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Abstract

Over the last 25 years, New Caledonian crows have impressed scientists with their tool and
problem solving behaviours. From manufacturing their own stick and hook tools in the wild, to
solving metatool, water displacement, and a myriad other problems, this species has greatly
contributed to the change in our perception of birds from ‘bird-brains’ to ‘feathered apes’. This
thesis contributes to our knowledge of the cognition of this species, the New Caledonian crow
(Corvus moneduloides), with three experiments that investigated their decision making,
inhibition, and planning.

The first experiment presented NC crows with a serial reversal learning task, and then compared
their performance to pigeons, in order to compare and contrast speed of learning and flexibility
when adapting to stimuli that change their contingency. Experiment 2 examined the NC crows’
decision-making abilities, as they had to show flexible behaviour across a number of tasks: picking
the correct tool for the presented apparatus and inhibit an immediate response to go for either
an available tool or a reward. This study compared New Caledonian crows ’ performance to that
of human children, human adults, Goffin’s cockatoos, and Orangutans presented with the same
tasks. The third experiment tested the NC crows' use of mental representation and pre-planning
to solve a metatool task. In this experiment, the apparatuses were out-of-sight of each other,
meaning crows had to remember the location of the sub-goal and the goal. The success of crows
at these problems provided strong evidence that they use pre-planning to mentally solve
metatool tasks before they interact with them.

The findings of this thesis provides valuable data on the cognition NC crows use when problem
solving, and how they compare to other species when inhibiting behaviour and making decisions.
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“Be as a bird perched on a frail branch
that she feels bending beneath her,
still, she sings away all the same,
knowing she has wings.”
Victor Hugo
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Chapter One

Introduction

“Only if we understand, can we care.
Only if we care, we will help.
Only if we help, they shall be saved.”
(Jane Goodall)

The field of avian intelligence is a rapidly emerging field, but its roots go deep into human history.
Thousands of years of interaction between humans and birds have led to their integration into
many of our cultures. For example, the Egyptian god of the sky, Horus, was depicted with a falcon
head, symbolising the sun and the moon as he flew across the sky; while in the Old Testament,
in the story of Noah, he sent out a crow and a dove to find land for the Ark. Some cultures treated
birds as omens, such as the ancient Greeks and Romans, who used flocks of birds as indicators of
the will of the gods and to foretell the future (Sax, 2003). Others went so far as to attribute
intelligence to specific groups of birds, mainly those from the corvid family. The Norse god Odin
had two ravens (Corvus corax) named Huginn and Muninn, which translate as “thought” and
“memory” respectively, and these birds would fly all over Midgard and report back to Odin (Sax,
2003; Bellows, 1923). The Hawaiian crow (Corvus hawaiiensis) or ‘Alalā led the souls of the
deceased to the cliffs of Ka Lae, their final resting place (Walters, 2006). Finally, in the myths of
Native Americans the raven is a trickster and creator of light (Bierhorst, 1985; Reid & Bringhurst,
1996).
The Greek philosopher Aristotle was one of the first to study crows and ravens in a scientific
manner, describing in his book “Historia Animalium” how corvids have prolonged parental care
(Sax, 2003). The Greek storyteller Aesop also provides one of the first stories of the innovative
nature of crows, with his fable of “The crow and the pitcher”. In this story a thirsty crow comes
across a pitcher filled with water, but it’s unable to reach the water with its beak. Next to the
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pitcher is a pile of stones. The crow picks up a stone and drops it into the pitcher to raise the
water level until it can reach it and appease its thirst (Gibbs, 2002). While other examples of
inventive behaviour in birds, such as string pulling, were documented both in Ancient Rome by
Pliny the Elder (23–79 AD) and in the Medieval age (de Haan, 1932).
Research on animal intelligence over the last century, focused on our closest relative, the
chimpanzee (Pan troglodytes), and unveiled more of their cognitive abilities (Köhler, 1925;
Povinelli, 2000). Jane Goodall’s ground-breaking discovery of chimpanzees using sticks as tools
to fish for termites (Goodall, 1964), led paleoanthropologist and archaeologist Louis Leakey to
say the famous phrase “Now we must redefine tool, redefine man, or accept chimpanzees as
humans” in response to Jane Goodall’s discovery (Goodall, 1998), as the discovery of using tools
was no longer unique to humans. However, research on bird behaviour and intelligence was not
the focus of similar levels of attention. While the father of ethology, Konrad Lorenz and Nikolas
Tinbergen focused greatly on genetically-determined behaviours in birds, such as imprinting,
there was much less work on complex bird behaviours or the cognition behind it (Lorenz &
Tinberger, 1938).

1.1 A Birds’ Brain – Cognition without Cortex
A key reason for the lack of research focus on bird intelligence came from a misclassification of
the avian brain structure by Ludwig Edinger. Edinger observed that the pallium of the avian brain
appeared similar to the basal ganglia of mammals. Based on the visual difference of the two
brains, Edinger claimed the avian brain evolved from the striatum, a structure in the basal ganglia
predominantly responsible for instinctual behaviour in mammals. Therefore, Edinger concluded
that it seemed likely that birds were capable of instinctual behaviour but little else. Edinger’s
error, that birds are solely driven by instinct, held up until the late 20 th century and led to the
term ‘bird-brain’, which was passed into popular culture as a signifier of stupidity (Emery, 2016).
This perception began to change in the 1990s due to ground-breaking research from two
researchers, Irene Pepperberg and Nicola Clayton. Pepperberg’s work with the “Alex Studies”
showed that an African Grey parrot (Psittacus erithacus), Alex, learned to use the English
language to vocalise and was able to categorise 80 objects of different shapes, colours and forms,
showing that he had a basic capacity for object discrimination and same/different categorisation
(Pepperberg, 1987). Clayton focused on another group of birds, the corvids. Due to the
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observation that some caching bird species store thousands of seeds in late summer and autumn,
and then retrieve them in winter and spring with high accuracy (Balda & Kamil, 1992), Clayton &
Dickinson (1998) examined caching behaviour in Western scrub jays (Aphelocoma californica).
They presented these jays with an experiment in which they were allowed to cache wax worms
and peanuts. After a time delay of 4 hours between caching and recovering, the jays remembered
to retrieve the wax worms, their preferred food over the peanuts, as the wax worms would not
decay over the short time delay. After the second time delay of 124 hours, 80% of the birds
retrieved the peanuts, as the worms were already in a decaying state and therefore not edible
anymore. The authors argue that, based on these results, the jays had an understanding of ‘what’
they were caching, ‘where’ they cached it and ‘when’ they cached it, similar to the episodic
memory of humans (Clayton & Dickinson, 1998).
These two lines of research, on parrots and corvids, respectively, were supported by work on
New Caledonian crows (Corvus moneduloides, henceforth called NC crows). The first recorded
mention of NC crows using tools was by Orenstein (1972), however it was only one observation
of the up and down head movements of a single crow, rather than whether the crow also
successfully foraging with the tool. More than 20 years later, Hunt (1996) discovered that NC
crows not only use stick tools and leaf tools to forage on larvae in bark, but also show highly
sophisticated manufacturing skills of the tools themselves. Some individuals manufacture stick
tools with a hook at the end by carving the branch junctions. Others impose three-dimensional
form on the leaves of the Pandanus tree, tools with barbs running along one edge in a multiplestep structure, allowing a thinner and a wider end to the tool. These Pandanus designs have been
argued to be evidence for cumulative culture (Hunt & Gray, 2004), possibly via a template
matching mechanism, where juveniles imprint on the tool designs of their parents (Jelbert et al.,
2018).
This research, along with studies showing not only a higher level of encephalization in corvids
and psittaciformes compared to other birds, but also that encephalization correlates with feeding
innovations, invasion success and social structure, led neuroanatomists to re-evaluate the avian
brain (Iwaniuk et al., 2009; Lefebvre et al., 1997, 2013; Lefebvre & Sol, 2008). By comparing more
closely the brain of birds and mammals, researchers showed the bird brain possesses equivalent
structures to the mammalian cortex, namely the avian pallium, with the nidopallium
caudolaterale being equivalent to the mammalian prefrontal cortex, hence, the structure
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responsible for paying attention, making decisions and more general cognitive control in birds
(Jarvis et al., 2005).

1.2 Avian Cognition
The realisation that birds have evolved a brain structure equivalent to the mammalian cortex
independently, after their divergence from a common ancestor some 315 million years ago (Jarvis
et al., 2005), alongside the highly intriguing tool, caching and choice behaviour seen in early work,
led to both the emergence of avian cognition as its own field and the suggestion that corvids and
parrots should be considered “feathered apes” (Emery & Clayton, 2004). Since these early
studies, research has extended our knowledge of the types of ‘cognition without cortex’ that
birds are capable of. Work based on Clayton and Dickinsons’s early research on memory
examined the planning abilities of Western scrub jays when caching is a seminal example of this
work. In this study jays cached food in rooms where they knew there will be no breakfast the
next morning (Raby et al., 2007). Over six training days the jays received powdered non-cachable
pine nuts in the evenings in compartment B. The next morning one group received powdered
pine nuts either in compartment A or C (breakfast compartments), whereas the other
compartment was empty (non-breakfast compartment). On the test day the researchers
presented the jays with whole cachable pine nuts in the evening, however they were not allowed
to retrieve their caches in the morning. The scrub jays stored more pine nuts in the non-breakfast
compartment compared to the breakfast compartment. In their second experiment the jays
received either dog kibbles or peanuts in either compartment A or C. The evening prior they were
allowed to cache both food types in compartment A and C. The results showed that the jays
stored more peanuts in the dog kibble compartment and vice versa. The authors conclude that
these jays can plan for future motivational needs (Raby et al., 2007), an ability which had been
argued to be exclusive to humans (Suddendorf & Corballis, 2007).
Taking not only your own personal needs, but also someone else’s wishes, desires and hopes into
consideration was thought to be another cognitive mechanism exclusive to humans. This desirestate attribution helps individuals to predict and explain other’s behaviour based on their desires
and is thought to be a precursor for belief-state attribution, which is also termed Theory of Mind
(Ostojić et al., 2013). To test whether non-human animals possess the ability to know other’s
desires, Ostojić et al. (2013) tested pair-bonded Eurasian jays (Garrulus glandarius), where the
males actively feed their females as part of their courtship behaviour, on a task that included
specific satiety in the females. Specific satiety means satiating the females on one food item,
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which leads to a decrease in the preference for this food without having an impact on desire for
other food items. The females were pre-fed with either wax moth larvae or mealworm larvae,
with their daily maintenance food serving as the baseline for the experiment. In the seen
condition the males observed the females during the prefeeding phase and subsequently showed
a decrease in feeding the observed pre-fed food to the females. However, during the unseen
condition, where the males did not observe what the female had previously eaten, there was no
difference in the food the male provided to the female compared to the baseline, indicating that
the females’ behaviour alone, after eating a specific food to satiety, was not sufficient to change
the males’ provisioning behaviour. These findings are evidence for male Eurasian jays taking the
desire-state of their bonded partners into account and flexibly cater for them when observing
what they have been fed before (Ostojić et al., 2013).
Work has also focused on how flexibly the most sophisticated bird tool users, NC crows,
manipulate their tools. One line of research in this area has examined if these crows are able to
use tools as metatools. Taylor et al. (2007) designed an experiment in which the crow was
required to use an easily accessible short stick to get access to a longer stick placed in a box, and
with the longer stick, they were able to get access to a piece of meat. Three out of seven crows
solved this task on the first trial. In a later experiment, the crows were presented with a similar
set-up, but this time the short stick was attached to a string which hung from a branch, the long
stick was placed in a box and the reward was within a small box (Taylor et al., 2010). The crows
needed to solve this 3-step problem in the correct order to reach the meat, namely, pulling up
the string with the short stick attached, with the short stick they were able to get access to the
longer stick, which worked on the box with the reward, as the short stick was too short to reach.
Four of the seven crows tested solved the problem on their first trial. The authors suggested that
the behaviour of the crows indicated the use of more sophisticated cognitive mechanisms than
simple learning rules (Taylor et al., 2010), although at the time it was not clear what this cognition
might be.
Tool use has been proposed to be an indicator for advanced physical cognition and, according to
the Technical Intelligence Hypothesis, physical problem-solving may be a driver for the evolution
of intelligence (Byrne, 1997). In the avian kingdom, NC crows are highly proficient tool users and
manufacturers, with these behaviours possibly underpinned by cognitive specialisation,
ecological pressure and morphological features (Kenward, et al., 2004). However, several other
corvid species showed remarkable tool use skills in captivity (Bird & Emery, 2009a, 2009b; Cheke
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et al., 2011). In a series of experiments, Bird & Emery (2009b) confronted rooks (Corvus
frugilegus), a non-habitual tool using species in the wild with various tool use tasks. They aimed
to investigate if this non-tool using species would spontaneously use tools, and if such solutions
were insightful. Solving such tasks would suggest that birds have some form of domain-general
intelligence, capable of solving a range of problems they had not evolved to deal with. The first
tasks tested the ability of the rooks to choose the correct size of a stone to drop into a tube in
order to retrieve a reward, as well as if they would retrieve a stone from another compartment
when there is no stone presented with the tube. Interestingly, when provided with different
shapes of stones, the rooks preferred a long thin shaped stone, which worked well for both wide
and narrow tubes. A second set of tasks included using a stick to retrieve a reward and testing if
the rooks could manufacture a stick out of a branch of a tree. Another task checked for the
understanding of a tools’ functionality by presenting the rooks with either a functional stone and
a non-functional stick for the tube, or a functional stick and a non-functional stone. The metatool
task, the hook manufacture and hook use task were more sophisticated tasks that only NC crows
had previously shown evidence of solving In the metatool task (using one tool to retrieve another
tool to get to the goal (Bird & Emery, 2009b; Clayton, 2007; Taylor et al., 2007).
In the metatool task (using one tool to retrieve another tool to get to the goal (Bird & Emery,
2009b; Clayton, 2007; Taylor et al., 2007)), the rooks had to use an initially presented large stone
to get access to a small stone, while ignoring a large stone distractor. With the small stone they
then were able to get access to the reward. In the hook manufacture task, rooks had to make a
hook out of a new material (wire) and then use it to reach a small bucket within a tube and lift
the bucket out, similar to past work on NC crows (Weir et al., 2002). Bird & Emery (2009b) found
that rooks, despite their lack of tool use in the wild, were capable of solving many of the physical
cognition tasks that up to this point had only been solved by the NC crow, which are habitual tool
users and manufacturers in the wild. These problem-solving skills therefore suggested that rooks
possess a domain-general cognitive toolkit capable of solving a range of novel problems.
Other research has shown that spontaneous tool use can also emerge in captive parrots. One
captive Goffin’s cockatoo (Cacatua goffiniana) spontaneously broke off a piece of wood from a
wooden beam to use as a tool in order to reach an out-of-reach cashew nut (Auersperg et al.,
2012). This behaviour was then passed on to the other cockatoos in the group (Auersperg et al.,
2014). These cockatoos are also able to inhibit an immediate response and wait longer for a
qualitatively better reward (Auersperg et al., 2013a). This led to research focused on the domain6

general abilities of parrots to solve tool problems that they have not evolved to solve. Laumer et
al. (2016) combined a delayed-gratification (waiting for a better reward) paradigm with tool use
paradigms to create an experiment to investigate the flexible decision-making skills in cockatoos.
The experiment consisted of two different types of tools (stick and ball), two different
apparatuses for either of the tools, and two different types of rewards of different preference.
With these six components the researchers presented the cockatoos with five different tasks,
namely (1) a tool selection task in which the birds had to choose the correct tool for the presented
apparatus out of a choice of two; (2) a motivation task where the higher food reward was placed
inside the apparatus and outside the apparatus were placed the functional tool and another high
food reward; (3) a quality allocation task where the cockatoos had to locate the high food reward
either inside the apparatus or outside, and depending on the position either choose the tool or
the higher reward; (4) a tool functionality task where cockatoos had a tool that was either
functional or non-functional and had to choose whether to take an immediate low value reward
or use the tool to attempt to gain a high value item; and (5) a test where all 6 components were
combined and the cockatoos had to locate which apparatus held the higher food reward, and
based on that information choose the right tool for the task. This experiment looked into the
abilities of cockatoos to make economic decisions based on the information of the reward and
the tool, finding that these cockatoos performed well at many of these tasks (Laumer et al.,
2016).
These behavioural studies have been complemented by neuroanatomical studies on the avian
brain. For example, in a recent study, Olkowicz et al. (2016) showed that a high brain to body
mass ratio is not the only variable that marks birds as potentially having sophisticated cognitive
abilities. These researchers found that the bird pallium has a much higher density of neurons
than that seen in mammals, with some species having almost double the number of neurons as
a primate brain of equivalent size. Additionally, large corvids (part of the songbird family) and
parrots have the highest absolute number of neuronal brain cells, with the total amount
comparable to that seen in small monkeys (Olkowicz et al., 2016).

