that they would initially exhibit positional
overshoot and lift the rough test object much higher than the smooth test object. Despite their
earlier experience with the heavy rough objects, however, the chimpanzees actually ended up
lifting the smooth test object higher than the rough test object. The researchers posited that
there were two possible explanations for this result; first, it is possible that the programming
of default lift settings is more context dependent for chimpanzees than it is for humans and
that familiarizing the chimpanzees with the rough and smooth objects in a different setting
than they were tested in had prevented them from transferring their experience with the
training objects to the novel test objects. Second, it could also be that the programming of
default lift settings in chimpanzees is limited to objects that are visually highly similar, and
texture or material are not salient enough cues to for the chimpanzees to have lift

expectations for differing texture or material objects [Povinelli, 2012].

Regardless of the reason, this result led the researchers to conclude that, while the
chimpanzees did seem to rely on visual cues such as size to preprogram lift force, they were
not relying on the use of texture or material to do the same. An additional study looking at
whether the chimpanzees could use auditory cues to infer the weight of an object provided
similarly mixed results and led the researchers to conclude that there was no evidence to
suggest that the chimpanzees could use cues other than size to predict lift force [Povinelli,

2012].

1.8 Indirect Inference Weight Studies

Additional experiments with the chimpanzees in Povinelli’s lab continued to provide mixed
results regarding the ability of the chimpanzees to infer weight without bodily input and to
represent weight cognitively [Povinelli, 2012]. After a series of experiments testing
everything from the chimpanzees’ ability to infer the weight of an object based on the pulling
actions of a human actor [experiment 15] to their ability to successfully predict which
structure could support the weight of a plastic block [experiment 27], Povinelli concluded
that, while there was evidence to suggest that the chimpanzees could form sensorimotor
representations of weight, there was no evidence to indicate that the chimpanzees could
reason about weight as an unobservable, constant, causal property of physical reality. In light

of a lack of substantive evidence, Povinelli and his team posited that, while nonhuman
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animals were likely capable of forming sensorimotor based representations of weight, only
humans are capable of reasoning about weight as an abstract, unobservable property

[Povinelli, 2012].

1.9 Counter Studies

Povinelli’s claim that humans alone possess the ability to represent weight cognitively as an
abstract, invisible property of objects met with immediate pushback from other researchers,
some of whom advocated for a more nuanced approach that took into consideration the
possibility that animals can deploy such abilities in certain contexts [Buckner, 2013]. Still
others pointed to studies by other research groups that, in contrast to Povinelli’s claim, have
seemed to find evidence to suggest that animals may be aware of the property of weight and

capable of using information about it to solve real-world problems.

1.9. 1 Weight as a Causal Property

In World Without Weight, Povinelli makes the claim that nonhuman animals are incapable of
reasoning about weight as an invisible property of objects [Povinelli, 2012]. Yet several

earlier studies (all of them conducted with apes) seem to provide evidence to the contrary.

A study conducted with great apes tested their ability to use the cue of weight to find the cup
baited with food. In this study (which tested 5 bonobos, 6 orangutans, and 1 gorilla) the apes
were presented with two opaque cups; one empty and one baited with banana slices. The apes
were then allowed to choose one of the cups. Unable to rely on any visual cues to find the
food, the apes spontaneously turned to feeling the weight of each cup in turn prior to
choosing one. Interestingly, in the arbitrary test condition where the presence of the food was
indicated, not by the causal cue of the weight of the food, but by an arbitrary visual cue (in
this case different colored triangular and circular stickers), only one of the apes was able to
successfully solve the task [Schrauf & Call, 2011]. This study suggests that nonhuman
animals are capable of using a relevant, causal cue such as weight to solve a problem —
potentially indicating an awareness of the property of weight. As the researchers of the study

put it,

Although both types of cues possess the same predictive value, namely 100% for the
correct reward location, only one of them has causal relevance to the task at hand. In
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the present study, both weight and color/shape are indicators for the presence of food.
Nevertheless, only the weight cue was caused by the food and thus provided a source
of information that is grounded on the laws of physics [Schrauf & Call, 2011, p. 332]

In another study exploring nonhuman understanding of both weight and causality, Hanus and
Call demonstrated that chimpanzees seem capable of deducing the presence of a desirable
food item using the property of weight. In this particular study the researchers placed two
opaque cups on the opposite ends of a balance beam. Under the subject’s watchful eyes, a
trainer placed a piece of prized banana in one of the cups without giving away which cup
they had picked. The weight of the banana naturally tilted the cup and the researchers found
that the chimpanzees consistently chose to search for the banana in the lower cup. To test if
the chimpanzee were simply attending to the salient downward motion, Hanus and Call also
created a ‘non-causal’ control test where, instead of the weight of the food pushing it down,
an experimenter pushed down one side of the balance beam after a few seconds. During this
condition, the chimpanzees did not show a preference for the lower side of the balance beam

[Hanus & Call, 2008; see Povinelli, 2012 for a critique].

1.9. 2 Weight as a Means to an End

Other studies have also lent support to the possibility that nonhuman animals are both aware
of the property of weight and capable of using it to serve their ends. One study conducted
with tool-using capuchin monkeys tested, first, whether the capuchins were capable of
associating tool weight with the effectiveness of the tool, and second, whether the capuchins
would continue to pick the more effective, heavy tool when it was the smaller of the two
available tools [Schrauf et al., 2008]. In the first experiment of the study, the capuchins were
presented with three identical percussors of varying weights. After incentivizing the
capuchins to handle each percussor by coating the bottom with chocolate cream, the
capuchins were presented with nuts that were hard enough to require a heavy tool to open.
The results from the first experiment indicated that the capuchins were not only capable of
differentiating between the tools by weight alone, but that they were also capable of
associating weight with increased effectiveness. In the second experiment of the study, one of
the capuchins was presented with two percussors: one large and light and the other small and
heavy. After a few trials, the capuchin began selecting the small, heavy tool first, leading the

researchers to conclude that it was possible the capuchin was relying on his previous
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experience with the heavy tools being the most effective. The results of the two experiments
proved, not only that the capuchin were capable of developing sensorimotor representations
of weight, but that they were potentially linking the weight of the object with its probable
effectiveness [Schrauf et al., 2008].

In the same theme, another example of support for the idea that nonhuman animals appear
cognizant of the property of weight and capable of associating it with real-world objects,
comes from an observational study conducted on chimpanzees on the west coast of Africa.
The wild chimpanzees in the Tai National Forest in Africa frequently use heavy stones to
break open hard Panda oleosa tree nuts and softer Coula edulis tree nuts. In the early 1980’s,
it was reported by researchers that these chimpanzees were using the weight of the stones and
the distance between the stones and their desired destination to determine which stones to
choose. Researchers found that the chimpanzees seemed to choose heavier stones when the
distance between the stone and their destination tree was shorter, and lighter stones when the
distance between the two was much longer. In addition, the chimpanzees seemed to
deliberate between lighter and heavier stones depending on the specific type of nut they
needed to crack, indicating at least an awareness of weight if not the ability to cognitively

represent it [Boesch & Boesch, 1984].

Taking all these studies into consideration, it appears there is evidence to suggest that (at least
some) nonhuman animals may possess an understanding of weight that goes beyond mere
perceptual experience and memory. While some researchers such as Daniel Povinelli have
dismissed the results from the studies above as merely evidence for extensive sensorimotor
memory and capabilities, others argue that it is premature to dismiss such results out of hand
when it is likely that the difference between human and nonhuman weight understanding is
much more subtle and context reliant [Buckner, 2013]. In either case, this thorny question
remains unanswered and, apart from the studies mentioned above, as well as a few other
scattered experiments [see Schrauf et al., 2012; Schrauf & Call 2009; and Schrauf & Call,
2011], research into nonhuman weight understanding has remained limited and the question
relatively unexplored. When the question has been explored the studies have focused almost
exclusively on primates; however, as will be described further below, birds are now emerging

as a promising candidate for future research into how nonhuman animals understand weight.
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1.10 Avian Cognition