1.3 Decision-making, Inhibition and Planning in New Caledonian crows
This thesis builds on the knowledge uncovered by the emerging field of avian cognition by
focusing on the decision making, inhibition and planning abilities of NC crows. There is a growing
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body of research showing that NC crows perform well at a large range of tasks, such as inferring
the weight of an object blowing in a breeze (Jelbert et al., 2019), solving the trap-tube and traptable task (Taylor et al., 2009), constructing compound tools (von Bayern et al., 2018),
spontaneously solving metatool tasks (Taylor et al., 2007; Taylor et al., 2010), manufacturing
hooks out of wire (Weir et al., 2002), keeping a functional tool safe (Klump et al., 2015) and
solving the Aesop fable’s water displacement (Jelbert et al., 2014). However, the degree of
inhibitory control and decision making this species shows compared to other species has not yet
been tested rigorously, nor has the nature of decision-making in this species been examined. Do
these crows make their choices on a moment to moment basis, or are they making mental plans
based on representations of a problem and thinking about their next steps before acting?
The following chapters present the results of experiments conducted on the NC crows to explore
these questions. While Chapter 2 is being prepared for submission, Chapters 3 and 4 are
published articles (as first-author [Chapter 4] and as joint first-author [Chapter 3]). The published
articles have been adapted to fit the format of this thesis by chapters and to focus on the NC
crow side of the research, which was the key focus of this thesis.
Chapter 2 reports the findings on the NC crows’ ability in a serial reversal learning task – where
subjects were required to inhibit their response to a former positive stimulus and choose the
former negative stimulus to gain a reward - to test for their inhibitory control and their cognitive
flexibility. Then the NC crows’ performance is compared to that of pigeons. This dataset is part
of a major comparative study between various corvid and parrot species, which will give
additional insight on corvids’ behavioural flexibility and where NC crows stand compared to other
species.
Chapter 3 investigates the decision making of NC crows when taking into account reward quality
(most preferred vs. least preferred food), two tool types of differing functionality (stick vs. stone
tool) and two apparatuses (stick vs. stone apparatus) (Miller & Gruber et al., 2020). This
experimental design was previously used in Goffin’s cockatoos, a non-tool using species in the
wild, and with tool using and manufacturing capabilities in captivity, and tool using Orangutans
(Laumer et al., 2016; Laumer et al., 2019), allowing for comparisons of the decision making
abilities of these species while using tools.
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Chapter 4 addresses the question whether NC crows can mentally plan several steps ahead, like
humans do when playing chess. As discussed above, NC crows are able to spontaneously solve a
3-step metatool task where all components were visible. However, there are no previous
investigations on whether the NC crows are able to mentally represent different stages of the
task in their mind. I examined if crows are only able to plan in an online manner, and so require
each component of a problem to be in sight, or can instead can pre-plan their steps and keep in
mind the location and content of the sub-goal and goal apparatuses (Gruber et al., 2019).
Chapter 5 discusses the findings of this thesis: reviewing the findings on the cognitive abilities of
NC crows, which were investigated over the course of Chapter 2 to 4, and discusses the
contribution these findings make to our understanding of the cognitive abilities of the NC crows.

9

Chapter Two

Inhibitory control and cognitive flexibility in New Caledonian
crows and pigeons in a serial reversal learning task

Abstract
Animals have to deal with changing environments, which tests their behavioural flexibility in the
wild. To test this ability in the lab, researchers have used the serial revers al learning task, which
measures subjects’ flexibility in switching between different stimuli. In this task, a positive
stimulus (S+) and a negative stimulus (S-) change contingency after reaching a learning criterion,
so S+ becomes S- and vice versa. This change in contingency continues until the animal shows a
consistent level of learning. We tested a habitual tool user, the New Caledonian crow, on a serial
reversal learning task and compared the results to pigeons. Both species showed an increase in
reaching the learning criterion faster with each positive reversal. However, the crows were more
accurate, less dependent on within-block learning and required fewer trials to reach criterion.
This difference in performance is likely due to the higher brain to body mass ratio and higher
neuronal density seen in corvids compared to other avian species.

Contribution
This study is part of a major collaboration with the “Avian Cognition and Brain Consortium”
comparing several avian species (including pigeons, corvids and parrots) on the same serial
reversal learning task. The data on the New Caledonian crows was collected by myself. The
pigeon data was kindly provided by Jonas Rose and Lukas Hahn. I analysed the data with input
from my collaborator Scott Claessens, then wrote this chapter, with input from my supervisor.
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2.1 Introduction
Animals have to adapt to an ever-changing environment, which requires both inhibitory control,
and behavioural flexibility (Miller et al., 2019). Inhibitory control is “the ability to control
reflexive, conditioned or otherwise learned responses in order to choose a conflicting, more
rewarding or complex course of action (behavioural inhibition) or course of cognition (cognitive
inhibition)” (Miller et al., 2019). Behavioural flexibility is defined as an animals’ adaptation to an
external or internal environmental change (Audet & Lefebvre, 2017).
To investigate cognitive flexibility in a different animal species, scientists have generally used
three different task-switching tests: the A-not-B task, the cylinder task and the reversal learning
paradigm (Diamond, 2013; Lambert et al., 2019). In the A-not-B task, the subject observes that a
reward is hidden in location A and is then allowed to retrieve the reward. This happens for several
trials. In the critical test trial the object or reward is visibly hidden in location B, meaning the
individual needs to inhibit the past association of food with location A and instead look in location
B for the reward (Lambert et al., 2019; MacLean et al., 2014). In the cylinder task a reward is
initially hidden in an opaque cylinder and the individual has to detour around it to get access to
it. After 5 consecutive successful trials the critical test trial is presented, where the opaque
cylinder is changed to a transparent one and the individual has to inhibit moving straight toward
the reward (through the transparent barrier) and rather detour around it. The final paradigm
used to investigate cognitive flexibility and self-control is the reversal learning paradigm. In this
paradigm the individual learns to choose between a positive and a negative arbitrary stimulus
(e.g. objects, photos or screen images) in order to receive a reward. Once the animal meets a
given criterion for consistently choosing the correct stimulus, the reward contingency of the two
stimuli changes, meaning that the former positive stimulus is now negative, and the former
negative is now the positive stimulus (Gossette et al., 1966; Lambert et al., 2019). This reversal
of contingencies is then repeated multiple times and the pattern of learning is compared across
species to identify differences in learning speed, learning accuracy and the trials needed to reach
criterion (Bond et al., 2007; Teschke et al., 2013).
Recently MacLean et al. (2014) tested 36 species on both the A-not-B task and the cylinder task.
Based on the interspecies differences in performance, the authors claimed that the absolute
brain size of a species predicts self-control abilities, rather than their relative brain size (MacLean
et al., 2014). This was a highly surprising result given evidence that the relative brain size of a
species is an indicator of cognitive flexibility and faster learning (Güntürkün et al., 2017; Jarvis et
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al., 2005; Lefebvre et al., 2013). A closer look at the results suggested this finding might be an
artefact of the tasks being harder for species that have a lack of experience with tracking hands,
which is needed for the A-not-B test, and a lack of experience with Perspex, which is needed for
the cylinder task (Kabadayi et al., 2016). In support of the former issue Jelbert et al. (2016) tested
two groups of NC crows on the A-not-B task, with one group receiving hand-tracking training
before the test and the second group receiving reversal learning training beforehand. The
additional hand-tracking training, rather than additional experience at an inhibitory control task
more generally, increased the chance of success for the crows. The authors therefore concluded
that the crows improved their performance by learning to track a hand, which might be a limiting
factor for the conclusions of the MacLean et al. (2014) study. Species that have less extensive
experience tracking hands (such as non-primates) might have failed not because of a lack of
inhibitory control, but because they struggled to track the hands of the experimenter (Jelbert et
al., 2016; Kabadayi et al., 2016).
In contrast to the A-not-B test and the cylinder test, the reversal learning test has been
successfully used to establish differences in inhibitory control between species. For example,
Bond et al. (2007) compared three North American corvid species in a reversal learning colour
discrimination task. They found no significant differences in the initial acquisition phase between
the pinyon jays (Gymnorhinus cyanocephalus), Clark’s nutcrackers (Nucifraga columbiana) and
California scrub jays (Aphelocoma californica), but over the course of the reversals, pinyon jays
were faster to respond than the other two species. Similarly, when comparing NC crows with
carrion crows (Corvus corone) and woodpecker finches (Camarhynchus pallidus) in a reversal
learning task, NC crows and carrion crows showed no difference in their performance in the
acquisition phase and the reversal, however, the woodpecker finches were faster in the
acquisition phase but not in the reversal phase (Teschke et al., 2013).
The reversal learning test therefore appears to be a highly useful paradigm for measuring
inhibitory control in a standardised way across the entire avian family. By using a standardised
test across multiple species, insight can be gained into how this ability evolves. Therefore, the
Avian Cognition and Brain Consortium designed a serial reversal learning study using the colours
blue and orange as colour discriminations and the same methodology. While the whole project
involves testing several corvids, psittaciformes, pigeons and common mynas (Acridotheres
tristis), this chapter reports a comparison that is of interest in its own right, between NC crows
and the pigeon (Columba livia). We predicted that both species would increase their probability
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of success over the course of 15 serial reversal learning sessions, but that NC crows would
perform better in both the acquisition and reversal phase than the pigeons, due to their higher
brain to body mass ratio and the higher neuron density of their brains (Güntürkün & Bugnyar,
2016; Güntürkün et al., 2017; Olkowicz et al., 2016).

2.2 Material and Methods
2.2.1 Subjects
We tested 9 wild-caught NC crows on the island of Grand Terre in New Caledonia. Based on the
beak coloration and size dimorphism (Kenward et al., 2004), five of the crows were juveniles less
than 1 year old (Neptune, Triton, Mars, Jupiter, Venus) and four were adults more than 3 years
old (Mercury, Io, Saturn, and Uranus). Four out of the nine crows were females (Mercury, Uranus,
Neptune, and Triton) and five were males (Io, Saturn, Mars, Jupiter, and Venus). The crows were
held captive from April to July 2018 in a 10-cage outdoor aviary, with each cage measuring at
least 7 x 4 x 3m. The crows were kept in family groups between 2 to 4 individuals. Their daily diet
consisted of meat, fruits, soaked dog-food, egg, and water was available ad libitum. During
experiments crows were separated individually from the family members and tested in a
compartment with no visual access to the other crows. Our research was carried out under the
approval of the University of Auckland Animal Ethics Committee (reference no. 001823).
12 pigeons were tested by the researchers of the Ruhr-University in Bochum, Germany, and
provided me with the data. This way I was able to draw a comparison between pigeons and the
NC crows for this thesis. The pigeons were tested individually in a small testing chamber
containing a touchscreen. All pigeons were adults and had pre-experience in working with the
touchscreen.

2.2.2 Apparatuses
The apparatuses used were made of two wooden squares glued together (4 x 5cm) with a 4cm
deep plastic tube on top (henceforth called containers) to hide a piece of meat that functioned
as reward (Figure 2.1). The containers were spray painted with children safe paint in black, silver
and pink for the training, and orange and blue for the test. The pigeons were tested on a
touchscreen with the same colour stimuli, orange and blue, and the same general procedure.
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Figure 2.1 Containers used for the test. The reward was hidden inside on of the containers in a way the
crow could not see it when approaching from the perch in the back leading down onto the table.

2.2.3 General Procedure
Crows were tested alone and out-of-sight of their group members. Testing happened on a table,
which was easily accessible for the crows by a branch leading down to it from a branch higher up
in the aviary. On the bottom of the branch or right on the table in front of the branch was a
scratch of meat, which ensured that the crow would come down and make a choice. The two
containers were facing with the back to the crow, so that the opening with the reward inside was
facing away from the subjects. The containers were standing 60 cm apart from each other and at
a slight angle away from each other to avoid, once the crow chose one container, it wouldn’t see
the contents of the second container (Figure 2.2). The sides on which the containers were
presented (left and right) to the crows were randomized and counterbalanced across initial trials
(first trial after another successful trial), and one colour was never in the same position more
than two trials in a row to avoid side preferences. If the crow chose the wrong colour in the initial
trial it got the exact same trial again (correction trial) until it chose the correct colour. Between
trials the crows received an intertrial interval, which was done by the experimenter entering the
room and the crow flying back up to a higher perch. The crows first received an acquisition phase
and after reaching a criterion of 17 out of 20 correct initial trials in two consecutive sessions
(binomial test with alpha set at 0.05), as one session consisted of 10 initial trials, they started
with reversal number 1. The maximum number of reversals the crows were given was 15. For
each reversal, the crows had to reach the criterion of 17 out of 20 correct trials before continuing
with the next reversal. Depending on the motivation of the crows they received up to 2 sessions
in a row, however, never started a new reversal on the same day.
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Figure 2.2 Set-up of the reversals. Orange container is the negative stimulus, blue container with the
meat inside is the positive stimulus. The water bowl was placed in the middle of the table instead on
one side to avoid side preferences or biases towards one side.

2.2.4 Training
Prior to testing, crows received training with identical containers as in the test, but coloured in
black, silver and pink. The crows had to learn to walk around the container and look inside in
order to get the reward. The crows were divided into two groups, one receiving black and silver
containers, the second group black and pink containers. The side of the containers was
randomized and counterbalanced across trials. The crows had to choose the correct container in
17 out of 20 trials in order to start with the experiment.

2.2.5 Testing
The crows were divided into two groups, group 1 starting with orange as S+ and blue as S-, group
2 started with blue as S+ and orange as S-. The first round of colour was the acquisition phase
and crows had to reach a criterion of 17 out of 20 correct trials in two consecutive sessions to go
on to reversal 1. A trial was counted as correct when the crow walked to the correct colour
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container and retrieved the reward within. If the crow chose the wrong colour, the intertrial
interval started and the crow was prevented from quickly walking to the other correct container
by the experimenter slightly knocking on the door and entering. The correction trial started and
continued until they made the correct choice.
In reversal 1, group 1 now received blue as S+ and orange as S-, and group 2 received orange as
S+ and blue as S-. The crows again had to reach the criterion of 17/20 correct trials in two
consecutive sessions before continuing with reversal 2, in which the rewards of the colours were
switched again. This procedure of switching the positive and negative stimuli continued for 15
reversals (Figure 2.3).
Due to time constraints, Uranus and Venus could not finish the experiment and had to stop at
reversal 12 and 7 out of 15, respectively and are not included in the data analysis.