Reasoning about weight in the abstract (i.e., without direct proprioceptive feedback) is a
cognitively complex undertaking [Apps, 2006]. Perhaps for this reason, tool-using species
such as chimpanzees and capuchins have previously been the primary focus of investigations
into nonhuman weight understanding [see Boesch & Boesch, 1984; Povinelli, 2012; Schrauf
et al., 2012; Schrauf & Call, 2009; and Schrauf & Call, 2011 among others]. Despite the
rigidity and pre-programmed manner in which many species use tools [Biro et al., 2013], tool
use is often assumed to be an indicator of the level of cognitive sophistication of a species
[Brosnan, 2009; Hayashi, 2015], prompting some researchers to focus specifically on tool-
using species for cognitive research. There is evidence, however, to indicate that non-tool
using species may possess equivalent cognitive sophistication [Seed & Call, 2010]. In one
instance, a group of rooks (Corvus frugilegus), a non-tool using species, successfully solved a
modified trap-tube test typically used with primates and tool-using birds [Tebbich et al.,
2007]. In another instance, yellow-crowned bishops (a species of weaverbird) were tested on
their ability to flexibly problem-solve both with and without using tools [Danel et al., 2021].
Although the weaverbirds proved unable to solve the task using the provided tools, they were
able to solve the task using their beaks. While studies on weight cognition have previously
focused primarily on tool-using primates, the wide range of cognitive abilities demonstrated
by both tool-using and non-tool using birds position them as promising candidates for this
area of research. In addition, while weight is undoubtedly a prevalent factor for every species,
it is likely to be particularly ecologically relevant to birds given their light weight, smaller
size, and their tendency to transport objects during flight. Given that birds often fly to get to
one place from another, it is also reasonable to assume that birds would need to factor in
properties such as weight in order to cope with transporting nesting materials or carrying food

long-distances. As Povinelli remarks in his book World Without Weight,

Feathered flight is an energetically extreme form of location and therefore avian
species ought to be extremely sensitive to the embodied representation of weight
involved in activities such as transporting nesting materials. Thus, it is easy to
speculate that evolution may have sculpted the neural systems of birds to track effort-
while-lifting for goal-directed purposes [Povinelli, 2012, p. 323, footnotes].

Believed to have last shared a common ancestor with primates around 324 million years ago

[Dos Reis et al., 2015], certain species of birds such as corvids and parrots have performed at
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levels on-par with primates on a broad range of cognitive tasks [Lambert et al., 2019; Emery
2004, Emery & Clayton, 2004; Wimpenny et al., 2009; Tebbich et al., 2007]. Large-brained,
long-lived and highly social, parrots and corvids occupy a similar socioecological niche to
primates and were likely subjected to similar evolutionary pressures resulting in some of the
shared abilities seen today [Baciadonna et al., 2021]. Both parrots and corvids have likewise
proved themselves to be capable problem-solvers. In one experiment, New Caledonian crows
were shown to drop objects into tubes containing water to raise the level to reach a floating
reward [Jelbert et al., 2014]. In another, wild Goffin Cockatoos proved capable of using tools
to access seed matter from tropical fruit [O’Hara et al., 2021]. Cognitive flexibility, the
ability to modify one’s strategy depending on the problem at hand, is perceived to be a key
component of intelligence [Cantwell et al., 2022]. Both parrots and corvids have shown an
aptitude for flexible problem-solving [ Auersperg et al., 2011] with some species of corvid,
such as the New Caledonian crow, proving to also be advanced tool users [Bayern et al.,
2018]. Indeed, in some cases, initial research even suggests that corvids and parrots are
quicker to solve tasks that require them to use weight as a discriminating factor or to use
causal cues to infer weight. In contrast to apes, Goffin’s cockatoos (7/8 subjects) reached
criterion in a similar weight discrimination task after only 60.6 trials on average compared to
the nearly 895.2 trials that the chimpanzees had required [Lambert et al., 2021; Povinelli,
2012]. Similarly, while chimpanzees have previously failed to solve tasks that required them
to infer the weight of an object [Povinelli, 2012], New Caledonian crows have proved quite
capable of inferring object weight. In one study, the crows proved capable of using the causal
cue of a light object blowing in a breeze while the heavy object remained still to later
correctly choose between the light and heavy object [Jelbert et al., 2019; see Henley, 2020 for
a critique]. Causal reasoning about the physical property of weight has long been thought to
belong to humans alone, however, these recent studies with birds are challenging these
assumptions and raising the possibility that species outside of humans are in fact capable of
relying on causal cues to infer weight. Despite initial promise, there are still many unknowns
about what nonhuman animals understand about the concept of weight. While studies have
attempted to explore weight understanding in primates, to this day almost nothing is known
about how other species, including birds, perceive or infer weight. Currently, even less is
known about the visual properties other species might use to make inferences about weight.
The present study seeks to address several of these gaps by exploring how a habitually non-

tool using parrot, the kea, might use visual cues to infer weight.
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1.10. 1 Why Kea?

A highly playful and insatiably curious parrot with a penchant for problem-solving, the kea
(Nestor notabilis) present themselves as ideal
candidates for further research into what
nonhuman animals understand about weight
(Fig. 3). From an ecological standpoint the kea
seem well placed to learn about the property
of weight. As generalist, extractive foragers,
the kea are highly experienced at digging,
pulling, and otherwise manipulating objects in
their environments, providing them with
ample direct experience with object weight
[Diamond & Bond, 1999]. Living in a
changing, seasonal environment with few
natural predators, the kea are also remarkably

neophilic and eager to explore and handle any

I new object they come across [Diamond &
at play (Haidlhof, 2023)

s g & i
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Fig. 3. Juvenile kea

Bond, 1999]. This carefree approach to novel
situations and objects means that the kea are likely to have extensive experience with a
variety of materials, textures, and weights. Equipped with remarkable problem-solving
abilities, the kea have also proven to be cognitively flexible and capable of innovating tool-
use both in the wild and in captivity. When baited trap-boxes were installed in New Zealand
to catch non-native stoats, the kea, despite having never before been seen using tools in the
wild, quickly found ways to set off the traps and access the food inside using sticks. Even
after the boxes had been adapted to prevent the kea from accessing them, the kea continued to
find ways to remove the food [Goodman et al., 2018]. In another example of their ferocious
curiosity and exploratory bend, the kea found multiple creative ways to solve the puzzle of a
Multi-Access Box and were quick to switch to new methods whenever a previously

successful method had been blocked [Auersperg et al., 2011].

The kea have likewise proven capable of apparently spontaneously learning about object

properties through exploration. In a study conducted with captive kea, the kea were given the
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opportunity to thoroughly explore several different objects (some of which could be used as
tools) prior to being tested. Subsequently, during testing, the kea were then presented with
those same objects and allowed to choose from among them to solve a task. When presented
with the objects during testing, six out of the eight kea selected the object that would allow
them to solve the task. Of particular relevance to the current study, several of the kea
correctly used a heavy object on a weight-oriented portion of the task, potentially indicating
an understanding of the property of weight. This result led the researchers to surmise that,
during the exploratory phase, the kea had learned about the different properties of the objects,
including weight [Lambert et al., 2017].

Another indication of the keas' suitability for studies on weight understanding is the speed at
which they can learn to discriminate between visually identical light and heavy objects.
While it took Povinelli’s chimpanzees an average of 895.2 trials to discriminate based on
object weight [Povinelli, 2012], a more recent pilot study conducted with kea showed that the
kea can learn to discriminate between objects of different weights after an average of only 30
trials [Lambert, unpublished data]. Although a different study conducted with Great Apes
(bonobos, orangutangs, and gorillas) showed that at least some apes may be capable of
discriminating between objects with differing weights after a much shorter duration of trials
(5 out of 12 apes reached criterion after 30 sessions), birds still seem to grasp the concept of
weight much quicker overall than their featherless counterparts. [Schrauf & Call, 2009;
Lambert et al., 2021].

These reasons position the kea as likely candidates for possessing an understanding of weight
beyond simple sensorimotor representation. As studies regarding weight understanding have
remained particularly limited in species outside of the primates, studying how the kea
perceive and understand weight is likely to be particularly fruitful and provide a more
comprehensive picture of how nonhuman animals navigate a world dominated by the

property of weight.

1.11 Hypotheses and Predictions

Broadly, the aim of this study is to investigate what a species outside of the primates
understand about weight. More specifically, this study is meant to explore whether a species

of parrot, the kea, is aware of and capable of inferring object weight from the visual
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properties of an object prior to handling it. To do this, the kea will be presented with one pair
of objects at a time from four different conditions: a size condition, a material condition, a
quantity condition, and a volume condition. The objects within each of these conditions will
have fixed weights (16 grams or 116 grams) and the kea will be trained to select the object
that matches the weight they were trained to attend to. During each condition, the kea will

have the opportunity to choose an object in exchange for a food reward.

Our hypothesis is that the kea use visual cues such as the size, material, quantity, and volume
of an object to infer its weight prior to directly interacting with it. If this hypothesis is correct,
then we predict that the kea will first contact the object of their target weight significantly

more often than is expected by chance.

1.12 Interdisciplinarity

A note as to the nature of this study. The study of cognition in nonhuman animals is
fundamentally an interdisciplinary undertaking. Rooted in cognitive biology, it necessarily
draws from fields such as philosophy, ethology and psychology to answer a perennial

question: are we alone in how we understand the world?

Examining such a broad topic requires grounding it by addressing a specific question from
the outset. Our particular question, “do kea rely on visual cues to infer weight?” attempts to
compare our human perspective on a core understanding of the physical world with that of an
alien mind. As with other core knowledge systems that rely on physical input, weight
perception and understanding is facilitated by both the body and the mind. This shared
responsibility for shaping the way an organism interacts with and understands its
environment situates the topic of weight solidly in the realm of predictive processing,
phenomenology, and embodied cognition; all core concepts spanning the disciplines of
cognitive biology, philosophy, and psychology, and united within the framework of cognitive

science.
Perception (at least for our uses) is defined as, “the processing of sensory information that

occurs at several levels” [Montemayor & Haladjian, 2017, p. 1]. By its very nature, weight

perception is dependent upon the presence of a physical body; perceiving the weight of an
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object requires both activation of the perceptual and sensorimotor systems as well as the use
of cognitive functions that allow for the linkage between the physical force required to lift the
object and hold it against gravity and the subjective ‘feeling’ of weight. In turn, cognitively
representing and understanding weight relies on this body-based perception. Without the
sensorimotor memory of the ‘felt” weight of an object it would be impossible to establish a
cognitive representation of weight as a causal entity. Weight understanding is therefore
embodied in the sense that cognitively representing weight is impossible without the

perceptual input from the body.

Studying weight understanding is likewise an inherently phenomenological task as ‘felt’
weight is an innate part of the human and (it seems likely) the animal experience. It is clear
that, to at least some extent, weight is subjectively experienced [Buckingham & Donald,
2019]. Indeed, the fact that the size-weight illusion is cognitively impenetrable and continues
even after our sensorimotor system has adjusted to the actual weight of the object is a sign of

the phenomenological character of weight.

It is well-established that the subjective experience of weight is influenced by the order in
which a series of weighted objects is picked up [Polanen & Davare, 2015]. If you start with
the heaviest object, you are more likely to perceive all the objects following that first object
as lighter than they actually are. This can be taken as evidence of the predictive nature of our
relationship with weight. Predictive processing concerns how we perceive the world. From
the viewpoint of predictive processing, we do not experience the world directly, but instead
we experience a version of the world co-created by the filter of our senses and our brain’s
predictions [Clark, 2023]. As with phenomenology, illusions such as the size-weight illusion
lend support to the position that we experience the world not as it is, but as our brain predicts

it is.

We can only indirectly theorize what nonhuman animals perceive and understand about
weight. While we can directly ask another person what their experience is of lifting a
surprisingly light object, we do not have the same ability to gain first-person insight into the
subjective experience of a nonhuman animal. This lack of access necessitates that we
approach nonhuman cognition from an interdisciplinary perspective. Occupying a diverse

range of environments and body plans, nonhuman animals are unlikely to experience or
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understand weight in exactly the way we do. Only by approaching the concept of weight in
the multitude of ways it can be perceived and understood can we begin to understand how an

alien mind might understand weight.

2. Material and Methods

2.1 Test Subjects and Housing Conditions

The subjects participating in this study were captive kea (Nestor notabilis) drawn from a
population housed at the Haidlhof research station in Bad V6slau, Austria and jointly
maintained by the Department of Cognitive Biology of the University of Vienna, the Messerli
Research Institute of the University of Veterinary Medicine Vienna, the Medical University
Vienna, and the University of Vienna. The population at Haidlhof is a blend of hand-raised
and parent-raised kea of varying ages. The kea housed at Haidlhof are frequently used in
behavioral and cognitive studies and participate voluntarily in testing. The birds are kept
together in an enriched aviary measuring 52m x 10m x 4 and provided with a daily diet
containing seeds, protein, fruit, and vegetables (Fig. 4). Throughout the study the kea were
fed their normal diet and had free access to water, including during testing. To prevent the
kea from learning about the study prior to participating in it, subjects were tested in one of

two separate experimental compartments that were attached but could be visually closed off

from the rest of the aviary.

Fig. 4. The kea aviary at the Haidlhof Research Station in Bad Vdslau
(Image credit by Haidlhof Research Station)
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The kea kept at Haidlhof are frequently involved in different types of studies; up until this
point, they had already participated in several weight related studies, all of which used
similarly sized clay objects of different shapes and colors. The previous studies focused on
weight discrimination (i.e., sorting visually identical objects based on weight) and
remembering the weight of objects they had interacted with earlier. Some of the kea also
participated in a replication of an experiment done with New Caledonian crows [Jelbert et al.,
2019] where the objects are placed in front of a fan and the kea had to infer the weight of the
object based on how it moved in the breeze. Prior to the beginning of the current study,
however, none of the kea had participated in studies that related weight and visual cues such

as the size, material, quantity, or volume of an object.

Before running the study, a pilot was conducted using a single male kea, Paul, as the subject.
Paul had a target weight of 116 grams and was selected in part because he generally performs
well during tests. The pilot study was run with the primary objective of figuring out if the
newly constructed objects we wanted to use for testing (specifically certain previously untried
objects such as the transparent globes used in the Quantity and Material categories) were
appropriate for use with the kea. During the initial pilot, Paul successfully contacted his target
weight object first in 8/10 trials and chose the correct object in 10/10 trials. Taking Paul’s
promising performance as an indicator that the test objects were appropriate, the main study
proceeded with a total of 16 kea: 7 females and 9 males (see Table 2 below). Of the original
16 kea selected, only 14 completed the study. Two of the kea, Willy and Skipper, were
dropped from the study partway through; Willy was dropped due to a lack of interest during
testing and Skipper was dropped due to his habit of destroying every object he was given.

Table 2: List of kea participating in the main study

Name: DOB: Sex: Rearing: ?sesiiggiinen ¢
Anu 2007 | Male Hand Heavy
Coco 2007 | Female Hand Heavy
Diana 2017 | Female Hand Heavy
Frowin 2004 | Male Parent Heavy
Kermit 2004 | Male Hand Heavy
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Lilly 2007 | Female Hand Heavy
Odo 2015 | Male Parent Heavy
Paul* 2010 | Male Parent Heavy
Skipper** 2017 | Male Hand Heavy
Willy** 2007 | Female Parent Heavy
Fay 2016 | Female Hand Light
Jean Luc 2015 | Male Hand Light
Kiri 2015 | Female Parent Light
Pancake 2017 | Male Hand Light
Pick 2004 | Male Hand Light
Plume 2007 | Female Hand Light
Roku 2008 | Male Parent Light
Sunny 2007 | Female Hand Light

*Pilot study; not used in main study

** Dropped from the study due to lack of motivation

2.2 Prior Training and Test Apparatus

Prior to beginning the study, the kea were randomly assigned a target weight of 16 grams

Fig. 6. The visually identical objects used during

training, the pilot, and the refamiliarization and the pre-

test phases of the study

(light) or of 116 grams (heavy) and trained

to discriminate between light and heavy

objects. These weights were chosen

because they were both within the range of

what the kea could comfortably lift and the

difference between 16 grams and 116

grams was significant enough to allow for

easy discrimination. The birds were trained

to select the object of their target weight

and drop it into a remote-controlled reward box (see Fig. 5) which would then dispense a 1/4

of a peanut as a reward. The objects used (see Fig. 6) were visually identical and made from

non-toxic grey fimo modelling clay. To achieve the desired weight of either 16 grams or 116

grams, the objects were filled with paper or with small, non-toxic fishing weights depending

on the weight needed. The objects were approximately 5 cm x 2.5 cm.
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The initial training with the objects was conducted over a series of several sessions; first, the
light or heavy object (depending on the bird’s target weight) was placed on the rim of the
reward box and the bird was rewarded for nudging the object into the box. Once the bird was
consistently nudging the object into the box, the object was placed in front of the box at
increasing distances and the bird was rewarded only when it had picked up and successfully
dropped the object into the box. After the kea had successfully completed training, they were
presented with both the heavy and light objects simultaneously and only rewarded for
dropping their target weight object into the box (Fig. 7). The kea were considered as having
successfully passed once they had selected the object of their target weight in at least 8 out of

10 trials for two consecutive sessions (which all the subjects ultimately did in about 3

sessions).