Figure 2.3 Acquisition phase and reversals 1 to 15. In the acquisition phase the blue container is the
positive stimulus (red plus) and the orange container the negative stimulus (red minus); in reversal 1 the
value changes, blue becomes the negative stimulus and orange the positive. This change in contingency
happens for every reversal up until reversal 15.
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2.2.6 Data Analysis
All trials were recorded using a video camera (Panasonic HC-X920M) and trials were coded in
situ, whether the positive stimulus was left or right, if the crow made the correct choice or not,
the number of correction trials was counted if they chose the incorrect container, and the total
amount of correct trials within a session. We then calculated the probability of success for the
crows and compared it to the data we received for the pigeons using a Bayesian multilevel logistic
regression with trial, type of trial (either initial trial or correction trial), reversal number and
interaction between trial type and reversal number as fixed effects, and individuals nested within
species as random effect. We fitted a second model additionally controlling for trial number
within blocks of acquisition and reversal (to control for the effect of within block learning on our
results) and side of correct option (left or right) to confirm there were no spatial biases in how
the experiment was delivered. Model parameters are reported on the log-odds scale. Analyses
were conducted in R v4.0.2 (R Core Team, 2016). We used a Bayesian multilevel Poisson model
to compare the number of trials needed to reach criterion (outcome variable), with the predictors
being a slope for reversals, species as a fixed effect and the interaction between reversal and
species, with individuals included as a random effect to deal with issues around nonindependence of data. This allowed us to test if the effect of reversals varied by species. All
models were fitted in the brms package (Bürkner, 2018) running Stan (Stan Development Team,
2020) and graphs were created using the ggplot2 package (Wickham, 2009).

2.3 Results
2.3.1 Individual performance
NC crows generally improved their performance over the course of 15 reversals, thought there
was substantial inter-individual variation (Figure 2.4). Triton, Neptune and Jupiter were the first
individuals to show a steady performance of reversing in under 30 trials from reversals 6, 7 and
9 respectively. Mars reached this criterion in reversal 12, while Io reached it in reversal 13.
Mercury reached this criterion in reversals 10-12, then needed 40 trials in reversal 13 before
meeting the criterion in reversals 14 and 15. Similarly, Saturn met this criterion for reversals 1215 but then needed 40 trials in reversal 15. At reversal 15 all crows needed a maximum of 40
trials to reach criterion (see Appendix Table 6.1).
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None of the 12 tested pigeons showed a steady performance of needing 30 trials to reach
criterion. One pigeon showed a steady performance of needing 40 trials from reversal 10
onwards, one other pigeon needed 50 then 40 trials in reversal 14 and 15 respectively and two
pigeons required between 50-75 trials to reach criterion from reversal 10 on (Figure 2.5). In
reversal 15 the pigeons needed on average 67 trials to reach criterion compared to the crows
with an average of 24.8 trials to reach criterion in reversal 15.

Figure 2.4 Individual performance of NC crows over all reversals. Total number of trials needed to reach
criterion for all 7 individuals. Crows started to show a steady performance from reversal 10 onwards.
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Figure 2.5 Individual performance of pigeons over all reversals. Total number of trials needed to reach
criterion for all 12 individuals. The majority of pigeons started to show a steady performance from
reversal 10 onwards.

2.3.2 Acquisition Phase and Reversal 1
It took the NC crows on average twice as many trials for the first reversal compared to the
acquisition phase (50 ± 4.9 SE vs. 25.71 ± 2.75 SE). The number of incorrect choices made in the
acquisition phase was 4 ± 1.31 SE and 14.86 ± 2.29 SE for the first reversal. The average number
of correction trials (where subjects made an error and the trial was then repeated until they
chose correctly) the NC crows need for the acquisition phase was 6.57 ± 2.71 SE, however, for
reversal 1 it was more than four times higher with an average of 27.86 ± 3.59 SE trials.
The pigeons, in contrast, needed on average 69 ± 11.39 SE trials to reach the criterion in the
acquisition phase, and so needed over a third more trials to learn this basic contingency. They
then needed 125.75 ± 14.43 SE trials in the first reversal, which is more than twice as many trials
as the NC crows needed. On average, the pigeons made 25.17 ± 5.91 SE wrong choices in the
acquisition phase, and 59.58 ± 6.81 SE in reversal 1. The pigeons needed ten times more
correction trials in the acquisition phase than did the NC crows, 66.92 ± 20.22 SE, but only six
times more correction trials in reversal 1, with an average of 179.33 ± 18.33 SE (Table 2.1).
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Table 2.1 Individual data for NC crows and pigeons in acquisition phase and reversal 1. Total number of
trials needed to reach criterion, number of incorrect trials and how many correction trials were needed
for acquisition phase and reversal 1. Mean and standard error (SE) in bold.

Acquisition Phase
Total
Number of
Trials
40

Incorrect
Trials

Correction
Trials

Incorrect
Trials

Correction
Trials

23

Total
Number of
Trials
60

12

20

30

Io

20

1

1

70

22

36

Saturn

20

3

3

40

9

24

Neptune

20

1

1

40

11

35

Triton

30

4

4

50

14

18

Jupiter

30

4

9

60

22

40

Mars

20

3

5

30

6

12

Mean
SE
561

25.71
± 2.75
124

4
± 1.31
42

6.57
± 2.71
76

50
± 4.95
98

14.86
± 2.29
53

27.86
± 3.59
245

562

59

17

35

71

42

119

634

43

14

41

78

35

97

800

80

27

47

90

41

142

803

23

4

5

137

62

209

880

21

2

5

83

29

99

901

58

20

69

169

83

220

904

115

54

207

225

92

187

906

69

23

36

92

41

129

910

28

5

8

131

81

261

911

60

21

50

214

104

294

912

148

73

224

121

52

150

69
± 11.36

25.17
± 5.91

66.92
± 20.22

125.75
± 14.43

59.58
± 6.81

179.33
± 18.33

NC crows

Mercury

Pigeons

Reversal 1

Mean
SE

2.3.3 Comparison of NC crows and pigeons
We compared NC crows and pigeons over the acquisition phase and all 15 reversals using a
Bayesian multilevel logistic regression. This showed, for both species, the probability of success
on an ‘initial trial’, with initial trials defined as standard experimental trial, as opposed to a
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correction trial (Figure 2.6). Crows performed significantly above chance in the acquisition phase
as their probability of success was 0.68 and the 95% credible interval did not cross 0.5 [0.64 0.71].
Pigeons also performed significantly above chance in the acquisition phase but their probability
of success was lower (0.57, with the 95% credible interval [0.54 0.60]). There was a difference in
probabilities of success in acquisition phase between the species (-0.1, with the 95% credible
interval not passing zero [-0.15 -0.05]). At the end of the reversal phase, NC crows continued to
perform better than chance (0.83, 95% credible interval [0.71 0.91]) as did pigeons, though again
their probability of success was lower (probability of success 0.66, 95% credible interval crosses
0.5 [0.47 0.8]). At this point the difference in probability of success between these two species
was smaller (0.17, and the 95% credible interval crossed zero [-0.02 0.39]).
We measured the speed of learning across reversals by determining if the log odd slopes for
reversal number in the fitted regression differed between the two species. Crows improved only
slightly faster than pigeons over the reversals, with a median posterior difference in slopes of
0.03, and the credible interval passed through zero (95% credible interval [-0.002 0.07]). This
suggests there was no major difference in the speed of learning between these two species.

Figure 2.6 Probability of success for NC crows and pigeons. NC crows (pink line, NCC) have a higher
probability of success compared to the pigeons (blue line). The thick lines are the regression slopes, the
shaded areas the 95% credible intervals, the dotted line indicates chance level.
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We then re-ran this analysis while additionally controlling for trial number within blocks and the
correct side of S+ (Figure 2.7). Controlling for trial number within acquisition and reversals
allowed us to examine if performance differed when we controlled for within-block learning.
Controlling for side enabled us to deal with any possible side biasing. In this model, crows
performed above chance in the acquisition phase (probability of success in acquisition phase
0.62, 95%, credible interval [0.56 0.69]). Pigeons now performed worse than chance: probability
of success in acquisition phase = 0.37, 95% credible interval [0.32 0.43]. Comparing the two
species, crows performed better than pigeons, with a difference in the probability of success of
-0.25, 95% credible interval [-0.33 -0.16]. At the end of the reversals, crows did better than
chance (probability of success in Reversal 15 = 0.83, 95% credible interval [0.65 0.93], while
pigeons were succeeding no better than chance (probability of success in Reversal 15 = 0.58, 95%
credible interval passes through 0.5 [0.36 0.78]). However, when directly comparing the two
species, crows only performed slightly better than pigeons (difference in probabilities of success
in Reversal 15 between species = 0.23, 95% credible interval crosses zero [-0.05 -0.51].
Again, reversal learning speed over the course of the 15 reversals was not faster for the crows
than it was for the pigeons (median posterior difference in slopes =0.01, 95% credible interval [0.03 0.06], Figure 2.6). Thus, these results suggest that while NC crows had a greater chance of
succeeding in their trials for the acquisition stage onwards, there is no evidence that they learnt
to reverse faster than the pigeons.
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Figure 2.7 Probability of success for NC crows and pigeons, controlling for the trial number within
reversal and the correct side of S+. NC crows (pink line, NCC) have a higher probability of success
compared to the pigeons (blue line). The thick lines are the regression slopes, the shaded areas the 95%
credible intervals, the dotted line indicates chance level.

We then ran a Bayesian multilevel Poisson model to examine how the total number of trials
needed to reach criterion decreased over the course of the 15 reversals. Crows needed slightly
fewer trials compared to pigeons in the acquisition phase (difference between species = -10.63
trials, but the credible interval passed zero, 95% credible interval [-26.71, 5.82]). The difference
between both species increased significantly by reversal 15, with crows needing less trials to
reach criterion (-27.8, 95% credible interval [-40.75, -16.73]) (Figure 2.8). We can compare the
slopes by examining the interaction between reversal number and species. Looking at this, we
can see that there was a significant interaction effect (0.03, 95% credible interval [0.01 0.03],
suggesting that, unlike our other results, this effect was not driven only by higher initial task
performance, but also by faster learning across reversals.
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Figure 2.8 Trials needed to reach criterion for NC crows and pigeons. NC crows (pink line, NCC) have a
higher probability of success compared to the pigeons (blue line). The thick lines are the regression slopes,
the shaded areas the 95% credible intervals.

2.4 Discussion
As predicted, both species increased their performance over the course of 15 serial reversals with
the crows being more likely to reach criterion before the pigeons in each reversal. Performance
also dropped from acquisition to reversal in both species, which was also expected. Our
comparison of the performance of pigeons and crows is detailed in three analyses. In the first
analysis we show that, looking across the whole dataset, NC crows probability of success was
higher than that of the pigeons in the acquisition stage but by the end of the reversal 15, pigeons
were performing similarly to crows, if at a slightly lower probability, and there was no obvious
difference in the reversal learning speed between the two species.
In analysis 2, where we controlled for within-block learning, we again found crows outperformed
pigeons on the acquisition phase and that this difference was negligible by the end of the
experiment. However, a key difference was that pigeon performance now dropped to below
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chance in the acquisition phase and to chance by the end of the experiment, suggesting
performance in pigeons was driven predominantly by within-block learning. Thus in acquisition,
initial performance in a block appeared to be to select the colour rewarded in the last block,
leading to below chance performance. Pigeons then learnt over the course of the experiment to
choose by chance initially, rather than immediately reversing the contingency. Again, learning
speed across reversals was not different between the two species. In our third analysis we found
that while crows only marginally needed fewer trials to reach criterion on the acquisition phase,
the difference increased to 27.8 trials less by the end of the experiment, with the data also
suggesting that learning speed, as measured by the number of trials needed, rather than
probability of success, was faster for crows than pigeons.
These results suggest that from the start of the experiment, NC crows’ probability of success was
higher, allowing them to perform at a higher level from the acquisition stage onwards and then
steadily learning the reversal pattern. This pattern held even when controlling for within-block
learning. Pigeons, in contrast, had a lower probability of success initial ly but still learnt at a
comparable rate to the crows, so reaching a similar level of accuracy by the end of the
experiment. However, this learning appeared to be driven by within-block learning, because,
when this variation was controlled, they were below chance during acquisition and then
improved only to chance levels even at the end of the experiment. NC crows also needed
marginally fewer trials than pigeons to reach criterion from the start of the experiment, and this
difference grew to be on average around 28 trials less than pigeons by the end of the experiment
with crows appearing to make fewer errors, compared to pigeons, across the course of the
experiment, thus needing fewer trials. Thus, these results that NC crows made marginally fewer
errors initially and learnt to make fewer errors faster across the course of the experiment,
compared to pigeons whose performance appeared to be driven more by within-block learning,
leading them to make more errors across the course of the experiment.
Interestingly, Triton, Neptune and Jupiter, three juvenile NC crows, were the first individuals to
reach a steady trial number with 20 to 30 trials per reversal to reach the criterion. This is in line
with work of infants showing that they are less biased by past experience and assumptions when
compared to adults, allowing them to pay more attention to current evidence (Lucas et al., 2014).
However, due to the small sample size in our study it is difficult to make a clear statement of if
our reversal data from juvenile NC crows supports this hypothesis or not. Given this intriguing
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finding, more research on the inhibitory control and behavioural flexibility between adult and
juvenile corvids is clearly needed.
When we compare our results of NC crows to the New Caledonian crow results of Teschke et al.
(2013), the crows in our study needed less trials to reach criterion in the acquisition phase and in
reversal 1. However, Teschke et al. (2013) used a criterion of 15 out of 20 correct trials and the
crows did not receive a correction trial when the initial trial was wrong. In contrast, in our study,
we used a stricter criterion of 17 out of 20 correct trials and gave the crows correction trials.
When we count the correction trials in the acquisition phase as normal trials, the crows in both
studies received a similar amount of trials. However, with the stricter criterion used in our study
there is a possibility that the crows in our study would have needed less trials to reach the
criterion in the acquisition phase and reversal 1 if the same criterion was used as in Teschke et
al. (2013). If we count all correction trials as initial trials and sum them up for the first reversal,
without changing the criterion in our study, the crows reached the criterion within 100 trials
(Table 2.1, total number of trials + correction trials), opposed to the NC crows in Teschke et al.
(2013), were the crows needed up to 140 trials. While these results are comparable, they do
highlight how variation in the methodology used can affect overall performance, and so highlight
the need to use standardised procedures for comparisons within and between species, which is
a key part of the wider collaboration this project is a part of.
In conclusion, our results and hypothesis support recent findings on the neuron density in the
brains of corvids (Olkowicz et al., 2016) and the finding that pigeons have a lower brain to body mass ratio than corvids (Ksepka et al., 2020). These differences in brain measures predict that
NC crows would perform better than the pigeons overall, as corvids have larger brains compared
to their body size and a higher density of neurons in their brain compared to pigeons (Ksepka et
al., 2020; Olkowicz et al., 2016). This is precisely what we found. Comparing performance of
pigeons and crows at a serial reversal learning task, crows were more accurate, were less
dependent on within-block learning and required fewer trials to reach criterion.
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Chapter Three

Decision-making flexibility in New Caledonian crows in a multidimensional tool use task 1

Abstract
Delayed gratification involves waiting longer or working harder to obtain a more valuable
outcome over a less valuable one. Flexible decision-making involving delayed gratification may
be harder when tool use is required, due to increased levels of relational complexity imposed by
tool use. We examined flexible decision-making in a delayed gratification tool use task in New
Caledonian crows, habitual tool users and manufacturers of three different kinds of tools. We
then compared our results to previous studies on tool-making orangutans, non-tool-making
Goffin’s cockatoos, children aged 3-5 years and adult humans. Adult humans, cockatoos and
crows performed better than children and orangutans in inhibiting using a tool when i t was not
necessary. Adult humans, orangutans and cockatoos outperformed crows and children in
inhibiting using non-functional tools. In contrast, birds, but not primates, struggled to attend to
multiple variables without extended experience. These findings indicate: (1) birds can perform
better than 3-year old children, and as well as older children and adults, in some tool decisionmaking tasks, but do worse when tasks become more complex; (2) children and orangutans may
have a bias to use tools in situations where adults and other tool-making species do not; (3) toolmaking crows do not outperform non-tool-making cockatoos at these tasks, providing little
support for the technical intelligence hypothesis.

Contribution
I had the idea to replicate the original study by Laumer et al. (2016) with the NC crows, Markus
Boeckle, Martina Schiestl and I collected the data for the NC crows, Rachael Miller and I
analysed the data and wrote the manuscript.
____________________
1

Based on Miller & Gruber et al. (2020) Decision-making flexibility in New Caledonian crows, young
children and adult humans in a multi-dimensional tool use task. PLoS ONE 15(3): e0219874
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3.1 Introduction
Inhibition is needed when making a decision to wait for a bigger, more desired reward, rather
than choose an immediately available but low in value food item (Diamond, 2013). Inhibition can
therefore be defined as the ability to suppress a strong, learned or conditioned response in order
to be able to control one’s behaviour, emotions and cognition (Lambert et al., 2019; Miller et al.,
2019). One approach to measuring self-control is the use of delay of gratification tasks, where
subjects have to wait longer and/or work harder to obtain a more valuable outcome (Beran et
al., 2016). In children, delay of gratification has been tested with the “marshmallow” experiment,
where children are given the choice of an immediate reward, one marshmallow, or a bigger,
delayed reward, two marshmallows. A success in a longer delay correlates with measures of
success in later life, such as social and academic competence (Mischel et al., 1989). Self -control
skills emerge in infancy (Diamond & Goldman-Rakic, 1989; Rothbart et al., 1994; Watts et al.,
2018) and develop throughout toddlerhood and preschool age (Carlson et al., 2005; Kochanska
et al., 2000). There is significant improvement by 4 years old and above (Hughes, 1998), with
some studies showing improvement between ages 3 and 5 (Zelazo et al., 2003).
Delayed gratification is not only important for humans, but also for non-human species in a
number of contexts, including foraging and social interactions. A prominent example is tool use,
where animals may have to forgo immediate gratification when they choose to use a tool to gain
access to high value but out-of-reach food, rather than low value, freely accessible food. One
possibility, therefore, which is predicted by the technical intelligence hypothesis, is that self control is enhanced in tool-using species compared to non-tool using species (Byrne, 1997).
Specifically, tool-using species may have evolved better self-control abilities so they can make
more efficient decisions when foraging with their tools. However, evidence for this hypothesis is
mixed.
In tasks not involving tool use, where subjects choose between two food qualities, one available
immediately and one following a delay, tool-using capuchin monkeys (Sapajus paella) performed
comparably to tool-using great apes like chimpanzees and bonobos (Pan paniscus), and
outperformed non-tool using marmosets (Callithrix jacchus) and tamarins (Saguinus oedipus)
(Addessi et al., 2013; Addessi et al., 2010). However, non-tool using spider monkeys (Ateles
geoffroyi) actually outperformed capuchins (Amici et al., 2008). While some species are able to
use and/or make tools in the lab, for instance, Goffin’s cockatoos (Auersperg et al., 2014;
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Auersperg et al., 2012), there is limited evidence that they do so in the wild (O’Hara et al., 2018;
Osuna-Mascaro & Auersperg, 2018). Therefore, I refer to these species as ‘non-tool making’. A
number of non-tool making species including carrion crows, common ravens and Goffin’s
cockatoos perform similarly to tool making chimpanzees at non-tool using delay tasks (Auersperg
et al., 2013; Dufour & Pasteur, 2007; Dufour et al., 2012; Hillemann et al., 2014). Furthermore,
non-tool making Eurasian jays and California scrub jays are able to overcome current
motivational needs in non-tool use contexts, i.e. during caching and when food-sharing with a
partner (Cheke & Clayton, 2012; Ostojić et al., 2017, 2014).
To date, no study has compared the self-control abilities of tool-making and non-tool-making
bird species, nor compared humans with non-primate species. Tasks involving delayed
gratification in a tool use context have been tested in separate single-species studies, primarily
using different methodologies, in tool-making primate species (e.g. chimpanzees (Osvath &
Osvath, 2008), capuchins (Evans & Westergaard, 2006), and orangutans (Pongo abelii; Laumer et
al., 2019)) and in non-tool making bird species (Laumer et al., 2016) and common ravens
(Kabadayi & Osvath, 2017)). Experience with tool use improves performance in a delayed
gratification tool use task in capuchin monkeys, where subjects could either immediately
consume rod-shaped food items or carry them to an apparatus to use them to extract a food of
high quality (Evans & Westergaard, 2006). Chimpanzees and orangutans selected a tool over a
least preferred food and range of toys when the tool could be used later to suck fruit soup from
a bowl (Osvath & Osvath, 2008). This work suggests that tool use may lead to increased self control within a species that already uses tools in the wild. However, non-tool making bird species
have also shown delayed gratification ability in a tool use context. Ravens were able to
consistently select the correct tool over distractor items including an immediate reward to open
a box and obtain a reward, even when the box was missing for up to 17 hours (Kabadayi & Osvath,
2017). Goffin’s cockatoos were able to overcome immediate drives in favour of future gains in a
delayed gratification tool use task (Laumer et al., 2016). These results, therefore, suggest that
tool use may not be needed for the evolution of high levels of self-control.
However, as very few studies have used the same methodology to compare tool making and nontool making species in tool-using tasks involving delayed gratification, it is difficult to assess
whether tool use leads to the evolution of delayed gratification ability. Additionally,
benchmarking against children and adult human performances is crucial, given that past tests of
physical cognition have found differences between human and non-human species’
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performances, which suggest that the task may not measure the ability that it is designed to test.
One prominent example of this is the trap-tube task (Reaux & Povinelli, 2000; Seed et al., 2006;
Taylor et al., 2009; Tebbich et al., 2007; Visalberghi & Limongelli, 1994), where adult humans
failed to avoid an inverted tube (Silva et al., 2005), which had been previously presented as a key
test of causal understanding in humans and other species.
Here, I tested wild-caught tool making NC crows (Hunt, 1996; Taylor et al., 2011) on a multidimensional tool use task, requiring the use of two different types of tools, apparatuses and
rewards varying in quality as determined by a preference test. I adapted and extended an
experimental paradigm previously tested on non-tool-making Goffin’s cockatoos (Laumer et al.,
2016) and tool-making orangutans (Laumer et al., 2019). Subjects were required to make binary
choices between 2 tools (stick or stone) or a tool and a reward (most or least preferred) to use in
one of two apparatuses. By using a comparable methodology for the crows to tha t previously
used in cockatoos and orangutans, I was able to compare the crows ability to make profitable
decisions in a multiple tool use contexts with non-tool-making Goffin’s cockatoos, tool-making
orangutans, 3-4 year old children and adult humans and tool making orangutans (Laumer et al.,
2019). Subjects were required to make binary choices between 2 tools (stick or stone) or a tool
and a reward (most or least preferred) to use in one of two apparatuses. By using a comparable
methodology for the crows to that previously used in cockatoos and orangutans, I was able to
compare the crows ability to make profitable decision in a multiple tool use contexts with nontool-making Goffin’s cockatoos, tool making orangutans, 3-4 year old children and adult humans.

3.2 Material and Methods
3.2.1 Subjects
Subjects were 6 NC crows caught from the wild on Grand Terre, New Caledonia. The birds were
held temporarily in captivity for non-invasive behavioural research purposes from April to August
2017. There were 4 males (David, Freddie, Elvis and Bob) and 2 females (Janis and Annie), based
on sexual size dimorphism (Kenward et al., 2004). Based on beak colouration 4 crows were adults
(Janis, David, Elvis and Bob) and 2 were juveniles less than 1 year old (Freddie and Annie)
(Kenward et al., 2004). The birds were housed in small family groups in a ten-compartment
outdoor aviary, with approximately 7 x 4 x 4m per compartment, containing a range of natural
enrichment materials, like logs, branches, pine cones and sea shells. Subjects were tested
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individually in temporary visual isolation from the group. The birds were not generally food
deprived, and the daily diet consisted of meat, dog food, eggs and fruit, with water available ad
libitum. The birds were trained to stand on weighing scales for a small food reward to regularly
monitor their weight, and all birds maintained at or above capture weights during their stay in
captivity. The birds were acclimatized to the aviaries in April and trained for the experiment in
May – July. All birds completed the full study in August 2017. At the end of their research
participation, birds were released at their capture site(s). A previous study indicated that New
Caledonian crows housed temporarily in a similar situation as the present study successfully
reintegrated into the wild after release (Hunt, 2016).

O ur

work was carried out under the

approval of the University of Auckland Animal Ethics Committee (reference no. 001823).
Colleagues at the University of Cambridge, UK, collected the data of 88 children aged 3-5 and 20
adult humans. Adults were tested individually, whereas the children were tested with a staff
member of their nurseries or primary schools present.

3.2.2 Apparatuses
The ‘stone-apparatus’ was a box made of Perspex (10 x 5cm) with a vertical tube on top (8 x 3cm),
in the box was a platform that collapsed when a heavy object, i.e. a stone, was dropped (Figure
3.1). To prevent subjects from inserting the stick into the stone-apparatus to release the platform
and get access to the reward, the vertical tube had a 30˚ slant, which made the release of the
platform with a stick impossible. The ‘stick-apparatus’ consisted of a horizontally orientated
Perspex tube (10 x 4cm) that rested on two Perspex pillars (5cm high), which could be operated
by a wooden stick to gain access to the reward by raking the reward towards themselves (Figure
3.1).
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Figure 3.1. Apparatuses with correct and incorrect tool. For the stone apparatus (left) the correct tool is
the stone (green hook) and the stick is the incorrect tool (red cross). The correct tool for the stick
apparatus (right) is the stick (green hook) and the incorrect tool is the stone (red cross).

3.2.3 General Procedure
The experiment was run in a similar manner to the Goffin’s cockatoo study (Laumer et al., 2016),
using the same apparatuses, tools and protocol for training and testing, in order to allow for
comparison between bird species. However, I made further adaptations by extending the
previous study, as detailed below. The reward types also differed between species and groups.
The rewards used for the crows were meat as the most preferred food reward and a piece of
apple as the least preferred food reward, following reward preference testing. The crow rewards
differed from the cockatoos (nuts), due to the differing diets of these two species. Unlike the
cockatoos in the previous study, the crows were wild-caught and not comfortable with close
human presence, therefore we adapted the methodology slightly for the crows.
The choice for training and testing was presented inside two of five drawers that could be
operated by the experimenter behind a visual barrier. The crows could sit on an elevated perch
diagonally to the rear of the drawers and a perch in front of the drawers, which allowed them to
inspect the contents and pick up the tools and operate the apparatuses. Depending on the
condition, either one apparatus was placed in front of the middle drawer, and the tools were
presented in the drawers left and right of it, resting on a piece of foam so that the crow could
easily pick it up, or both apparatuses were placed left and right of the middle drawer, and the
tools were presented in the middle drawer. The drawers were pulled back if the crow either
successfully received the reward or made a wrong connection between tool and apparatus. They
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were never pulled back when the subject was operating the apparatus to avoid disturbing the
subject.
The procedure and order of the conditions was kept the same, but instead of being presented
with multiple trials per condition, each combination was only presented once (Figure 3.2, a-e).
The reward for the children were colourful stickers vs. white stickers, and the adults received
money vs. no money.

3.2.4 Training
There were two steps to the training phase. In step 1, the subject had the opportunity to learn
tool use, until they could reliably retrieve the reward. The crows received training to drop stones
into the stone-apparatus as per previous studies (e.g. Jelbert et al., 2014; Miller et al., 2016; see
Figure 3.1). After each bird had dropped the stone into the apparatus 20 times without any
mistakes, they moved on to the next training step. As the crows were natural tool users, they did
not require any pre-training for stick use, though were habituated to the stick-apparatus.
In step 2, I checked that the reward quality preferences were viewed as such by the subject in a
reward preference test, with 11 sessions of 12 trials each until the subject selected the most
preferred reward over the least preferred one in 80% of binary choices. 9 sessions were run prior
to testing, one session during testing prior to running the tool selection quality allocation
condition, and a final session after all tests were completed to ensure the reward preference has
not changed during the experiment. Subjects were presented with similar sized pieces of meat,
bread, dog food and apple. Although subjects showed individual preferences between meat,
bread and dog food, all subjects consistently selected these items over apple. Hence, meat was
selected as the most preferred reward and apple as the least preferred reward for all birds.

3.2.5 Testing
Testing order
To maintain comparability with the original study and to avoid possible learning effects by
previously given tasks, I divided our six crows into two groups, group A receiving the following
order of conditions: tool selection condition, quality allocation, motivation, tool functionality and
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tool selection quality allocation condition. Group B received the following condition order: tool
selection, motivation, tool functionality, quality allocation and tool selection quality allocation
condition. After the initial five tests the crows continued with the apparatus functionality
condition, apparatus choice condition and another set of the tool selection quality allocation
condition. The apparatus functionality and apparatus choice conditions were new additions to
the cockatoo study (Laumer et al., 2016). These new conditions were included for the crows, as
both bird species struggled with the tool selection quality allocation condition, so I aimed to
explore whether giving more experience when both apparatuses were present at the same time,
and further sessions of the tool selection quality allocation condition, could improve the crows’
performance in this final condition. Within every condition the trials were randomized and
counterbalanced across sessions and individuals.
Tool Selection Condition
In the tool selection condition, the subject should select the functional tool from the choice of
both tools – one functional and one non-functional to the either presented stick or stone
apparatus – to obtain the reward inside the apparatus (Figure 3.2, a). This condition examined
whether the crows can select the correct tool for presented apparatus. The crows had to reach
a criterion of 18 out of 24 correct trials in two consecutive sessions (binomial test set with alpha
at 0.05) in order to continue with the following conditions.
Motivation Condition
In the motivation condition, the subject should avoid work effort by selecting the immediately
available meat. The choice was between the functional tool and meat, with the apparatus
containing the same most preferred reward (Figure 3.2, b). The crows received a total of 2
sessions with 12 trials each.
Quality Allocation Condition
In the quality allocation condition, the subject should either select the functional tool over the
immediately available apple when the meat was located inside the apparatus, or choose the
immediately available meat over the functional tool when the apparatus was baited with the
apple (Figure 3.2, c). The aim of this condition was to test if the crows are able to increase their
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profit by choosing the tool over the apple. With the four possible presentations the crows
received in total 4 sessions with 12 trials each.
Tool Functionality Condition
In the tool functionality condition, subjects should select the tool over the apple only when the
tool was functional. For each apparatus, the choice was between the functional tool and the
apple or the non-functional tool and the apple, with the meat always inside the apparatus (Figure
3.2, d). This condition examines if the crows are able to assess the functionality of the presented
tool and increase their benefit. The crows were presented with 4 sessions containing 12 trials
each.
Tool Selection Quality Allocation Condition
In the tool selection quality allocation condition, subjects should select the functional tool for the
appropriate apparatus that contained the meat. In this condition, all task components were
present, with both tools present, and the meat either in the stone-apparatus and the apple in
the stick-apparatus, or the other way around (Figure 3.2, e). The goal of this condition was to see
if the crows can address the position of the high food reward in one of the two apparatuses and
correctly choose the tool for the apparatus. The crows received in total 8 sessions with 12 trials
per session, 4 of the sessions were presented prior to the apparatus functionality and apparatus
choice condition, the remaining 4 after.
Apparatus Functionality Condition
In the apparatus functionality condition, we explored whether crows could choose the correct
tool for the correct apparatus, by presenting subjects with both apparatuses and both tools, but
only one apparatus was baited with meat, while the other apparatus was empty (Figure 3.2, f).
This condition examined if the crows could take the location of the reward into account when
choosing the tool for the task. The crows had to reach a criterion of 18 out of 24 correct trials in
2 consecutive sessions (binomial test set with alpha at 0.5).
Apparatus Choice Condition
In the apparatus choice condition, subjects should choose the correct apparatus for the available
tool, with both apparatuses presented and baited with meat, though only one tool was present
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(Figure 3.2, g). The aim of this condition was to see if the crows are not only paying attention to
the tools but also the apparatuses. In this condition, the crows had to reach the criterion of 18
out of 24 correct trials in 2 consecutive sessions (binomial test set with alpha at 0.5).