Fig. 5. The remote-controlled reward box used during
training, refamiliarization, pre-tests, and testing

Fig. 7. Set-up for training and testing with original objects
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2.3 Stimuli

In addition to the objects used during both training and the re-familiarization phase (see:
Testing Procedure), a set of 64 objects in total were used as the test stimuli (Fig(s). 8, 9, 10,
11). These objects were chosen to reflect materials that the kea had likely had at least passing
experience with over the course of their lifetime. This was done to limit object novelty and
ensure that the kea were only asked to infer weight based on visual properties they had
previous exposure to and were likely to have formed weight associations with. The objects

used in the testing phase of the experiment fell into one of four categories:

Size: 8 object pairs made from fimo modelling clay and varying in color and shape (Fig. 8).
Within a pair, there was a light (approx. 16g) and heavy (approx. 116g) version with the
heavier object approximately 60% bigger than the lighter object. This particular size
difference was chosen based on the results from research done during another student’s

master’s thesis which investigated the ability of kea to establish a relational concept of size
[Kock, unpublished data]. Objects within the same pair were of the same color and shape. To

achieve the proper weight, objects were filled either with wooden beads (light) or small

fishing weights (heavy). For pair 8 (the blue globes) both objects had a zip tie added to it

when it was discovered that the kea struggled to grip and lift the larger object.

-

Fig. 8. Objects from the Size category (heavy objects on bottom row)
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Quantity: 8 object pairs composed of fillable acrylic globes (Fig. 9). Each pair was made up
of a light (approx. 16g) and heavy (approx. 116g) version. The globes were filled with
varying amounts of sand, rocks, water, and clay with the light versions filled with Elmer’s

glue or smaller amounts of material and the heavier versions supplemented with small fishing

weights or tungsten mud as well as the aforementioned material.

Fig. 9. Objects from the Quantity category (heavy objects on bottom row)

Volume: 8§ object pairs comprised of objects with and without holes (Fig. 10). The solid
object (no holes) weighed 116 grams while the hollow object (with holes) weighed 16 grams.
Objects within a pair were made of the same material with the light object made obviously
hollow or less dense. The materials used included rubber, wood, clay, metal, string, and cork.
Light objects had their weight supplemented with glue while heavy objects had their weight

supplemented with glue, small fishing weights, clay, and tungsten mud.

Fig. 10. The objects from the Volume category (heavy objects on bottom row)
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Material: 8 object pairs of varying shape, size, and materials (Fig. 11). Each pair was made
up of two objects of different materials with roughly the same size and shape. As with the
other categories, each pair was made up of a light object (16g) and a heavy object (116g).
The object pairs included (from left to right): a circle of wooden rings and a circle of metal
rings, a sock ball and a piece of brick, two connected balls of paper and two connected metal
balls, a rock and a sponge, a cardboard ‘disc’ and a metal ‘disc’, an acrylic globe filled with

feathers and an acrylic globe filled with bolts, a grass filled acrylic globe and a sand filled

acrylic globe, and a mini cardboard ‘pot’ and a mini terracotta pot.

Fig. 11. The objects from the Material category (heavy objects on bottom row)

In addition to the above-mentioned objects, the reward box successfully used in prior weight
studies and during training was also utilized during the current study. The reward box was
remote controlled and would dispense a peanut when a bird dropped the target object into the

rectangular hole at the top.

3. General Testing Procedure

3.1 Test Set-Up

The study was conducted in one of the two experimental compartments in the aviary (see Fig
12). The experimental compartment was visually closed off from the rest of the aviary by
movable opaque walls and could be divided in two by a wire gate, creating a ‘waiting room’
for the kea. Testing took place over approximately 2 months beginning on May 5%, 2023,
with each bird being tested once daily several times per week for a total of 8 sessions per

bird.
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3.2 Refamiliarization

Prior to formally beginning the tests, the kea were each given 10 trials with the visually
identical training objects to ensure they still remembered which target weight to select. After
they had successfully passed this phase by correctly choosing their target weight object 8/10

times within a session, they were then moved to the testing phase.

Waiting Room

Fig. 12. Map of the kea aviary with experimental compartment and waiting room labeled
(Image credit by Haidlhof Research Station)
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3.3 Testing Phase

Each test session was comprised of 3 parts: Pre-Test, Observation, and Testing.

Pre-Test: To ensure the kea remembered the procedure and were attending to their target
weight, each test session began with 4 ‘pre-test’ trials. During the pre-test, the two visually
identical objects used during both training and refamiliarization were placed at a distance
from the reward box while the kea watched from the waiting room. The kea was then let out
of the waiting room and given the opportunity to select one of the two objects to drop into the
box (Fig. 13). If the right object was dropped in, the kea was rewarded with a 4 of a peanut.
If not, the kea was ushered back into the waiting room without a reward. The pre-test
consisted of 4 trials and the kea had to correctly drop in their target weight object 3 out of 4

times to move to the next phase of testing. None of the kea had any issues passing the pre-test
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each time.

Observation: Immediately after successfully completing the pre-test portion, the kea was
escorted back into the waiting room for the observation phase (Fig. 14). During the
observational phase, the birds were presented with all four pairs of novel objects that would
be used in the session (one pair from each category). This was done to reduce the novelty and
decrease the likelihood that the bird would choose an object based on curiosity rather than its
weight. In this phase, the birds were separated from the objects with a movable fence and

allowed to observe, but not interact with, all 8 objects for 1 minute.

Testing: After the observational period had ended the test phase began. Testing was
comprised of 4 trials within each session with 8 sessions in total per subject. At this stage, all
the objects were removed, and the reward box was placed in the testing compartment along
with the first pair of novel objects from a randomized category. The bird was allowed into the
testing compartment and given the opportunity to choose one of the two objects and then
rewarded with a 1/4 of a peanut if it chose its target weight object (Fig. 15). If the bird chose
wrong, it was gently ushered back into the waiting compartment and the test was reset with

new objects for the next trial.

After each test trial, the bird was escorted into the waiting room while the test was reset using
the next pair of objects. This process was repeated until all four pairs (one pair from each
category) had been presented to the bird. The category order was balanced across 8 sessions
for each subject and the position of the light and heavy objects both within each trial and
across sessions was randomized to prevent the bird from developing a side bias or learning a
particular pattern. In addition, the order of the object pairs within each session was also

randomized to prevent any kind of pattern from potentially biasing the results.
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Fig. 15. Test set-up with objects from Material category
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3.4 Behavioral Coding

There were several behavioral measures that were assessed during each test trial: First
Contact, Choice, and Switching. First Contact referred to the first object the kea touched
when it entered the testing compartment and was the primary measure used during the study.
First Contact was chosen as the primary measure because we were interested in the birds’
spontaneous inferences regarding object weight before they had physically interacted with the
objects. If they approached and contacted the correct object first, that was an indicator that
they were potentially making the connection between the visual properties of the object and
its weight. The second measure, Choice, was chosen because it served as an indicator as to
whether the kea understood the task at hand. If they approached the wrong object first, but
ultimately dropped in their target weight object, that signified to us that they had understood
what was expected of them in the task even if they had not made the correct initial inference.
Finally, Switching, referred to whether the kea switched sides upon contacting the wrong (or
correct!) object. This measure was chosen because we were curious to see if the kea would
recognize if they had contacted the wrong object and whether they would switch. It also
served as an indicator for confusion in the kea as the birds would often switch back and forth
multiple times when they seemed more uncertain about which object was correct within a
particular pair. These measures were all manually noted down in the moment. Additionally,
all sessions were recorded with a video camera and reanalyzed later in case of any doubt

regarding the behavior of the bird during the session or the outcome of a particular trial.

4. Results

4.1 Methods Used in Analysis

Data were analyzed in R (version 3.6.0). To analyze whether, as a group, the birds performed
above chance level (0.5) in any of the four object categories, we performed one sample t-tests
on the birds’ first contacts, and ultimate choices. We used one-tailed binomial tests to
determine whether individuals first contacted or chose the correct object above chance within
each object category (i.e., 7/8 or more trials correct). A paired samples t-test was used to
compare the number of switches (i.e., contacting one object before dropping in the second)

depending on whether subjects first contacted the correct or incorrect object. We also
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descriptively assessed subjects’ side biases by session and overall. This could provide a rough
idea of the strategy subjects were using when they first approached the objects; specifically,
whether they tried to first choose based on visual information and adjusted as necessary once
feeling the weight of the object, or whether they stuck with a single side, ignoring visual
information, and adjusted based on the felt weight. To do this, we calculated the total number of
times subjects first contacted the Left object in each session as well as overall, using a binomial

level of significance (i.e., 24 or more choices on one side, p < 0.05) for the overall choice data.