Figure 3.2. All conditions. (a) Tool Selection Condition: both tools present, meat inside: (b) Motivation
Condition: functional tool present, meat inside and outside; (c) Quality Allocation Condition: functional
tool present, either meat inside (left), and the apple outside, or meat outside and apple inside (right); (d)
Tool Functionality Condition: functional tool present (left) or non-functional tool present (right), meat
inside and apple outside; (e) Tool Selection Quality Allocation Condition: both apparatuses present with
both tools, meat in stone-apparatus (left), or stick-apparatus (right), apple in other apparatus; (f)
Apparatus Functionality Condition: both apparatuses and both tools present, meat in stone - (left) or stick(right) apparatus, other apparatus empty; (g) Apparatus Choice Condition: only one (functional) tool is
present, both apparatuses presented and baited with meat.

3.2.6 Data Analysis
The data was analysed in a comparable way to the Goffin’s cockatoo and orangutan data, using
non-parametric two-tailed statistics, namely 1-sample Wilcoxon tests and Mann-Whitney U tests
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run in R. The cockatoo and orangutan data was obtained from the Supplementary Materials in
Laumer et al. (2016) and Laumer et al. (2019). I analysed the data on a group-level in order to
make comparisons between species, and individual-level analyses for the crows, using two-tailed
Binomial tests.

3.2.6.1 Comparison of crows with humans, Goffin’s cockatoos and orangutans
For comparison between crows, Goffin’s cockatoos, orangutans and humans we conducted
Generalized Linear Mixed Models (GLMM: REF using R (version 2.15.0; R Core Team, 2014) to
assess which factors influenced success rate in the children and New Caledonian crows. Success
was a binary variable indicating whether the subject correctly solved the trial (1) or not (0) and
was entered as a dependent variable in the models. For the crows, we included the random effect
of subject ID, fixed effects of condition (1-5), apparatus type (stick/stone), gender (male/female),
trial number (1-12) and age (adult/juvenile). For the children, we included the random effect of
subject ID, fixed effects of age in years (continuous: ages 3-5 in individual years), condition (1–5),
gender (male/female), trial number (1–14) and the interaction between age and condition. We
used likelihood ratio tests to compare the full model (all predictor variables, random effects and
control variables) firstly with a null model, and then with reduced models to test each of the
effects of interest (Forstmeier & Schielzeth, 2011). The null model consisted of random effects,
control variables and no predictor variables. The reduced model comprised all effects present in
the full model, except the effect of interest (Forstmeier & Schielzeth, 2011).

3.3 Results
3.3.1 New Caledonian crows
For the crow data, the full model differed significantly from the null model (X2 = 29.35, df = 4, p
= <0.001). I found a significant main effect of condition (X 2 = -0.32, df = 4, p = <0.001) on success
rate (correct vs. incorrect choice). The crows generally performed well in the tool selection,
motivation and quality allocation conditions, and performed poorly in the tool functionality and
tool selection quality allocation conditions. Specifically, in the tool selection condition, when
choosing the correct tool for the presented apparatus, the crows chose correctly significantly
above chance with both apparatus types combined and the stick-apparatus alone, though not
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with the stone-apparatus alone (Table 3.1). In the motivation condition and quality allocation
condition, the crows chose correctly significantly above chance level with both apparatus types
combined, and the stick- and stone- apparatus alone. For the motivation condition, the correct
choice was the immediately available most preferred reward over the functional tool, with the
same most preferred reward inside the apparatus. For the quality allocation condition, the
correct choice was the immediately available most preferred reward over the tool when the least
preferred reward was inside the apparatus, or the tool over the least preferred reward, when the
most preferred reward was inside the apparatus (Table 3.1).
In the tool functionality condition, when the most preferred reward was always in the apparatus
and the least preferred reward always outside, the correct choice was either the least preferred
reward over the non-functional tool or the functional tool over the least preferred reward, the
crows did not select correctly significantly above chance, either with both apparatus types
combined, nor with the stick- or stone- apparatus alone. The crows performed significantly better
when the choice was between a functional tool and least preferred reward, than a non-functional
tool and a least preferred reward, i.e. they incorrectly selected the non-functional tool (Paired
Wilcoxon signed ranks test: z=-7.25, p=<0.001). In the tool selection quality allocation condition,
when all task components were present at once, looking at session 1 and 2 only, the crows did
not select correctly significantly above chance with both apparatus types combined, nor with
each apparatus type alone (Table 3.1). In this condition, the most preferred reward was inside
one apparatus and the least preferred reward was inside the other apparatus. To select correctly,
subjects were required to select the correct tool for the apparatus containing the most preferred
reward.
After the first two sessions, unlike in the cockatoo study (Laumer et al., 2016), the crows in the
present study were given a further two sessions to see whether additional experience would
improve performance. In these two further sessions, the crows selected correctly above chance
with both apparatus types combined and with the stone-apparatus, but not with the stickapparatus alone (Table 3.1). Following this, again unlike the cockatoos, the crows then received
further experience of both apparatuses being presented at once in the apparatus functionality
and apparatus choice conditions. In the apparatus functionality condition, where both
apparatuses and tools were present but only one apparatus was baited, the crows selected
correctly significant above chance with both apparatus types combined and the stone-apparatus
alone, though not the stick-apparatus alone. In the apparatus choice condition, where both
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apparatuses were baited and presented with only one tool, the crows selected correctly
significantly above chance (Table 3.1). Following these two additional conditions, the crows
received four additional sessions of the tool selection quality allocation condition. Across sessions
5-8, the crows selected correctly significantly above chance with both apparatus types combined
and singly (Table 3.1).

Table 3.1. Performance across all conditions for the crows with each apparatus singly and both
apparatuses combined. Results reflect results of Wilcoxon 1-sample signed ranks tests – chance value =
50%. Significant p-values (<0.05) highlighted in bold.
Apparatus Types

Stone

Stick

Both Apparatuses

Singly/ Combined
Tool selection

T+

8.5

21

21

(S1&2)

p

0.785

0.023

0.026

Motivation

T+

21

21

21

p

0.02

0.014

0.02

T+

21

15

21

p

0.026

0.042

0.027

T+

11

8.5

12

p

0.336

0.197

0.223

Tool selection

T+

12

12

16

quality allocation

p

0.116

0.221

0.248

Tool selection

T+

20

14.5

21

quality allocation

p

0.046

0.4

0.027

Tool selection

T+

21

15

21

quality allocation

p

0.027

0.043

0.027

Apparatus

T+

21

10

21

functionality

p

0.027

0.5

0.028

Apparatus choice

T+

N/A

Quality Allocation

Tool functionality

(S1&2)

(S3&4)

(S5-8)

21

p

0.027
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3.3.2 Comparing New Caledonian crows, Goffin’s cockatoos, orangutans, children and adult
humans
In order to explore whether tool-manufacture ability influenced performance in these tasks, we
compared young children, adult humans and tool-making New Caledonian crows tested in the
present study, with tool-making orangutans (Laumer et al., 2019) and non-tool making Goffin’s
cockatoos (Laumer et al., 2016) tested in previous studies. We found that the birds performed
significantly above chance, while the 3-year old children did not perform significantly above
chance, in the tool selection, motivation and quality allocation conditions. The birds and adult
humans performed significantly above chance, while the children and orangutans did not, in the
motivation condition. The cockatoos, orangutans and adult humans performed significantly
above chance, while the crows and children did not, in the tool functionality condition. The
primates performed significantly above chance, while the birds did not, in the tool selection
quality allocation condition (Table 3.2; Figure 3.2)

Table 3.2. Performance for each subject group on each condition. Note that data is pooled on group level
across both apparatus types for each species. Blue indicates selected significantly above chance level and
grey indicates did not select significantly above chance level determined using 1-sample Wilcoxon signed
ranks tests (Table S2 and analysed from data available from previous studies (Laumer et al., 2016;

Laumer et al., 2019)).
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Figure 3.2. Mean percentage of correct trials for each condition for New Caledonian crows, children
aged 3-5 years, adult humans (present study), Goffin’s cockatoos (Laumer et al., 2016) and orangutans
(Laumer et al., 2019). * indicate significant selection of correct choice within condition for each age from
exact two-tailed binomial tests for the children and adults, and 1-sample Wilcoxon signed rank tests for
the crows, cockatoos and orangutans. Dashed horizontal line indicates chance level.

3.4 Discussion
This study found differences in flexible decision-making in a delayed gratification tool use task
across tool-making NC crows, 3-5-year-old children, and adult humans, particularly when
compared to recent results from non-tool-making Goffin’s cockatoos (Laumer et al., 2016) and
tool-making orangutans (Laumer et al., 2019). First, I found that the birds performed better than
3-year old children in most conditions, except the tool functionality (cockatoos only) and tool
selection quality allocation conditions (crows and cockatoos). In this latter condition, all task
components were present and the correct choice was the tool for the apparatus containing highquality food, while ignoring the other tool for the second apparatus containing low-quality food.
The primates performed significantly above chance, while the birds did not, in this condition.
However, additional experience (not available in the cockatoo study) improved performance for
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the crows in this condition. Second, the birds and adult humans performed significantly above
chance, while the children and orangutans did not, in the motivation condition, where the correct
choice was to take the preferred reward that was immediately available on the table, rather than
use a tool to obtain the same preferred reward from inside an apparatus. Third, the cockatoos,
orangutans and adult humans performed significantly above chance, while surprisingly the crows
and children did not, in the tool functionality condition, where the correct choice was to take an
immediately available reward rather than try to use a non-functional tool.
That 3-year old children struggled with most delayed gratification problems echoes past work
(Hughes, 1998; Zelazo et al., 2003). However, our results also suggest that experience may
improve tool-related delayed gratification performance, given that they passed the tool selection
quality allocation condition. The birds’ performance at the four tasks that the 3-year olds
struggled with, and particularly the motivation condition, which 4-5-year olds and orangutans
also struggled with, is particularly intriguing. Generally, these performances indicate that these
tasks are clearly non-trivial in terms of the cognition required and so illustrate the high levels of
self-control that these species’ possess, even when solving tool problems. The motivation
condition, where children and orangutans continued to select the tool even when the same highquality reward was immediately available, suggests that they, though not the adult humans or
birds, may have a bias towards tool use. That is, when all things are equal, our result suggests
children and orangutans prefer to use a tool to get a reward over the more efficient choice of
directly taking an equal reward. However, once tool use leads to different types of food, as in the
quality allocation condition, orangutans and 4-5-year olds, but not 3-year olds, appear able to
overcome the desire to immediately select the tool. Further work is clearly needed to investigate
the possibility of a bias towards using tools that even other tool-making species, such as NC
crows, do not have. Such a bias could explain differences between the tool behaviours of great
apes and other species, just as a bias in the motivation to cooperate may explain differences
between chimpanzee and human cooperation (Rekers et al., 2011). When given a choice
between working together or alone for the same reward, children, though not chimpanzees,
show a preference for working together (Rekers et al., 2011), though recently one kea also
showed this bias (Heaney et al., 2017).
In a surprising result, both crows and children, though not the cockatoos, orangutans or adult
humans, performed poorly in the tool functionality condition, as they selected the non-functional
tool over the immediate reward. These results cannot be explained by a tool functionality
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understanding issue, given these subjects reliably discriminated between functional and nonfunctional tools in the tool selection task. There are a number of other potential hypotheses.
First, crows and children may have a drive to ‘give it a go’ and try to make non-functional tools
work, rather than accept a low-value reward, due to past experience that sometimes tools that
appear not to work can be made to function. Thus, both these subject groups may have higher
persistence than cockatoos, who have less experience of such situations. However, the success
of human adults and orangutans counts against this hypothesis, as they would likely have as
much, if not more experience, that non-functional tools sometimes can be made to work.
Another possibility is species differences in the perceived reward value associated with each
particular test. The rewards did differ between subject groups, as they were selected to be most
appropriate and desirable for each group. Hence, the crows and children may have selected the
non-functional tool over the least preferred reward due to the low preferential value assigned to
the latter type. However, the quality of the rewards used for the other subject groups also
differed from one another, yet they selected correctly in this condition. A recent study found that
crows are more optimistic towards a task after using a tool (Mccoy et al., 2019), which could be
another explanation for the crows poor performance, as using even a non-functional tool may
be more intrinsically rewarding than gaining a low value food item. A final possibility is that these
results are directly due to differences in self-control. Despite the large amounts of experience
crows and children had in deciding when to use a tool and when a tool was not functional, these
subjects may have struggled to inhibit picking up a non-functional, previously rewarded tool in
this task. Cockatoos, orangutans and adults in contrast, may simply have had sufficient self control to ignore this tool. Future work incorporating both tool-related and non-tool use delayed
gratification paradigms across species are required to further explore this possibility.
The clearest difference between the primates and birds appeared in the tool selection quality
allocation condition. Here, the crows and cockatoos performed poorly, while orangutans, 3-to 5year old children and adult humans performed well. This was also the only condition that 3-year
old children passed. The authors in a previous study (Laumer et al., 2016) suggested that the poor
cockatoo performance in this condition reflected possible information processing limitations,
with subjects being unable to focus their attention on all relevant cues at once. In the present
study, we found that the crows also struggled with this condition, at least within the first two
sessions, though 3 individuals did perform above chance. We included two new conditions for
the crows that were not used in the cockatoo study, where the subjects gained more experience
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of selecting the correct tool or apparatus when both apparatuses were present, before further
testing in the tool selection quality allocation condition. We found that this additional experience
did improve crow performance in this condition. Our findings support the suggestion by Laumer
et al. (2016): without extended experience, birds, though not great apes, may have issues in
attending to multiple variables at once. This may affect problem-solving performance in other
physical cognition tasks (Völter & Call, 2014a).
If tool use leads to enhanced self-control, then we would expect that tool-making NC crows
would perform differently to non-tool-making Goffin’s cockatoos at this delayed gratification tool
use task, in line with the technical intelligence hypothesis (Byrne, 1997). Both bird species show
comparable performance in some cognitive tasks, such as tool-manufacture in the lab and
flexible problem-solving skills (Auersperg et al., 2014; Auersperg et al., 2013; Auersperg et al.,
2012; Auersperg et al., 2011; Taylor et al., 2009; Taylor et al., 2011). They both show high levels
of object manipulation in and outside the foraging context (Auersperg et al., 2013), and make
intrinsically structured object combinations (Auersperg et al., 2014). Importantly though, only
the crows routinely make and use tools in the wild (Hunt, 1996), while the cockatoos do not make
tools in the wild (O’Hara et al., 2018; Osuna-Mascaro & Auersperg, 2018), though can do so in
the lab (Auersperg et al., 2012). However, the difference we observed is directly opposite to this
hypothesis prediction: cockatoos either performed better or at the same level as crows across
our study. Thus, we found no evidence that tool use and manufacture in NC crows have led this
species to evolve better self-control abilities during tool tasks than non-tool using species. This
result contrasts previous non-human primate studies, which suggested that species differences
in self-control – though in a non-tool use context – may be influenced by tool use and
manufacturing abilities (Addessi et al., 2013).
This result is however in line with studies indicating that non-tool-making ravens perform
comparably with tool-making chimpanzees in a delayed gratification tool use context (Kabadayi
& Osvath, 2017). It also corresponds with previous findings that NC crows do not have higher
levels of motor self-regulation – defined as stopping a pre-potent but counterproductive
movement – than non-tool making carrion crows (Teschke et al., 2013). Clearly, there are several
potential explanations for why the cockatoos did better in the tool functionality condition,
including different experiences (cockatoos were hand reared with extensive testing experience,
while the crows were wild-caught), minor variation in the procedure, differences in persistence
or self-control. Nevertheless, given that the crows did not outperform the cockatoos in any
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condition, our results do not appear to support the technical intelligence hypothesis, a finding
that has now been repeated across multiple physical cognition paradigms (Taylor & Gray, 2014).
In conclusion, we present the first study to compare flexible decision-making in a delayed
gratification tool use context in 3 to 5-year old children, adult humans and tool-making New
Caledonian crows, by adapting and extending a paradigm used previously in non-tool making
Goffin’s cockatoos (Laumer et al., 2016) and tool-making orangutans (Laumer et al., 2019). By
comparing tool-making and non-tool-making species in a delayed gratification tool-use context
using the same methodology, we identified several novel differences in performance. These
differences suggest that: (1) birds can perform as well as adults and older children, and in some
cases better than 3-year old children, on a range of tool related self-control tasks, but struggle
when they have to attend to multiple cues thereby increasing task complexity; (2) children and
orangutans may have a bias to use tools that other tool-making species do not have; (3) toolmaking ability does not necessarily lead to the evolution of increased self-control in birds, as nontool-making cockatoos performed at least as well as the tool-making crows, and sometimes
better. Future work extending these findings should offer valuable insight into how the cognition
behind self-control in corvids, parrots and primates evolves.
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Chapter Four

New Caledonian crows use mental representation to solve
metatool problems2

Abstract
The extent to which animals mentally represent different sequences of behaviour before solving
complex problems is currently unclear. Here we presented individual New Caledonian crows with
3-stage metatool problems where each stage was out-of-sight of the others and the crows had
to avoid a distractor apparatus that housed a non-functional tool. We found that all six crows
solved a stick problem where they had to use a stick tool to get a stone tool and then use the
stone to get food while avoiding a distractor object (another stick). These results show that New
Caledonian crows can mentally represent the sub-goals of metatool problems: the crows were
able to keep in mind the location and identities of the out-of-sight functional tool and distractor
tool while planning and performing a 3-stage sequence of tool behaviours.