To estimate the effects of Object Category on first contact (binary, correct or incorrect), we
fitted a Generalized Linear Mixed Model [GLMM, Baayen, 2008], with a binomial error
structure and logit link function using the function Imer of the package Ime4 [Bates et al.,
2015]. We included Object Category as a fixed effect, as well as Target Weight and Session to
control for the effects of the latter two. Subject and object pair were included as random
intercepts effects. We included all theoretically identifiable random slopes, specifically: object
category (manually dummy coded and centered) and session (z-transformed) within subject,

and session and target weight (manually dummy coded and then centered) within object pair.

We began with a maximal model [Barr et al. 2013] which included the correlations among
random intercepts and slopes, however, those among the random effect of Object Pair had
absolute correlation values near one, suggesting these to be unidentifiable [Matuschek et al.,
2017]. Removing these correlations from the model led to a minor reduction in model fit (log-
liklihoods, model with correlation parameters included: -294.8193, model without correlation
parameters: -295.6457). As an overall test of the effect of Object Category, Target Weight, and
Session, we used a likelihood ratio test [Dobson, 2002] to compare the full model to a null
model excluding these three effects. Tests of the individual fixed effects were derived using

likelihood ratio tests [Barr et al. 2013]; R function drop1 with argument ‘test’ set to ‘ChiSq.’

Model stability was assessed using a function kindly provided by Roger Mundry, which
compared the estimates obtained from the model based on all data with those obtained from
models with the levels of the random effects excluded one at a time [Nieuwenhuis et al., 2012],
revealing the model to be stable (see results). Collinearity, determined for a standard linear
model lacking the random effects and the interaction, did not appear to be an issue (variance

inflation factors, obtained using the VIF of the package car, were all near one; [Quinn and
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Keough, 2002]). Confidence intervals were derived using the confint function of the package

Ime4 (Bates et al., 2015) using the Wald Method.

The sample for all models encompassed 447 trials (including 248 successes), taken from 14

individuals out of 8 sessions.

4.2 Test Results

Our primary measure for whether subjects made inferences about object weight prior to
contacting the object was based on which object the birds first touched in a trial. Overall, 5/14
subjects first contacted the correct object above chance in at least one object category (see
Table 3), with one of these subjects (Frowin) performing above chance in two categories (Size
and Quantity). All subjects performed at chance levels in the Volume category. As a group,
subjects did not first contact the correct object significantly more than would be expected by
chance in any of the four object categories: (Size: X = 4.5, (t(13)=1.102, p = 0.291; Quantity: X

= 4.9, (1(13)=1.710, p = 0.111; Volume: X = 4.3, t(13)=1.578, p=0.139; Material: X = 3.9,
t(13)=-0.186, p=0.856).
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Correct Correct Correct
Subject 1% Correct Subject | Category | 1% Choice
(Heavy) | Category | Contact Choice (Light) Contact
Anu Pick
Size 7 8 Size 5 8
Volume 6 8 Volume 5 7*
Quantity 5 8 Quantity 3 6
Material 3 5 Material 4 6
Coco Plume
Size 4 8 Size 4 5
Volume 4 7* Volume 5 7
Quantity 4 8 Quantity 5 6
Material 7 6* Material 4 6
Diana Roku
Size 6 8 Size 5 8
Volume 5 8 Volume 5 7
Quantity 6 8 Quantity 3 5%
Material 5 7 Material 6 8
Frowin Sunny
Size 7 8 Size 2 8
Volume 4 7* Volume 4 6
Quantity 8 8 Quantity 2 5
Material 2 8 Material 2 5
Kermit Fay
Size 7 8 Size 3 8
Volume 4 8 Volume 2 5%
Quantity 6 8 Quantity 4 6*
Material 3 7 Material 5 7
Odo Pancake
Size 3 7 Size 3 7
Volume 4 8 Volume 4 8
Quantity 6 8 Quantity 4 8
Material 4 7 Material 3 5
Lilly Kiri
Size 4 8 Size 3 8
Volume 4 8 Volume 6 5%
Quantity 8 8 Quantity 5 6*
Material 3 4 Material 4 6

Table 3. Breakdown of successful first contacts and choices per object category for each subject. Subjects
with a “Heavy” designation had a target weight of 116 grams while subjects with the “Light” designation had
a target weight of 16 grams. The * mark indicates that the results from one or more sessions were counted as
“0” because the subject did not make a choice (see Results for more details)

In terms of which object was ultimately dropped into the box, the birds showed very high

accuracy dropping in the correct object significantly more than would be expected by chance in

all categories (see Fig. 16): (Size:
p < 0.001; Volume :
t(13)=6.972, p < 0.001). In certain trials,

£(13)=8.251,

Xi
|

X

= 7.6, t(13)=16.19, p < 0.001; Quantity:
7.1, 1(13)=10.724, p < 0.001; Material:

x

X = 6.9,
X = 6.2,

the kea failed to choose an object to drop into the box.
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In these cases, the trial was reset, and the kea were given a second opportunity to select an
object to drop into the box. In the case that they did drop an object into the box this was denoted
with either a “1” to indicate a correct choice or a “0” to indicate an incorrect choice. In instances
where the kea failed once again to make a choice, this was also indicated with a “0.” This is
denoted in Table 3 with an asterix mark next to the number to indicate that in one or more trials
in a given category the kea failed to make a final object choice, and the result was recorded as
«0.”

Choice by Object Pair

Volume Material

Size

10-
8-
- .
4-
2_ H L 4
0- 1 1 1 1 1 1

1 2 5 6 7 8

3 4
Fig. 16. Plot depicting the final object choice of each subject over the 8 sessions. Dashed line represents the
median, dotted lines represent upper and lower chance limits, such that bars at or above upper dotted line would
reflect a significant group-level tendency to choose the correct object of that pair, and bars at or below lower
dotted line would reflect group level tendency to choose the incorrect object of the pair

Total subjects correct

3

Object Pair
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Table 4. Results of GLMM of effects of Object Category, Target Weight, and Session on probability to first
contact correct object in each trial. Includes estimates, standard errors (SE), confidence intervals (CI), test results
and minimum and maximum of model estimates after dropping levels of individual random effects sequentially

Term Estimate | SE Lower | Upper Df |P Min Max
CI CI

Intercept 0.525 0.246 | 0.042 1.008 0.399 | 0.665

Object Category | -0.268 0.303 | -0.861 | 0.326 2.093 |3 0.553 | -0.431 | -0.123

— Material

Object Category | 0.308 0.329 | -0.337 | 0.953 0.144 | 0.452

— Quantity

Object Category | 0.053 0.291 | -0.518 | 0.624 -0.068 | 0.199

— Size

TargetWeight -0.588 0.282 | -1.141 | -0.034 4.033 |1 0.045 | -0.699 | -0.454

—Light®

Session®” 0.183 0.112 | -0.036 | 0.401 2.576 |1 0.109 | 0.142 | 0.228

(1) Dummy coded with ‘heavy’ being the reference category

(2) Z-transformed to a standard deviation of zero and a mean of one

There was no significant effect of Object Category (see Table 4 above) (x*=2.093, df=3, p =

0.553) or session (x* =2.576, df=1, p = 0.109) on whether subjects first contacted the correct

object, however, there was a significant effect of Target Weight x*=4.033, df=1, p = 0.045).

Specifically, subjects with the heavy target weight were more likely to first contact the correct

object. Visual inspection of the plots revealed the difference between target weight categories

to be most pronounced in the Size and Quantity categories (Fig. 17 next page). Post Hoc

binomial tests revealed that the birds showed strong, group-level preferences for the heavier

object (regardless of their target weight) in three object pairs (Size: Pair 6, and Quantity: Pairs 2
& 4, see Fig(s). 18a, b, ¢).

a

Fig(s). 18a, b, c. The heavy objects from: pair 6 in Size category (left

image), pair 2 (middle image) and pair 4 (right) from the Quantity

category (to see the light version of these objects refer to Fig(s). 8 and 9)
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First Contact by Object Pair
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Object pair

Fig. 17. The total number of subjects (out of 14) in either target weight category that first contacted the heavy
object within a pair. Dashed line represents the median, dotted lines represent upper and lower chance limits
such that bars at or above upper dotted line would reflect a significant group-level tendency to first contact the
heavy object of the pair, and bars at or below lower dotted line would reflect group level tendency to first
contact the light object of the pair

As subjects were allowed to contact both the heavy and the light objects during each trial, we
assessed whether their tendency to switch (i.e., contact the second object after contacting the
first object) depended on whether they first contacted the correct or incorrect object. A
necessary precondition for selecting the correct object was switching when subjects first
contacted the incorrect object. Indeed, subjects switched an average of 11.64 times (range: 6
— 15) throughout their 8 sessions (Fig. 19), and significantly more often when they had first
contacted the incorrect object (paired samples t-test: (t(13)=16.111, p < 0.001).