Contribution
My supervisor Alex Taylor and I designed the study, I collected the data in the field season 2017
and 2018, with support by Martina Schiestl. I analysed the data and wrote the manuscript, with
input from my co-authors.

____________________
2

Based on Gruber et al. (2019) New Caledonian crows use Mental Representation to Solve Metatool
Problems. Current Biology 29, 1-7.
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4.1 Introduction
One of the mysteries of animal problem solving is the extent to which animals mentally represent
problems in their minds. Humans can imagine both the solution to a problem and the stages
along the way (Hodgson et al., 2000; Owen et al., 1995; Unterrainer et al., 2003, 2004; Ward &
Allport, 1997), such as when we plan one or two moves ahead in chess, make travel plans or
organise a meal. Whether other animals can do the same is far les s clear (Camp & Shupe, 2017;
Millikan, 2006; Suddendorf & Corballis, 2007).
From Köhler’s early work on insight in chimpanzees (Köhler, 1925) through to contemporary
animal problem solving studies investigating water displacement (Bird & Emery, 2009a; Hanus et
al., 2011; Jelbert et al., 2014), sequential problem solving (Auersperg et al., 2013; Bird & Emery,
2009b; Martin-Ordas et al., 2012; Sabbatini et al., 2013; Taylor et al., 2007, 2010), hook making
(Bird & Emery, 2009; Weir et al., 2002), connectivity (Martin-Ordas et al., 2012; Seed et al., 2006),
gravity (Mulcahy & Call, 2006; Seed et al., 2006; Taylor et al., 2009; Visalberghi & Limongelli,
1994), and planning (Beran et al., 2015; Kabadayi & Osvath, 2017; Raby et al., 2007; Tecwyn et
al., 2013), one key question has been the extent to which animals use mental trial and error.
Dennett (1995) famously referred to animals with this ability as Popperian creatures because
their “hypotheses die in their stead”. That is, by being able to mentally represent different states
of the world and the potential outcome of actions directed towards changing these states, an
animal can try out different courses of action in their heads and then avoid the ones that might
kill them, or reduce their chances of reproduction, in the real world. While such imaginings have
a clear adaptive value, many famous examples of animal problem solving can be explained by
mechanisms other than mental trial and error, such as perceptual-motor feedback loops (Taylor
et al., 2010, 2011; Taylor & Gray, 2009), chaining (Balleine et al., 1995; Shettleworth, 2012),
resurgence (Reed & Morgan, 2007) and trial and error learning (Thorndike, 1911). At present,
therefore, we have a limited understanding of the planning capabilities of animals in g eneral
(Bendor & Spiers, 2016; Biro & Matsuzawa, 1999; Camp & Shupe, 2017; Dragoi & Tonegawa,
2013; Eichbaum, 2015; Janson, 2014; Ólafsdóttir et al., 2015; Pfeiffer & Foster, 2013; Redshaw et
al., 2017; Scarf & Colombo, 2009; Silva et al., 2015; Suddendorf & Corballis, 2007; Völter & Call,
2014), let alone their capacity to plan several moves ahead while using tools (Bird & Emery,
2009b; Kabadayi & Osvath, 2017; Martin-Ordas et al., 2012; Mulcahy & Call, 2006; Redshaw et
al., 2017; Taylor et al., 2007, 2010).

47

Recent work on the hippocampal place cell recordings of rodents has shown that these cells fire
sequentially in ‘trajectory events’ that appear to replay the path through space a rodent has
taken (Lee & Wilson, 2002), or is about to begin toward a remembered goal (Pfeiffer & Foster,
2013). Intriguingly, there is some evidence that these trajectory events can also occur before a
rodent has experienced an environment (Dragoi & Tonegawa, 2011, 2013; Ólafsdóttir et al.,
2015), suggesting that rodents may be capable of pre-playing possible future events and so may
be Popperian creatures. However, this work is controversial, as recent research did not find
evidence for pre-play trajectory events using larger scale recording of hundreds of place cells at
the same time (Silva et al., 2015). Evidence is also missing that pre-play can occur in environments
that are not highly similar to those previously experienced. More generally, it is not yet clear
what the function of these trajectory events actually is (Bendor & Spiers, 2016; Eichbaum, 2015;
Suddendorf, 2017). Nevertheless, this work does suggest that it may be possible for other groups
of animals, including distantly related ones such as corvids, to have evolved the ability to mentally
represent their future trajectories, and use this to solve complex problems via mental trial and
error.
NC crows are a perfect species to test this possibility, given their complex tool behaviours in the
wild (Hunt, 1996), and their ability to solve problems involving long sequences of tool-related
behaviour (Taylor et al., 2007, 2010). While research to date has shown that NC crows can solve
metatool problems (Taylor et al., 2007, 2010; Wimpenny et al., 2009), it is not clear if these crows
are mentally representing and planning out behaviours or are solving the problem on a more
moment-by-moment basis using chaining and perceptual motor feedback loops (Clayton, 2007;
Taylor et al., 2010; Taylor & Gray, 2009; Taylor et al., 2010). Here, we tested between these
hypotheses by presenting a series of metatool problems to these crows where each stage was
out-of-sight of the other. Additionally, we added a distractor apparatus containing a tool. In
Experiment 1 crows had to plan using mental representations of the sub-goals of the problem
(the location and identity of a functional tool and a distractor tool) (Figure 4.2 A). In the stick
condition, crows had to use a stick to pull a stone from a tube (functional sub-goal), while ignoring
a tube containing another stick (distractor sub-goal), and then use this stone to release food from
a platform apparatus (goal). The stone condition was the mirror of this, with the crows using a
stone to get a stick, which could be used to get food from a tube. In Experiment 2 crows had to
plan using mental representations of both the sub-goals and the goal of the problem (sub-goals
- location and identity of a functional tool and a distractor tool, goal - the identity of the goal
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apparatus) (Figure 4.2 B). Here, crows were given three different trial types in any one block of
trials, the stick and stone conditions and a novel ‘shortcut’ condition, where crows had to take a
stone directly to a food-baited platform (goal) while ignoring the sub-goals (sticks placed in the
tube and platform apparatus, which could not be used to gain food from the platform). This
experiment was run to confirm that crows were representing the final goal of the problem, as
well as the sub-goals. If crows were not representing the final goal, we expected them to use the
available tool to try to gain access to one of the tools at the sub-goal stage, rather than take the
tool directly to the final goal. In Experiment 3 crows had to switch from planning using mental
representations of the position and location of the tools to planning using the position and
location of the apparatuses (Figure 4.2 C). Crows were given a stick condition, where they needed
to take a stick to get a stone from a tube (functional sub-goal), while ignoring a stone in a platform
apparatus (distractor sub-goal), and then use the stone to release food from a platform apparatus
(goal). The stone condition was a mirror of this: crows had to use a stone to get a stick from a
platform apparatus to get food from a tube, while ignoring a stick in a tube apparatus. Thi s tested
if the crows could spontaneously plan while representing information they had not had
experience of encoding (the identity and location of the apparatus).
A key signature of human foresight is ‘preplanning’, where a mental plan is formed before
movements begin to be executed. This differs from ‘online planning’, where planning occurs
during task-related movements (Unterrainer et al., 2003; Ward & Allport, 1997). If crows had
solved past metatool problems without planning, we expected them to fail across our three
experiments, and either not innovate the new metatool behaviours, not complete the
behavioural sequence, or not perform above chance when deciding whether to take the tool to
the functional sub-goal, distractor sub-goal or final goal. In contrast, if NC crows are capable of
using mental representations to plan a series of tool behaviours, in each experiment we expected
them to be able to complete the sequence and perform metatool tool use to get the correct tool,
while ignoring the distractor tool or apparatus.

4.2 Material & Methods
4.2.1 Subjects
The study was carried out with fourteen wild caught NC crows on the island of Grand Terre, New
Caledonia. Eight of the crows were adults more than 2 years old (Mercury, Io, Saturn, Uranus,
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Janis, David, Elvis, and Bob), and six were juveniles less than one year old (Neptune, Triton, Mars,
Venus, Freddie & Aretha). Based on sexual size dimorphism (Kenward, et al., 2004), six crows
were identified as females (Mercury, Neptune, Triton, Uranus, Janis and Aretha), and the other
eight as males. The crows were kept in family groups and housed for five months in a 10 cage
outdoor aviary, with each cage measuring at least 2 x 3 x 3m. They had access to water ad libitum,
and were fed fruits and dog biscuits soaked in water. Small pieces of meat were used as rewards.
All testing happened in a compartment with no visual access to the other crows. Our work was
carried out under the approval of the University of Auckland Animal Ethics Committee (reference
no. 001823).

4.2.2 Apparatuses
We used three types of apparatus: a wooden screen, stone dropping boxes and horizontal
Perspex tubes. The wooden screen (50 x 50 x 40cm) functioned as a visual shield and consisted
of three large compartments (25 x 25 x 40cm) on three sides of the box, and one small
compartment (5 x 5 x 10cm) on the fourth side of the box, which was the starting position for the
crows (Figure 4.1 A). The stone dropping boxes (henceforth called stone apparatus) were similar
to those used in previous studies (Bird & Emery, 2009b; Jelbert et al., 2014) and measured 16 x
10 x 10cm. They were made out of clear Perspex, with the collapsing trap-platform in the box
coloured in white for better visibility of the reward and the tool. On top of the box was a 12cm
long tube with a diameter of 5cm and a slant of 30˚ in the middle, to prevent stick tools being
pushed down the tube making contact with the platform. The crows were therefore only able to
release the platform by dropping a stone down the tube. The horizontal Perspex tubes
(henceforth called the stick apparatus) were 18cm long with a diameter of 5cm, mounted 8cm
above a base. One of these tubes had two 1 x 3cm holes drilled into them close to the centre,
which made it easier for crows to lever out heavy stones positioned in the centre of the tube.
The second tube had a continuous surface and contained a stick tool or the food reward,
depending on the task it was presented in.

4.2.3 Training
All crows received two training steps in this study. Training Stage 1 examined if the crows could
mentally represent the identity of the goal (the stone and stick apparatus) while moving around
the wooden shield. To do this we placed a stick tool and a stone tool in one large compartment
and either the stone or stick apparatus in another large compartment. The apparatus and both
50

tools in the large compartments were randomised between trials. Due to the structure of the
wooden shield the crows could not simultaneously see the contents of more than one
compartment. To solve the task the birds had to choose the correct tool and take it to the
apparatus. If they chose the wrong tool and used it to make contact with the apparatus this was
counted as an error. In 2017, subjects were also allowed to pick up one of the two tools, take it
to the apparatus, return with this tool and swap it for the second before returning the apparatus,
as this tool swap required them to keep in mind the apparatus type. They were not allowed to
take a (wrong) tool to the apparatus, drop it and then return to take the second tool, as the crow
would be able to see the apparatus and both tools at the same time if they did this. Therefore,
the trial was interrupted by the experimenter knocking on the door and going into the
compartment and counted as an error. In 2018 however, if subjects chose the wrong tool, took
it to the apparatus, but then did not interact and tried to return to get the second tool, the trial
was interrupted and this was counted as an error. This gave the crows experience that their first
choice had to be correct in order to get rewarded. In 2017, crows were given blocks of 12 trials
and had to reach a criterion of 18 out of 24 correct trials in two consecutive blocks (binomial test
with alpha set at 0.05) in order to move on to Training Stage 2. This was changed to blocks of 10
trials with a criterion of 16/20 in 2018. Training Stage 2 was the same as Training 1, in that crows
had to mentally represent the apparatus while moving around the shield, with the difference
that both tools were located in different compartments (position of apparatus and both tools
was randomized and counterbalanced across trials). The same rules as in Training 1 applied for
Training 2, so 2017 birds were allowed to take the tool to the apparatus and then return to swap
it if they did not interact with the apparatus, while 2018 birds were not. The training was
completed when the 2017 crows reached the criterion of 18 out of 24 correct trials in two
consecutive blocks of 12 trials (binomial test with alpha set at 0.05). This was changed to blocks
of 10 trials with a criterion of 16/20 in 2018.
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Figure 4.1. Diagram of the wooden box used to visually shield off the apparatuses from each other.
Viewed from the side (A), and from a bird’s eye view (B & C). 1) Initial tool starting position for stick
condition (B) and stone condition (C), 2) Sub-goals with stone in the left compartments and the stick in
the right compartment, 3) Goal with the red block indicating the meat.

4.2.4 Experiments
In Experiment 1 the crows received two conditions where they had to mentally represent and
then solve two different 3-stage meta-tool problems. In the first problem, crows had to use a
stick to gain access to a stone that then could be used to gain food (Figure 4.2 A, a). In the second
problem, crows had to use a stone to gain access to a stick that could then be used to gain food
(Figure 4.2 A, b). Each stage of the problem was housed in one of the three large compartments
of the wooden shield (Figure 4.1), meaning that the crows were unable to see more than one
stage of the problem simultaneously. At the start of a trial the crows entered the testing room
and observed that the small compartment of the wooden shield, which would later house a tool,
was empty. They were then allowed to inspect the rest of the experimental setup for 1 minute.
If they did not inspect each large compartment, each side of the wooden screen was baited with
a small piece of meat to ensure crows had observed each problem stage. After the inspection,
the experimenter entered the room, and placed the starting tool in the small compartment. The
crow could now pick up this tool and use it to extract the tools housed in the apparatus. The time
between inspecting the set up and picking up the first tool was not more than 15 seconds. Crows
were given trials of the first condition until they reached a criterion of 16 out of 20 correct trials
(binomial test with alpha set at 0.015) or until they had been presented with 40 trials. If crows
scored 8/10 or in their final block of the 40 trials, we continued testing for a final block to see if
they would reach criterion.
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Crows were then given trials of the second condition. In 2017 conditions were randomised
between crows while in 2018 crows received the stick condition then the stone condition. We
made this change because of how difficult the 2017 crows had found the stone condition to solve.
We hoped presenting the experiments in this order would increase the chance of crows’
successfully solving the stone problem and so allow us to run this study quicker, creating time for
other experiments (such as Experiment 2 and 3) to be run before the crows were released back
into the wild. Within both conditions the position of the functional and distractor apparatuses
were counterbalanced and randomized between trials. The location of the initial tool and food
was always in the same position across trials. A trial was counted as a failure and was interrupted
by the experimenter if the crow (a) took the initial tool to the distractor apparatus containing the
same tool type (a first action error), (b) obtained the functional tool with the initial tool but then
inserted it in the distractor apparatus (a second action error), or (c) took the initial tool directly
to the final apparatus containing food (a third action error). In 2017, it was not counted as an
error if the crow took a tool to an apparatus but did not interact with it, and then took the tool
to the other apparatus. In 2018, this was counted as an error, with the trial being stopped if the
crow did attempt this behaviour.
Experiment 2 was highly similar to Experiment 1 except that within any one block crows were
given three trials types: a stick metatool trial identical to the set-up presented in Experiment 1,
a stone metatool trial identical to the set-up presented in Experiment 1 and a novel shortcut trial
(Figure 4.2 B). In this latter trial each crow had to take a stone directly to the baited platform
apparatus while ignoring two sticks placed inside the two sub-goal apparatus (tube and
platform), as these sticks were non-functional for the overall goal. Crows therefore had to
represent both the sub-goal and goal of the problem in order to solve these trials. Crows were
given blocks of trials until they reached a criterion of 16 out of 20 correct trials (binomial test
with alpha set at 0.015) or until they had been presented with 120 trials. Note it was not possible
to run a stick shortcut condition where crows would have needed to take a short stick tool
directly to a tube apparatus, while ignoring two apparatus containing stones. This is because we
would have had to change the stick size: the short stick would have been non-functional for the
tube apparatus baited with food, as it was too short. Changing the stick size would have made it
impossible to know if successful performances were because crows were representing the final
goal, or simply changing their behaviour because the stick size had changed.
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Experiment 3 was a repeat of Experiment 1 with one key difference: instead of two different tools
being presented in the same sub-goal apparatus, now the same tool was presented in the two
different sub-goal apparatuses (Figure 4.2 C). Two crows (Mercury, Triton) were first given trials
of the stick condition (where they had to use a stick to get a stone from a tube while avoiding a
stone in a platform apparatus), until they reached a criterion of 16 out of 20 correct trials
(binomial test with alpha set at 0.015). They were then tested with the stone condition, where
they had to take a stone to get a stick from platform apparatus, while avoiding a stone in a tube.
Again, they were tested until they reached the same criterion. One crow, Mars, was given the
stone condition first, and then the stick condition.