42



The subjects’ switching and choice performance indicates that they clearly understood the
task (and that side biases were not a problem for choice). When assessing whether subjects
exhibited side biases when first contacting an object, we found that 12/14 subjects exhibited a
side bias of either 100% right or left first contacts in at least one session (see Fig. 20), but
that, overall, only 4/14 subjects (all males, 2 in the light group, 2 in the heavy group) first
contacted the Left object significantly more than would be expected by chance (i.e., 24 or

more times out of 32 trials).

Switches by first contact

15 -

N
o
1

Sum Trials Switched

Incorrect Correct
First Contact

Fig. 19. Plot showing subjects’ total trials in which they switched after first contacting the
correct or incorrect object. Thick black line denotes median, box denotes interquartile range
between 25™ and 75" percentile, whiskers show range of data within IQR*1.5
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Side bias over session
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Fig. 20. Total number of trials within each session in which the subject first contacted the Left object.
Lower bars (or values of zero) reflect a tendency to select the object on the right side

As we had no a priori reason to believe there would be sex differences in performance,
and to avoid overfitting our model, we did not include sex as an effect in our analysis.
Descriptively speaking, on average, males did (very) slightly better than females at both
selecting the correct object and at first contacting the correct object. Males correctly chose the
correct object an average of 29.1 times and correctly contacted the correct object first an
average of 18.4 times. Females chose the correct object an average of 26.7 times and contacted
the correct object first an average of 17.1 times. We did not have a sufficient distribution of age

categories to examine its effect on the keas’ success during the task.
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5. Discussion

5.1 Overall Performance

In this study we attempted to answer the question, “Do kea use visual cues to infer the weight
of an object prior to interacting with it?” According to the results, the initial answer to this
question appears to be that they do not or, at least, that there is no evidence to suggest that
they do. Over the course of the study, less than half of the kea (5 out of 14) first contacted the
correct object above chance in at least one category. Only one of the kea, Frowin, contacted
the correct object first above chance in more than one category (Size and Quantity). Overall,
at the group level, the kea did not contact the correct object first significantly more often than
chance in any category, potentially indicating that kea do not rely on visual cues such as size

or material to infer the weight of an object prior to interacting with it.

While the kea did not contact the correct object first significantly above chance, they did,
however, ultimately choose the correct object significantly above chance (Fig. 16).
Additionally, the kea frequently switched sides when first contacting the incorrect object
(refer to Fig. 19 in Results), indicating that they understood what was required of them in this
task. These results further suggest that while kea in general may not be relying on visual cues
such as size, volume, material, or quantity to discern the weight of an object prior to touching

it, they are highly sensitive to differences in weight upon handling an object.

There are several potential explanations for why the kea may not have first contacted the
correct object significantly above chance in this study. Each of the following reasons is

broken down in its own section below.

5.2 Kea Do Not Rely on Visual Cues?

An initial possibility worth considering is that kea truly do not rely on visual cues to infer
weight prior to physically interacting with an object. The few studies exploring whether
different animal species use visual cues to determine object weight have previously met with
mixed results. Avid tool users, capuchin monkeys use stone tools to break open nuts and

show a preference for heavier, more effective stones [Spagnoletti et al., 2011]. A study
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conducted in 2009 with wild capuchin monkeys established that capuchins are able to rely on
visual information to infer the weight of different stones tools [Visalberghi et al., 2009]. In
the case of these wild capuchins, they relied on visual cues about the properties of stones
such as size and material to identify the functional stone whenever such cues were reliable
and readily available. Without such cues, the capuchins would turn to exploratory behaviors
much as the kea have been shown to do in this study; tapping, moving, and/or lifting the
different experimental stones in turn [Visalberghi et al., 2009]. Similarly, it has been shown
that captive chimpanzees appear to rely on the visual cue of size to decide how much effort to
apply in lifting an object [see Experiment 4; Povinelli, 2012, p. 79]. In contrast to the
capuchins, however, these same captive chimpanzees seemed not to rely on other visual cues
such as material and texture to infer the weight of the objects [see Experiment 6; Povinelli,
2012, p. 83]. One explanation for the success of the wild capuchins over the captive
chimpanzees in this regard was put forward by Visalberghi and her colleagues when they

wrote that,

Wild capuchins’ recognition of the affordances of objects relied on their lifelong
experience with a wide variety of nuts and stones. In captive nonhuman primates,
training involving a larger and more varied set of stimuli allows better generalization
of abstract concepts [Visalberghi et al., 2009, p. 215].

Presumably, while the captive primates’ varied experiences enhanced their ability to grasp
abstract concepts, it is the repeated experience with a set of particular stimuli that gives the
wild capuchins the ability to discern from sight alone whether a stone will be a heavy,
effective tool or not. Indeed, one of the primary critiques of the comprehensive weight studies
Povinelli and colleagues undertook is based on the fact that they used captive chimpanzees in
those studies and their inability to solve the various tasks presented to them may have more to

do with their atypical upbringing than with their cognitive abilities [Buckner, 2013].

Unlike kea, both chimpanzees and capuchins are habitual tool users in the wild [ Spagnoletti

et al., 2011] potentially making the connection between certain visual cues and the weight of
an object more salient for them. As Visalberghi and colleagues wrote in their 2009 paper, the
“repetitive effective use of a tool induces a plastic modification of the body representation in
the brain” [p. 215]. Wild capuchin and chimpanzees routinely use heavy stones to break open

nuts, potentially creating a perceptual link between the visual qualities and the heft of certain
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stone types and their effectiveness. While kea clearly rely on visual information (and have
innovated tool-use under certain circumstances, see Goodman et al., 2018), it is possible that
they do not link visual cues and weight because they do not regularly rely on or use objects as
tools in a manner that would make knowing the weight of an object prior to physically
interacting with it important. Instead, kea seem to rely heavily on haptic exploration and will

go out of their way to engage directly with novel objects in their environment.

Known for being both intensely curious and intensely playful, kea often interact with objects
simply to satiate their curiosity [Lambert et al., 2017]. As foraging generalists living in a
harsh, seasonal environment with low predation, kea occupy an ecological niche that tends to
produce neophilic, exploratory species [O’Hara et al., 2016]. This exploratory ‘touch first,
ask questions later’ approach may have an adaptive role; foraging generalists such as kea
living in changing environments typically have more to gain from adopting a neophilic
attitude as it exposes them to a wider range of potential food sources [Greenberg & Mettke-
Hofmann, 2001; Diamond & Bond, 1999]. The benefits of such an approach can also be seen
in the literature; in a study on flexibility in problem-solving and tool-use in kea and New
Caledonian crows using a food baited Multi-Access Box, the kea were both more
individualistic in their solutions and quicker to come up with multiple solutions while solving
the box than the more neophobic crows [Auersperg et al., 2011]. The researchers speculated
that the balance between neophilia and neophobia in the kea and the crows, as well as their
different exploratory behaviors, were likely responsible for the difference in their approaches
and levels of success. As the researchers put it, “The kea showed more haptic exploration
while the crows, probably due to their higher level of neophobia, seemed to explore more in a

visually guided manner” [Auersperg et al., 2011, p. 5].

While kea clearly rely on visual information, the urge to haptically explore objects seems to
commonly override any dependence on visual information. Whereas other, more neophobic
bird species such as New Caledonian crows seem to rely more heavily on visual information
[see Auersperg et al., 2011] kea seem to prefer haptic exploration above all else. This was
further demonstrated in a 2011 paper that showed that while captive kea could more quickly
learn a new skill when it was demonstrated to them by another kea, they soon reverted to
indiscriminate haptic exploration to solve the task rather than relying on the visual

demonstration provided by the other kea [Gajdon et al., 2011].
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In a way, the keas’ propensity to physically explore everything they come across makes the
results of this current study all the more surprising as it would seem that the kea would have
ample opportunity to form perceptual associations between object properties and weight.
However, one of the major benefits associated with being able to infer the weight of an object
from its visual properties is that it decreases risk; it is, after all, often much safer to assess a
situation at a distance. For species that occupy habitats with variable or high-predation levels,
it is safer to be neophobic and to rely more heavily on visual information gathered from a
cautious distance [Brown et al., 2013; Greenberg et al., 2001]. In the case of the kea, a low-
predation level means that there is usually minimal risk to approaching and exploring an
object directly. For this and other reasons, it is possible that visual discrimination is simply

not an evolutionarily or culturally favored means of information gathering for the kea.

5.3 Potential Methodological Limitations

As with any study, it may be that limitations within the study design itself influenced the
success of the kea. While care was taken to eliminate any potential design flaws that could
influence the keas’ behavior, it is still possible that the kea were affected by a previously

unnoticed issue. In this section, we will explore possible limiting factors.