Figure 4.2. Experiments 1 – 3. (i) Initial tool positioned in the small compartment in front of the shield;
(ii) Apparatuses containing the tools in the left and right compartments (green tick and red cross indicate
the correct tool and the distractor apparatus); (iii) Apparatus baited with meat (red block.). (A) Experiment
1, (a) stick condition, (b) stone condition. (B) Experiment 2, (a) stick condition, (b) stone condition, (c)
shortcut. (C) Experiment 3, (a) stick condition, (b) stone condition. Green tick indicates correct tool, red
cross indicates distractor apparatus(es) and should be avoided. The black lines indicate the outline of the
wooden shield.
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4.2.5 Prior experience
None of the crows had prior experience of mentally representing multi-stage tool problems, or
of using tools as metatools, before being given Experiments 1-3. However, crows were given a
number of different tasks involving tool use before being participating in this study. Five of the
six 2017 crows participated in a tool functionality study similar to (Laumer et al., 2016) where
they learnt to choose the correct tool for the right job when presented with the stone apparatus,
the stick apparatus and both stick and stone tools. The 2018 crows received the same tool
functionality problems, aside from the motivation and tool functionality conditions, due to time
constraints. Additionally, there was one key change to the criterion used throughout these 2018
tests: if the crows chose a tool, then took it to an apparatus but did not interact with it, a nd then
attempted to swap tools, this was counted as an error, unlike in 2017. All 2017 and 2018 crows
were also presented with two problems where the stick and stone tools were presented out-ofsight of the apparatus, using a wooden screen. These problems were highly similar to the training
stages we describe above, with the key difference being that barriers were used, rather than the
shield we used throughout our experiment. Three 2017 and two 2018 crows had also been given
problems where they had to choose a tool, and after a time delay, take the tool to an apparatus
to gain food. In Condition 1, crows were shown a stick apparatus (described above) that was
baited with food in Compartment 1. The crows were then moved to Compartment 2. Here, the
crows were presented with various objects, including a stick tool. After the crows had chosen
one of these objects they were given access to Compartment 1 again. Choosing the stick tool in
Compartment 2, rather than the other objects, and then transporting it back to Compartment 1,
allowed the crows to access the reward. During testing, crows were presented with novel-tool
apparatus combinations but the same temporal pattern of events.

4.2.6 Data Analysis
Trials were video recorded from four different angles facing all four sides of the shield. All
statistical tests were conducted in R (R Core Team, 2016) and are two-tailed. Twenty percent of
the videos from all four angles were coded by a blind coder and the inter-observer reliability was
1 (Cohen’s Kappa, R package ‘irr’ (Gamer et al., 2012)). Binomial analyses were run, with the
probability of a correct choice at 0.5. For graphical illustration, the package ‘ggplot2’ (Wickham,
2009) was used.
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4.3 Results
4.3.1 Experiment 1
Six out of the fourteen crows were tested in 2017, with three being presented with the stone
metatool problem first (Janis, David, Bob), and three the stick metatool problem first (Elvis,
Freddie, Aretha). In 2018, we presented a further eight crows with the stick problem, then the
stone problem. Of the eleven crows that were first presented with the stick metatool problem,
four reached a criterion of 16 out of 20 with few errors (two birds from 2017, two from 2018,
range 0-5, see Figure 4.3 A). A further three crows reached criterion within 40 trials and one
reached criterion in 43 trials (one bird from 2017, three from 2018). All eleven crows were then
given the stone problem as their second condition. Two crows reached the criterion of 16 out of
20 trials within 40 trials, (one from 2017, one from 2018) while two others did so in their 43 rd
trial and 46th trial respectively (one from 2017, one from 2018) (Figure 4.3 B). None of the three
2017 crows that received the stone problem first reached criterion within 40 trials (Figure 4.3 B).
However, when these crows were then given the stick condition second, they reached criterion
in 22, 23 and 24 trials respectively (Figure 4.3 A). The crows solved the stick and the stone
condition correctly 66% and 48% of the trials respectively. However, they made more errors in
the stone condition compared to the stick condition (Table 4.1).
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Figure 4.3 Performance of crows in Experiment 1. (A) Stick condition and (B) stone condition, crows that
solved the task are marked in bold. Green indicates a correct choice, light-orange a 1st action error, yellow
is a 2nd action error and orange indicates a 3rd action error. The dots are for the 2017 crows who inspected
the apparatuses with a tool in their beaks.
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4.3.2 Experiment 2
Experiment 2 was presented to the eight crows in our 2018 field season. Here, crows were given
one of three trial types within each block of trials: a stick metatool trial, a stone metatool trial
(both the same as in Experiment 1), or a shortcut trial. In shortcut trials crows had to take a stone
to get food directly from the platform apparatus (goal) while ignoring two sticks placed inside
the two sub-goal apparatuses (tube and platform), as these sticks were non-functional for the
overall goal. If crows were not representing the final goal we predicted they would attempt to
use the available tool to gain one of the tools at the sub-goal stage, instead of taking the tool
directly to the final goal. Thus, to pass this experiment crows had to plan using mental
representations of both the goal and sub-goals of the problem across the three trial types
presented to them. Crows were given blocks with these three trial types presented in a pseudorandomised order. Three of the eight birds solved the problem within 60 trials (20 of each
condition), Neptune did so in 25 trials, Mars in 26 trials and Triton in 39 trials. One other bird,
Mercury, reached criterion in 69 trials (Figure 4.4) and the crows chose correctly 61.5% of the
trials (Table 4.1). Clearly, this was a more difficult problem than Experi ment 1 as crows had to
encode more information, namely not only the location and identity of the two tools, but also
the identity of the goal apparatus as well.

Figure 4.4 Performance of crows on Experiment 2 in the first 60 trials. Crows that solved the task are
marked in bold, Mercury solved experiment 2 in trial 69 (*). Green boxes indicate a correct choice, lightorange a 1st action error and orange a 3rd action error.
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4.3.3 Experiment 3
The three of the four crows that passed Experiment 2 (one crow was excluded due to procedural
problems) were presented with Experiment 3. In all experiments to this point, crows had had to
plan using mental representations of the locations and identity of the two out-of-sight tools. In
this experiment this changed: for each sub-goal the same tool was placed in either a functional
or non-functional apparatus. Thus in the stick condition crows had to take a stick to gain a stone
from a tube (functional sub-goal), while ignoring a stone in a platform (distractor sub-goal), and
then take the stone to extract food from a platform (goal). In the stone condition crows had to
use a stone to gain a stick from a platform (functional sub-goal), while ignoring a stick in a tube
(distractor sub-goal), and then use this stick to gain food. Crows, therefore, had to plan using
representations of both the identity and location of the apparatuses, which they had never had
to do before. Crows were given 20 trials of each condition. The three crows reached criterion
within the first 20 trials of the stick condition, scoring 18, 17 and 16 out of 20 (Figure 4.5 A). In
contrast, no crow reached criterion within 20 trials in the stone condition, and only one reached
criterion within 60 trials (Figure 4.5 B). However, when both conditions combined the crows were
correct in 72.58% of the trials (Table 4.1).

Figure 4.5 Performance of crows on Experiment 3. (A) Stick condition, (B) stone condition. Crows that
solved the task are marked in bold. The green boxes indicate a correct trial, light-orange a 1st action error,
yellow a 2nd action error and orange a 3rd action error.
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Table 4.1 Percentages of correct choices and errors within training and the conditions for each
experiment.
Training

Experiment 1: Sub-goal

Experiment 2:

Experiment 3: Apparatus

Representation

Goal

Representation

Representation
Choices

Stick

Stone

Combined

Stick

Stone

Combined

Correct

69%

66.26%

48.08%

55.7%

61.55%

85.32%

59.83%

72.58%

1 st action error

NA

27.91%

46.68%

38.82%

30.18%

13.17%

37.38%

25.26%

2 nd action error

NA

1.94%

1.75%

1.83%

0%

1.59%

0.56%

1.07%

3 rd action error

NA

3.88%

3.50%

3.66%

8.27%

0%

2.23%

1.12%

Adults–correct

73.81%

69.85%

40.42%

51.84%

58.84%

90%

56.67%

65%

Juvenilescorrect

67.52%

69.27%

58.14%

61.39%

66.39%

82.50%

61.02%

66.45%

4.3.4 Preplanning versus online planning
We re-analysed the performance of the 2017 crows that reached criterion at either task of
Experiment 1 after excluding trials where crows inspected one apparatus while holding the tool
before switching to the other (Table 4.2). Instead, we examined only those trials where crows
took the tool and immediately interacted with one apparatus. This allowed us to examine how
well the 2017 crows performed in trials where only preplanning, rather than online planning,
could have been used to solve the problem. In the stick condition, two crows were still significant
when we excluded trials where crows inspected the problem while holding a tool. Aretha scored
12/14 correct trials (Binomial choice, p = 0.013), and Freddie scored 14 out of 18 trials correct
(Binomial choice, p = 0.031). Thus, when looking at 2017 trials where online planning did not
occur, clear evidence of preplanning emerged. This 2017 finding is mirrored in our 2018 data,
where two crows solved the problem with few errors (Saturn 20/20, Triton 16/20). In 2018 during
our training stages (see methods) we gave the crows experience that a trial would be stopped if
they picked up a tool and then inspected an apparatus without interacting with it. If crows then
attempted to inspect while holding a tool during Experiment 1-3 this was counted as an incorrect
choice. This highly stringent criterion meant that crows were unable to use online planning across
Experiments 1-3 in 2018.
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Table 4.2 Inspection frequency of the apparatuses with tool in beak by the 2017 crows, for both
conditions.

Individuals

Stick Condition

Stone Condition

Aretha

30%

37.8%

Freddie

14.3%

58.1%

Elvis

48.8%

35%

Janis

40.9%

35%

David

50%

2.5%

Bob

50%

57.5%

4.4 Discussion
Our results provide conclusive evidence that some NC crows can preplan using mental
representations of the sub-goals and goals of a metatool problem (Experiment 1 and 2) and then
spontaneously switch from pre planning using mental representations of different tools, to
representations of different apparatuses (Experiment 3). In Experiment 1, we found that most of
the crows we tested solved a stick problem where they had to use a stick tool to get a stone tool
and then use the stone to get food while avoiding a distractor object (another stick). This was
despite crows not being able to view more than one stage of the problem at a time. Four of the
crows we tested showed clear evidence of preplanning. Experiment 2 showed that NC crows can
also represent both the goal and sub-goal of a metatool problem while preplanning. Four out of
8 crows were able to track both of these features of the problem, with one crow solving this task
in 25 trials and one in 26 trials. However, this was clearly a much harder problem for the crows,
possibly because they had to mentally represent more information. This may explain why the
crows struggled despite having had experience of two of the three problems presented already,
and why the individual that had done best at Experiment 1, Saturn, actually failed this
experiment. Finally, Experiment 3 shows that NC crows can spontaneously preplan using novel
information. Crows had not been required to mentally represent two apparatus types and then
choose between them at any point in our experiment. However, when presented with a stick
problem where they had to take a stick to gain a stone from a tube while ignoring a stick in a
platform, the three crows we tested immediately preplanned using a representation of the
apparatus type and location, rather than the tool type. To our knowledge, these results are the
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first conclusive evidence that birds can plan several steps ahead while using tools. Our study
clearly rules out the alternative explanations suggested for past bird performances on sequential
tool problems, where all the components of the problem have been visible (Auersperg et al.,
2013; Clayton, 2007; Habl & Auersperg, 2017; Laumer et al., 2016; Taylor et al., 2007, 2010;
Wimpenny et al., 2009).
The crows clearly needed considerable experience of mentally representing tools to produce the
metatool performances we observed. Though most crows quickly solved Training Stage 1, where
the crows had to take one of two tools positioned together to an out-of-sight apparatus, they
took much longer in Training Stage 2, where they had to take tools positioned inside different
compartments. On average, the crows made 8 errors at Stage 1 before reaching criterion but
30.7 errors at Stage 2. Thus, despite both these tasks requiring mental representation, choosing
which compartment to take a tool from, rather than choosing between two tools in the same
compartment, appears to have been much more cognitively demanding, possibly due to the
increased working memory load this task required. Without Training Stage 2, it seems likely that
the crows would have failed Experiment 1, due to the extra demand imposed by having to take
one of two tools positioned inside different compartments of the shield to an apparatus. Once
crows had learned to do this, however, they were able to mentally represent the location and
identity of tools and apparatuses while planning and performing a three stage behavioural
sequence involving metatool use.
Interestingly, the crows did not perform as well on any of the stone metatool tasks we presented
to them. There are a number of possible explanations for this. One is that it was harder for the
crows to be performing stone rather than stick tool use while making a decision. Tool use itself
has been shown to be cognitively demanding for animals (Seed et al., 2009), so it is possible that
some forms of tool use may in themselves be more demanding than others. For example, holding
the stone may have required more attention or motor control, either due to its affordances or
because the crows had less practise holding stones than sticks due to using sticks but not stones,
in the wild. A second possibility is that stones were not as easy to represent as the starting
decision point in a sequence, compared to sticks, which had a downstream effect on the crows’
ability to preplan a sequence. Still, the crows’ performance in solving the stick metatool problem,
where they had to mentally represent the location of a stone tool, clearly shows that their ability
to plan is flexible enough to include tools they have been trained to use, such as stones, rather
than those they have evolved to use, such as sticks.
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Our results support the hypothesis that NC crows can use mental trial and error when solving
metatool problems and so can act as Popperian creatures. The birds represented different states
of the world (the location and identities of the functional and distractor tool, the overall goal and
the location and identities of the different apparatus) and then used these representations to
plan out a sequence of behaviours towards an overall goal, before finally executing this plan.
However, the nature of the representations that the crows are using is unclear. Are these
representations of the crows’ entire trajectory or just key decision points? Are they based only
on semantic knowledge of likely outcomes, or do they incorporate episodic elements as well?
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Chapter Five

Discussion

New Caledonian crows are one of the few animals to manufacture and use tools for foraging
(Hunt, 1996).
This thesis set out to deepen our understanding of the intelligence of the NC crow, with specific
focus on this species decision-making, inhibition and planning abilities. The experiments here
either examined the crows representation abilities or compared the abilities of the crows with
pigeons, Goffin’s cockatoos, orangutans, children and adult humans . Each line of research
enquiry will aid future research to evaluate how intelligence evolved in birds, and in primates.
The main findings, possible implications of the work and directions for future research are
discussed below.