Prior to testing the kea, a pilot study with one male subject, Paul, was completed. During the
pilot, Paul successfully contacted the correct object first in 8 out of 10 trials and his success
seemed to indicate that the methodology used was appropriate. However, there are several
potential limitations to the test set-up that might have affected the ability of the kea to infer

the weight of the objects based on visual cues alone.

The key parameter used to measure success during the study was whether the kea contacted
their target weight object first or not [i.e. the ‘correct’ object]. Regardless of which object the
kea contacted first, they were then able to freely choose an object to drop into the box. One
possibility is that rewarding the kea for dropping the correct object into the box, regardless of
which object they contacted first, disincentivized them from immediately contacting the
correct object. The kea are known to rely heavily on extensive search behavior, although
whether this search behavior is primarily oriented towards gaining information or as a form
of play is still under debate [Diamond & Bond, 1999]. In Schloegl et al.’s 2009 study they
used a foraging task (fashioned after an original task developed by Call and Carpenter
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[2001]) in which both kea and ravens were simultaneously presented with both straight and
bent tubes, one of which was always baited with a food reward. In the study, the ravens
quickly disposed of the empty, straight tubes when the opening was facing them, relying on
visual information to verify the absence of food. The kea, however, studied both ends of the
empty, straight tubes in nearly a third of the trials before finally picking the tube with the

food reward.

This preference for extensively exploring a novel object or situation, even if clear visual
information exists to direct the kea immediately to the correct answer [as existed in Schloegl
et al.’s, 2009 study], could easily influence testing results involving a choice between novel
objects by compelling the kea to explore all the objects prior to completing the task. In their
2012 paper, O’Hara and colleagues made the point that, “the kea seem to frequently have
other priorities than recovering the reward as fast as possible at the beginning of a new task.”
[O’Hara et al., 2012, p. 28] Without a penalty for initially choosing incorrectly in the current
study, there was no incentive for the kea to limit their explorations to the correct object.
Instead, they could opt to physically explore both of the novel objects prior to making a

choice, starting with the object that appeared the most novel and/or interesting.

The potential for this to be an issue was identified at the beginning of the study and there are
two primary counterarguments to it. The first is that in similar, earlier weight studies, we find
that the kea do not typically waste time approaching the wrong object or tool if they already
recognize which one is needed [Lambert et al., 2017]. While they are quite curious, in the
observed cases (including in the pilot with Paul), it did not seem to override their desire to
receive a piece of prized peanut as soon as possible. Second, an attempt was made to reduce
the novelty of the objects in the current study by both choosing materials that the kea were at
least passingly familiar with, and by including an “observation period” of 1 minute during
testing to allow the kea to see (but not interact with) the objects. While this was done under
the assumption that it would take the ‘edge off” the keas’ curiosity, it is possible that these
measures were insufficient at eliminating object novelty and reducing the keas’ urge to

thoroughly, and haptically, explore both objects.
One potential way to mitigate these concerns in the future would be to test the kea using an

ephemeral choice test where the kea are presented with two (or perhaps more) object choices

but are only rewarded based on the object they touch first (the other untouched objects being
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removed as soon as the kea has first touched one). By making it costly to first contact the
wrong object, this could eliminate, or at least reduce, the keas’ interest in exploring multiple
objects prior to making their final choice. In addition, a simple way to make contacting the
wrong object less appealing would be to place the two objects much further apart so that the
kea would have to exert more effort to contact an object simply for the sake of exploring it.
Finally, to help reduce novelty, the objects used in the test could be placed in the keas’
enclosure for an extended period of time prior to testing (perhaps a day or more). During this
‘exposure time’ the objects would be enclosed or cordoned off in a way that would allow the
kea to see them but not physically interact with them (to avoid allowing the kea to develop
potential weight associations with the objects). This prolonged visual exposure would help
address the concern that the observation period used during testing was simply too short to

overcome the kea’s curiosity about novel objects.

5.4 Object Preferences

Another potential consideration is that the objects themselves influenced the choices of the
kea. Some of the objects such as the heavy object in pair 4 from the Material category and the
heavy object in pair 1 from the Material category (see Fig(s). 21a, b) performed particularly
poorly with the kea. At a group level, the kea seemed to favor the light object from pair 4
(Material) in terms of which object they contacted first. The heavy object in pair 1 (Material)
likewise seemed to fare poorly at a group level with the kea in both assessment categories:

First Contact and Choice, with the kea showing a preference for the light object in both.

R Q@ A

Fig(s). 21a, b. Heavy object from pair 1 (far left) and heavy object from pair 4 (far right) from the Material
category with their lightweight counterparts

Other objects that performed poorly with the kea included the light objects from pairs 2 and 4
in the Quantity category (see Fig(s). 26a, b on p. 55). The kea showed a strong group level
preference for the heavy objects in these two pairs in the First Contact category and the kea
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were also the least successful at choosing the correct object to drop into the box when
choosing between the light and heavy objects in pair 2. While the upcoming section will
focus on pairs 1 and 4 from the Material category, a potential explanation for the keas’

performance with pairs 2 and 4 from the Quantity category will be discussed further down.

The kea were originally trained to distinguish between weights using rectangular, grey cubes
(see Fig. 6 in Methods). The objects used in testing (as shown above in Fig(s). 21a, b, and
below in Fig(s). 22 and 23) were frequently quite different looking from the objects that the
kea were familiar with from training. While the kea did have a ‘pre-test’ session with the
original grey objects (see Methods) prior to every testing session in hopes that it would
remind the kea of what was expected of them, it is possible that the differences between the
familiar objects and the testing objects occasionally threw them off. In the case of the heavy
objects in pairs 1 and 4 in the Material category, the objects may just have been too

unfamiliar to the kea for them to recognize what was expected of them.

Another possibility is that some of these objects performed poorly with the kea — not because
they were too unfamiliar — but because they were too interesting. One of the objects (see Fig.
22), a heavy clay ball wrapped in fronds, proved to be a favorite object for the kea to unleash
their destructive energy upon. When this happened, the kea would need to be ushered out of
the testing compartment without a reward and the test would be reset. If the kea once again
attempted to destroy the object, testing would continue using the next set of objects and the
kea would receive a ‘0’ in regard to object Choice. It is possible that having interacted with
either the heavy or light object the kea then associated that weight object (even if it was the
correctly weighted one) with not receiving a reward and were therefore more reluctant to
choose it again the second time, biasing the results. In these cases, first contact was counted
only from the first trial while a second trial was used to determine which object the kea
would ultimately select. In all cases, care was taken to indicate the results were from a second

trial.

Addressing both of the above mentioned issues in future testing requires a similar approach
as previously mentioned: limiting object novelty. By using objects that the kea are more
visually familiar with and avoiding using materials that the kea associate with food or with

play (such as the object in Fig. 24 which we later discovered was similar to something the
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animal keepers occasionally gave the kea as enrichment), the kea would be less curious about
the object and more likely to interact with it appropriately. While the enrichment association
with the object in Fig. 24 (light, pair 8, Material) did not seem, in this case, to strongly bias
the kea towards contacting the object first (if anything, the kea actually showed a slight

preference for the heavy object in the pair), it could have very easily done so.

Fig. 24. The light object in

Fig. 22. The heavy object of pair > 2T .
pair 8 in the Material category

4 from the Volume category
A final explanation for the apparent object preferences exhibited during testing concerns the
prior associations the kea may have with those objects. Certain objects may have been
initially investigated, or even chosen by the kea, because the kea already associated them
with food rewards from prior testing experiences. The captive kea at Haidlhof have been a
part of ongoing cognitive tests for many years, and it is possible that some of the object types
used in this experiment were used previously. For instance, prior studies investigating the
keas’ understanding of weight also used different colored clay objects [Lambert et al.,
unpublished data]. Although care was taken to ensure none of the objects used in the current
study were identical to previously used clay objects, it could be that the kea have formed
positive associations with certain colors or shapes over multiple rounds of testing and that
certain objects were then chosen during this study due simply to their apparent similarity.
This could perhaps explain why the heavy object in pair 6 from the Size category was
strongly preferred by the kea at a group level in the First Contact category (Fig. 25).
However, any clay object pairs used in this study were matched in terms of shape and color
and varied only in terms of size and volume which should have addressed this issue to some

extent.
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Fig. 25. Pair 6 (Size). Heavy object is on the right

5.5 Side Preferences

Another aspect to consider in discussing the study results are side preferences. While overall
the subjects did not contact one object first over the other at a rate significantly higher than
chance, 4 of the 14 subjects (all males, 2 in the light group and 2 in the heavy group) did
exhibit a strong Left side bias (i.e., the keas’ Left side) when first contacting an object.
Crucially though, even among the 4 males with a Left side bias, the kea had a high rate of
switching when they contacted the incorrect object first and successfully chose the correct
object to drop into the reward box at a rate significantly higher than chance. These results
indicate both that the kea understood the task and that they are sensitive to differences in
weight when directly handling objects. The fact that the kea chose the correct object more

often than not further indicates that side biases did not ultimately influence their choice.