5.1 Summary of the main findings
Chapter 2 investigated the behavioural flexibility and inhibitory control of birds using an
established paradigm, the serial reversal learning paradigm, and compared the performance of
NC crows with pigeons. Overall, this study found that NC crows performed better than the
pigeons. This differential performance was due to NC crows making fewer errors, both at the
start of the experiment and then across its course. Pigeons, in contrast, made more errors early
in their reversal blocks and then learnt to correct these errors across the course of the block, as
evidenced by controlling for such within-block learning in our analysis. Interestingly, it seemed
that juvenile crows performed better than adult crows, although further investigation is needed.
Chapter 3 examined the decision-making abilities of NC crows during tool-use tasks, and
contrasted it to that of adult humans, cockatoos, crows and orangutans. The NC crows were
presented with an already established design previously used on Goffin’s cockatoos (Laumer et
al., 2016b) and orangutans (Laumer et al., 2019). Crows received five different tasks where they
had to make inhibitory decisions about tool functionality and availability of reward. Experiment
1 tested if crows could choose the correct tool for an apparatus type (tool selection task),
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Experiment 2 examined if they only used a functional tool when high value food was out of reach
(motivation test), Experiment 3 examined if crows used a tool selectively depending on whether
a high or low value food item was out of reach (quality allocation task), Experiment 4 examined
if crows chose the appropriate food item was a tool was either functional or non-functional
(functionality test) and Experiment 5 put all these all six components together (two tools, two
apparatuses, two rewards) and examined if crows could make the correct decision about which
tool to take to which apparatus to get a high value food item (tool selection/quality allocation
task).
Crows performed well at the first 3 experiments, but did less well in Experiments 4 and 5.
Comparing the performance of the crows with Goffin’s cockatoos, orangutans, children and adult
humans, my findings indicate that crows and cockatoos perform better than 3-5 year old children
at the motivation task and 3 year old children at the tool selection and quality allocation tasks.
However, there appears to be a limit to the number of pieces of information that birds can make
decisions over, given the results of Experiment 5, though this limit can be overcome with
experience, at least for NC crows. Interestingly, the crows did not perform better than non-tool
making cockatoos in the tool functionality task, providing little support for the technical
intelligence hypothesis, which proposes that innovative behaviour and technical problem solving
drive the intelligence of a species (Byrne, 1997). However, there are several caveats to this
conclusion, as mentioned in this chapter’s discussion. One additional caveat to this conclusion is
that while there is clear evidence that Goffin’s cockatoos show incredible tool using and
manufacturing skills in captivity, it has not yet been established that they truly do not use tools
in the wild (O’Hara et al., 2018). Further work is clearly required in this area.
Chapter 4 investigates the cognition NC crows use when solving metatool problems. While past
work had shown that NC crows could spontaneously solve two-step (Taylor et al. 2007) and threestep metatool problems (Taylor et al 2010), we had little idea of the cognition that the crows
were using to produce these performances. Did these crows solve the tasks on a step-by-step
basis, with the feedback from the solution of one stage driving the initiation of the next behaviour
in the behavioural chain, or did the crows have a plan in their mind for each stage of the problem?
With the 3 visually obscured metatool experiments outlined in chapter 4, NC crows
demonstrated that they are capable of flexibly planning a sequence of behaviours by creating a
mental image in their mind.
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These experiments are evidence that NC crows not only plan for the sub-goal of a metatool task,
but also take the goal into account, and can spontaneously switch from preplanning with mental
representations of the different tools as sub-goals, to preplanning with mental representations
of the apparatuses as sub-goals. These results are highly exciting as they demonstrate that NC
crows are using mental representations to solve metatool problems and thus opens up a number
of questions in regard to the semantic or episodic nature of these scenarios.

5.2 Implications of the findings of this thesis
This thesis contributes to the knowledge of the cognitive abilities of New Caledonian crows, and
while I found similarities to other avian species, and primates, I also found differences. The more
we are able to learn about these birds, the clearer the picture of their intelligence and evolution
in this island-dwelling corvid is, allowing us to test whethertool use is a driving force of
intelligence.
Even though the last common ancestor of birds and mammals lived over 300 million years ago
(Jarvis et al., 2005), which allowed for the development of different brain structures, we see
many similarities in the cognitive abilities of birds and mammals. This leads to the question of if
birds and mammals think alike and if the intelligence of both is based on convergent evolution.
In recent years a number of findings have demonstrated that corvids and parrots parallel can the
performances of humans and great apes. New Caledonian crows and scrub jays show comparable
performance to children at future planning tasks (Atance et al., 2015; Boeckle et al., 2020; Miller,
et al., 2020; Raby et al., 2007), ravens and scrub jays show similar performances to primates when
attributing knowledge states to conspecifics (Bugnyar & Heinrich, 2005; Bugnyar et al., 2016; Call
& Tomasello, 2021; Clayton et al., 2007; Dally et al., 2006) and the kea parrot shows equivalent
performance to humans and primates at several probabilistic inference tasks (Bastos & Taylor,
2020; Denison & Xu, 2014; Eckert et al., 2018).
The results here from my metatool study add to this growing body of evidence. This study tested
a specific hypothesis about the cognition that NC crows use during problem solving, namely that
they mentally represent problems and use these representations to preplan, just as humans do
when solving problems such as chess. That birds also base the solving of complex problems on
mental represetnations is a highly exciting finding, particularly given it supports earlier work
showing that NC crows can manufacture tools from a mental template (Jelbert et al., 2018). These
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findings suggest that the convergent evolution that has occurred between birds and the primate
lingeage has not only occurred at behavioural level, but may have occurred at a cognitive level
as well. That is, birds and primates may have evolved the same type of cognition forl solving
problems such as these. However, we need to test the nature of the representations that NC
crows use (e.g. episodic or semantic memory) to gain further insight into this question.
The results from Chapter 3, where I compared the decision-making abilities of NC crows to nontool using Goffin’s cockatoos, tool-using orangutans, children and adult humans found some
interesting similarities and differences in regard to the potential convergent evolution of
cognition between primates and corvids. Both NC crows and Goffin’s cockatoos performed
similarly to orangutans and 4- and 5-year old children and outperformed the 3-year olds at
several tasks, again adding weight to the hypothesis that birds from these families should be
considered “feathered apes”. However, when subjects needed to attend to six components of a
problem (two tool types, two reward types, two apparatus types), like 3-year old children, and
unlike older children and adults, these bird species struggled. Interpreting failures is always
difficult, but given that this both bird species did better at simpler versions of these tasks, this
may reflect an information processing limit of the avian brain. That NC crows with more
experience then solved this problem suggests that this limit may only be exhibited in novel
situations. Clearly, further testing of this hypothesis would be of great interest.
My work in Chapter 2 points to a different direction research in avian cognition can take, na mely
testing for differences in cognition between bird species in order to understand how cognition
evolves. However, the data of the “Avian Cognition and Brain Consortium” has yet to be
published to gain a broader understanding of the learning speed and the behavioural flexibility
of corvids, psittaciformes, pigeons and common mynas. What can be said from this chapter is
that the reversal learning test seems to be able to establish robust differences between bird
species. It also demonstrates, when compared to the data from Teschke et al. (2013), how
important it is that standard methodologies are used for cross -species comparisons.
One other finding that came up acriss this thesis concerns the difference in performance between
NC crows of different ages. In the serial reversal learning task, juveniles and one adult female
were the first ones to show a steady performance of needing a maximum of 30 trials per reversal.
The metatool study saw a similar pattern: juveniles and adult females solved all three
experiments, unlike other individuals tested. This raises the question of whether the behaviour
of juvenile crows are more flexible than those of adult individuals, possibly because they are less
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biased by their past experience. Another question raises concerns is sex-differences, such as
females planning differently compared to their male partners, for example, whne providing food
for their offsprings. While some age differences in cognition has been documented in other
corvids, such as young ravens and carrion crows showing a higher exploration towards novel
objects than adult individuals (Miller et al., 2015), the differences in performance here seemed
to go well beyond object exploration. Unfortunately, running statistical analysis on a very low
number of individuals was not possible, so this question cannot be resolved at this time.
However, it would be a highly interesting question to examine in the future, particularly given
the finding that human children seem better able to attend to current information and avoid
being biased so much from their past experience (Lucas et al., 2014).

5.3 Conclusion
Despite birds having been wrongfully accused of being ‘bird-brained’ for much of the last century,
they have shown incredible cognitive abilities that rival the ones of great apes, and even young
children (Emery, 2016; Emery & Clayton, 2004; Kabadayi & Osvath, 2017; Pika et al., 2020).
This thesis adds to this by providing evidence that NC crows have highly impressive self-control,
make flexible decisions and can mentally represent and then preplan solutions to tool problems .
At the same time the results here suggest that these crows may also have an information
processing limit lower than that of humans and primates. Understanding further the similarities
and differences in the cognition of these groups will be key to truly testing if the convergent
evolution of cognition can occur.
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Appendices

6.1 Appendix 1 – List of online supplementary materials
Movies can be found in the following online locations:

Chapter 3
Miller R., Gruber R., Frohnwieser, A., Schiestl, M., Jelbert S. A., Gray, R. D., Boeckle, M., Taylor,
A. H. & Clayton, N. S. (2020) Decision-making flexibility in New Caledoninan crows, young
children and adult humans in a multi-dimensional tool use task. PLoS ONE 15(3): e0219874.
https://doi.org/10.1371/journal.pone.0219874
ESM: Movie
https://doi.org/10.1371/journal.pone.0219874.s010
Chapter 4
Gruber R., Schiestl, M., Boeckle, M., Frohnwieser, A., Miller, R., Gray, R. D., Clayton, N. S. &
Taylor, A. H. (2019) New Caledonian crows use Mental Representation to solve Metatool
Problems. Current Biology 29, 1-7. https://doi.org/10.1016/j.cub.2019.01.008
ESM: Movie
https://www.cell.com/cms/10.1016/j.cub.2019.01.008/attachment/c3ab016b-d512-4c79b7bb-ec946a546f51/mmc2
https://www.youtube.com/watch?v=k0Wxww9rub4

6.2 Appendix 2 – Supplementary Figures and Tables for Chapter 2
Inhibitory control and cognitive flexibility in New Caledonian crows and pigeons
in a serial reversal learning task
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Table 6.1. Performance of NC crows for each reversal. Total number of trials needed to reach criterion
with correct and incorrect trials. Mean and standard deviation calculated for all birds. Venus and Uranus
dropped out after reversal 7 and 11 respectively. Yellow rows indicate the individual needed 20 trials to
reach criterion, with Triton, Neptune and Jupiter showing a consistent performance from reversal 8, 9
and 10 respectively on.
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6.3 Appendix 3 – Supplementary Figures and Tables for Chapter 3
Decision-making flexibility in New Caledonian crows in a multi-dimensional tool
use task
Table 6.2. Generalized linear mixed models on factors affecting the number of correct trials in crows.
N = 6. Significant p-values are highlighted in bold.
Estimate

z value

p-value

(Intercept)

3.780

5.932

< .001

***

Apparatus

-2.595

-4.336

< .001

***

Motivation

0.413

0.449

.654

Quality

-1.881

-3.078

.002

**

-3.580

-6.005

< .001

***

-2.882

-4.875

< .001

***

Tool selection

-2.753

-4.591

< .001

***

Sex

0.194

0.757

.449

Trial

0.016

0.988

.323

Age

-0.347

-1.354

.176

functionality

allocation
Tool
functionality
Tool selection
quality
allocation
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Table 6.3. Performance of NC crows in each condition. MPR = most preferred reward, significances
highlighted in bold, *= p<0.05 (10/12 correct), **= p<0.01 (11/12 correct), ***=p<0.001 (12/12 correct).
Condition

Tool Selection

Apparatus

Stick
Stone
Stick

Grouping of
tools and
reward
Session 1 &
2
All sessions

Stone
Motivation

Stick
Stone

Quality
Allocation

Stick

Stone

Tool
Functionality

Stick

Stone

Tool Selection
Quality
Allocation
Apparatus
Functionality

Stick
Stone
Stick
Stone
Stick

Tool
Food
Tool
Food
MPR Inside
MPR
Outside
MPR Inside
MPR
Outside
Functional
Nonfunctional
Functional
Nonfunctional
Session 1 &
2
All sessions
All sessions

Stone
Apparatus
Choice

Stick
Stone

2 Sessions

Individuals
Freddie
Elvis

Janis

David

Annie

Bob

10*
5
36***
(42)
25 (42)

10*
5
15**
(18)
9 (18)

11**
6
16** (18)

11**
4
22*
(30)
21*
(30)
0
12***
2
10*
11**
12***

10*
8
15**
(18)
13 (18)

0
12***
0
12***
0
12***

10*
9
15**
(18)
15**
(18)
0
12***
0
12***
12***
12***

0
12***
0
12***
8
12***

0
12***
0
12***
12***
11**

8
12***

12***
11**

1
12***

12***
12***

12***
12***

12***
12***

6
11**

12***
0

5
7

12***
0

10*
2

12***
0

6
10*

12***
1

9
8

12***
1

12***
1

12***
1

4
6
27
33*
21*
(30)
24**
(30)
11**
12***

6
10*
28
40***
40*
(60)
45***
(60)
12***
12***

4
9
22
44***
13 (18)

12***
10*
46***
46***
12***
(12)
12***
(12)
11**
12***

4
12***
21
44***
16 (36)

9
8
36***
36***
10*
(12)
11**
(12)
12***
12***
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13 (18)

16** (18)
11**
12***

34***
(36)
12***
12***

0
12***
0
12***
12***
11**

Table 3.2. Comparison of performance within conditions between crows and cockatoos. Results reflect
Mann Whitney U-tests. Significant p-values highlighted in bold.
Apparatus

Tool selection

Motivation

Types:

Quality

Tool functionality

Allocation

Tool selection
quality

Combined

allocation

& Singly

U, z

p

U, z

p

U, z

p

U, z

p

U, z

p

Stone

7,

0.003

11,

0.01

19.5,

0.090

10.5,

0.010

19.5,

0.091

-2.57

1

-1.72

6,

0.00

18,

-3.02

2

-1.85

8,

0.00

19,

-2.8

4

-1.76

-2.83
Stick

32,

0.542

-0.641
Both

16.5,
-1.99

0.046

73

-2.52
0.067

9,

-1.72
0.005

-2.69
0.086

6.5,
-2.86

36,

0.827

-0.27
0.002

13,
-2.3

0.020

6.4 Appendix 4 – Supplementary Figures and Tables for Chapter 4

New Caledonian crows use mental representation to solve metatool problems

Table 6.4. Blocks required for 2017 and 2018 birds for Training Stage 1. Note birds were given blocks of
12 trials in 2017, and needed to reach a criterion of 18/24, while in 2018 they were given blocks of 10
trials, and needed to reach a criterion of 16/20. The colours indicate a failed block (red) and a
successfully solved block (green).
Number of Blocks for Training Stage 1
Year

Individuals

1

2

3

4

5

6

2017

Janis

9/12

9/12

2017

David

8/12

10/12

2017

Freddie

11/12

10/12

2017

Elvis

10/12

8/12

2017

Bob

10/12

11/12

2017

Aretha

7/12

6/12

6/12

5/12

8/12

10/12

2018

Mercury

6/10

8/10

6/10

8/10

9/10

2018

Io

7/10

10/10

2018

Neptune

7/10

10/10

2018

Triton

8/10

6/10

9/10

6/10

7/10

2018

Mars

7/10

9/10

2018

Saturn

10/10

9/10

2018

Uranus

7/10

8/10

8/10

2018

Venus

7/10

6/10

8/10

7/10

9/10
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10/10

Table 6.5. Blocks required for 2017 and 2018 birds for Training Stage 2. Note birds were given blocks of
12 trials in 2017, and needed to reach a criterion of 18/24, while in 2018 they were given blocks of 10
trials, and needed to reach a criterion of 16/20. The colours indicate a failed block (red) and a
successfully solved block (green). *David reached criterion in 17 out of 24 correct trials due to time
constraints.
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