One possible reason the kea showed side preferences during testing is that they may not have
known how to interpret the provided visual cues and so simply chose a side at random and
then switched (or not) depending on the ‘felt’ weight of the object on that side. Since the
position of the correct object was counterbalanced throughout the sessions, the kea would
have been rewarded on a semi-regular basis regardless of which side they started out on
(assuming, of course, that they chose the correct object to drop into the box). Given the
frequency that they were rewarded on any given side and the lack of consequences if they
initially chose wrong, it is possible that the kea frequently started on a particular side out of
habit [Jensen & Altschul, 2015]. This habit of frequently starting on one side (even if it is not
always the side with the correct object and, therefore, the rewarded side) could potentially be
adaptive. As extractive foragers living in a changeable, alpine environment [Greer et al.,

2015], the kea will often expend more energy exploring different food resources and are
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likely to return to food sources that do not immediately, or always, reward their efforts
[Winkler & Leisler, 1999]. In this way, there could be an adaptive component to the kea
returning again and again to the same side despite the fact that each side is only occasionally

rewarded.

While few studies have specifically looked at the visuospatial perception of kea, another
point to consider is that kea, like many bird species, may have a left-sided visuospatial bias
and will naturally gravitate towards the left side without a compelling reason (such as a clear
visual cue) to choose otherwise [Diekamp et al., 2005]. If the kea do not, in fact, rely on
visual cues to distinguish between objects of different weights then it makes sense that they
may instead choose a starting side based on natural preference and only switch sides if, after
they have interacted with the object, they realize it is the wrong weight. In this case, only 4 of
the 14 birds in the study showed a strong Left side bias, but this could potentially explain

their actions in this study.

5.6 Target Weight

Interestingly, there seemed to be an effect of the assigned target weight on how successful
each kea was at contacting the correct object first. The kea assigned the heavy target weight
(i.e., 116 grams) were significantly more likely than the kea assigned a light target weight
(i.e., 16 grams) to contact the correct object first, especially in the Size and Quantity
categories. This effect, however, can be explained by group level preferences among the kea
for contacting the heavy object first in three particular object pairs: Pair 6 in the Size

category, and Pairs 2 and 4 in the Quantity category (see Fig. 18a, b, ¢ in Results).

For the lightweight versions of objects 2 and 4 in the Quantity category (see Fig. 26a, b) it is
possible that the kea simply did not register the objects at first. During testing, the objects
were pushed slightly into the sand to hide any obvious visual imperfections, and given that
objects 2 and 4 were transparent globes (containing a small lump of orange clay in the case of
obj. 2 and partially filled with pebbles in the case of obj. 4), it is possible that they blended
into the sand enough that the kea did not notice them until they had already approached the
other object. While there is limited information available at present on kea visual acuity, two
studies found that ground foraging bird species were less likely to have a high level of visual

acuity [Caves et al., 2024; Dolan et al., 2010]. If this is the case for kea, it is possible it
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impacted their ability to use visual cues to determine the weight of the objects prior to
touching them. Anecdotally, during testing, the kea would occasionally run up and get very
close to an object to inspect it without touching it before either choosing it or switching to the
other object. It could be that the kea simply do not have the visual acuity to perceive
transparent or very small objects from a distance of roughly a meter (the distance from where
the bird waited in the observation compartment to the testing site). An easy fix for this would
be to use larger, opaque objects, and to place them on an even, flat surface such as a wooden

board to prevent one object from being more visible than the other.

Fig. 26a, b. Two of the objects the kea struggled with: Light object from pair 2 (far left) and the light object
from pair 4 (far right). Both from the Quantity category with the heavy weight counterparts

Another possible answer for the target weight preference, however, is that kea, like other bird
species, may have more experience and familiarity with heavy, solid objects and therefore
have an object bias towards objects that appear heavier and more solid. In the Aesop’s Fable
paradigm (dropping objects into water filled tubes to bring floating food closer), it was shown
that certain species of corvids have a strong bias towards solid objects over hollow ones, a
preference the authors of the study explained by stating that, “heavy and solid objects are
likely to be more familiar than light polystyrene or hollow metal structures to many birds,
given that these objects are more similar to the normal stones that birds experience outside of
a test context” [Miller et al., 2016, p. 3]. In a similar vein, if the kea show a default
preference for objects that are solid and heavy (or at least appear “heavy”), the kea with a
heavy target weight may have been, overall, more successful at contacting the correct object

first because they are at an advantage.
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5.7 Age/Sex

Given the uneven distribution of age ranges it is hard to make any inference regarding the
influence of age on success, however, two of the most successful kea in terms of ultimately
selecting the correct object to drop into the box (Kermit and Frowin) were also two of the
oldest kea in the group. Frowin was also the only kea to perform above chance at contacting

his target weight object first in two categories (Size and Quantity).

In terms of the effect of sex, the males seemed to perform very slightly better than the
females at both contacting the correct object first and dropping the correct object into the box.
This is only a descriptive result, however, as since we had no reason to believe that sex would

affect success, we did not analyze the data with this effect in mind.

While it is difficult to make any claims regarding the influence of age or sex on the success of

the subjects in this study, it presents a potentially interesting avenue for future exploration.

6. Conclusion and Directions for Future Research

This study explored the ability of captive kea to infer the weights of objects based on visual
cues alone. Although the results from this study provided no evidence to support the
hypothesis that kea use visual cues to infer weight prior to contacting an object, the study did
provide further, clear evidence that kea are highly sensitive to differences in object weight
and are capable of discriminating between objects based on their felt weight. This result is
broadly in line with research conducted on primates by both Daniel Povinelli, who showed
that captive chimpanzees are capable of learning to sort objects based solely on weight, and
with research done by Schrauf and colleagues, who revealed that wild capuchin monkeys are
capable of discriminating between ineffective light stone hammers and effective heavy stone
hammers using only the cue of weight [Schrauf et al., 2008]. It also reinforces more recent
research establishing birds as potential contenders for further weight research by highlighting
their seemingly heightened sensitivity to weight [Lambert et al., 2021]. Perhaps
unsurprisingly, given the apparent convergent evolution of physical reasoning in primates and
large-brained birds such as parrots, both groups have been shown capable of discriminating

between objects using weight as the sole discriminating factor [Povinelli, 2012; Schrauf et al.,
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2008; Lambert et al., 2021].What is perhaps more surprising is that while different species of
primate have proven to rely on at least certain visual object cues such as size to pre-determine
weight, there is no indication, from this study at least, that kea parrots rely on visual cues at

all.

However, while the results from this study provided no clear indication that kea rely on visual
cues to infer object weight it is possible that this was due, in part, to the use of novel objects
and a binary choice model during testing that rewarded the kea for choosing the correct
object despite first contacting the incorrect (but potentially more interesting) object. To
correct for this, the kea could be tested in the future using an ephemeral choice test where the
untouched object is removed after the kea has made first contact and the kea are only
rewarded for contacting the correct object first. Depending on the value of the reward, this
could prevent the kea from first contacting an object based on curiosity alone. Other possible
considerations for mitigating any testing biases caused by curiosity could include placing
novel test objects within the aviary for extended periods of time to allow the kea to observe
(but not interact with) them and using materials (where possible) that more closely mimic the

training materials initially used with the kea.

Future planned studies in this area include exploring how sensitive the kea are to changes in
weight and establishing the average minimum gradation of weight that the kea can detect.
Over the course of this study the kea have proved to be highly attuned to object weight
despite not seeming to infer weight from visual cues. Testing their sensitivity to changes in
object weight would provide a deeper insight into how the kea view and interact with the
physical world and the properties that govern it. It would also help establish a framework for
future studies exploring weight understanding in kea by ensuring that the objects used are
appropriately weighted for the species. Another area of interest for future study includes
looking at whether the kea rely on absolute or relative rules using the concept of weight. Such
a study would grant us a greater understanding of how the kea make choices and solve
physical reasoning problems in captivity and in the wild. An ever-present question in animal
cognition seems to be “how are they like us?”, and lately, and arguably more importantly,
“how are they different?” Studying what aspects of physical reasoning we share (or may not

share) with kea and other species ultimately helps us answer those questions.
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