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Physical cognition in parrots

Summary

SUMMARY

Animals differ considerably in intelligence,
defined as the speed and the success with which
they solve problems related to surviving in their
environment. There are a number of evolutionary
hypotheses which attempt to explain cognitive
variation across species as well as how cognitive
traits may have evolved. A comparative approach
allows us to test these evolutionary questions on
the origins of and the ecological pressures on
cognitive abilities. For example: Do phylo-
genetically closely related species share similar
cognitive abilities? What kind of evolutionary
pressures shape cognitive abilities across
species? Does the social environment play a
special role in shaping cognition? Comparisons
across species require careful consideration of
the experimental methods used and the factors
that may affect an individual’s performance in an
experiment.

In this thesis, | studied the abilities of different
parrot species to solve physical problems. | used
the string-pulling paradigm to investigate this
issue — a method that has been proved to be
suitable for investigating cognitive evolution
across species. | present the following new
findings:

The considerable variation in the ability to
solve patterned-string problems found among
parrots was not related to their phylogenetic
relationship. Rather, the variation in psittacines’
cognitive abilities such as the understanding of
mean-end  relations, connectedness, and
functionality was best explained by social
components of their natural environment such as
fission-fusion dynamics, breeding system and the
size of the daily groups. It appears that parrots’
enhanced cognition in the physical domain is of a
domain-general nature, rather than an adaptive
specialization to a certain ecological niche, and
might have been evolutionarily favoured by the
cognitive challenge of living in a complex social
environment.

In my thesis, | provide the first evidence for an
interrelation between visual-spatial and motor
abilities in non-mammalian animals by showing
that more highly developed motor abilities
correlate positively with parrots’ performance in
patterned-string tasks.

Furthermore, parrots tested in a social
context and those tested singly showed similar
cognitive capacity in solving patterned-string
problems. In contrast to previous studies, my
findings revealed that, at least in the case of
highly social species the testing in social settings
does not appear to bias the results obtained in
physical cognition experiment. On the contrary,
testing of problem-solving in a social context
better reflects natural behaviour and is thus
more ecologically relevant for highly social
species that often have to deal with cognitive
challenges under conditions of social compe-
tition. Furthermore, | could show that the
parrots’ willingness to participate in the tasks was
significantly higher in a social context. Thus, the
social settings may provide advantages by
decreasing the level of individual fearfulness and
stress.

The study species consistently showed
individual differences in personality, which
correlated with individual cognitive differences in
solving string-pulling problems, showing that
more explorative individuals were less accurate
in solving more complex string patterns. My
findings also suggest that the effect of persona-
lity on cognitive performance might depend on
the complexity of the task. Moreover, differences
in personality traits may also determine whether
social context facilitates or impairs an individual’s
response to a novel situation. Differences in
personality traits as well as social context thus
must be carefully considered when designing
setups, interpreting findings and comparing them
across species.
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Physical cognition in parrots

Zusammenfassung

ZUSAMMENFASSUNG

Tiere unterscheiden sich in ihrer Intelligenz,
d.h. in der Geschwindigkeit und im Erfolg, mit
dem sie Probleme in ihrer Umwelt I6sen. Es
existiert eine Reihe von Evolutionshypothesen,
die versuchen, diese Variation und die Ent-
wicklung kognitiver Fahigkeiten bei verschie-
denen Arten zu erklaren. Ein vergleichender
Ansatz erlaubt die Uberpriifung dieser und
anderer evolutiondrer Fragen zu den Urspriingen
von und den Selektionsdriicken auf kognitive
Mechanismen. Zum Beispiel: Haben phylogene-
tisch eng miteinander verwandte Arten ahnliche
kognitive Mechanismen? Welche Selektions-
driicke formen kognitive Mechanismen bei
verschiedenen Arten? Spielt das soziale Umfeld
eine besondere Rolle bei der Entwicklung von
Intelligenz? Vergleiche zwischen Arten erfordern
dabei eine sorgfaltige Berlicksichtigung der
verwendeten experimentellen Methodik sowie
der Faktoren, welche die Leistung eines Indivi-
duums in einem Experiment beeinflussen.

In dieser Arbeit habe ich die Fahigkeiten ver-
schiedener Papageienarten, physikalische Prob-
leme zu lésen, untersucht. Ich habe dafir das
sogenannte string-pulling-Paradigma verwendet -
eine Methode, die sich bereits fur die Unter-
suchung kognitiver Fahigkeiten verschiedener
Arten als geeignet erwiesen hat. Die Arbeit
brachte folgende neuen Erkenntnisse hervor:

Die erhebliche Variation in der Fahigkeit
verschiedener Papageienarten, string-pulling-
Probleme zu l6sen, ist nicht durch phylogene-
tische Verwandtschaftsverhéltnisse zu erklaren.
Stattdessen wird die Variation der kognitiven
Fahigkeiten, wie z.B. das Verstandnis des
Ursache-Wirkung-Prinzips, des Prinzips der phy-
sikalischen Verbundenheit und der Funktionalitat
am besten durch soziale Komponente der
Umwelt erklart. Dazu zdhlen die sogenannte
Fission-Fusion-Dynamik einer Gruppe, das Brut-
system und die GrofRe der Tagesgruppen. Es
scheint, als ob das fortgeschrittene physikalische
Verstandnis aus evolutiondrer Sicht durch kog-
nitive Herausforderungen des Lebens in einem
komplexen sozialen Umfeld begiinstigt wurde.
Das Verstandnis physikalischer Zusammenhange
erscheint deshalb genereller Natur, und stellt
keine adaptive Spezialisierung auf eine
bestimmte 0©kologische Nische dar. Die vor-

liegende Arbeit liefert auch erste Hinweise auf
einen Zusammenhang zwischen visuell-rdum-
lichen und motorischen Fahigkeiten bei Nicht-
Saugetieren. Sie zeigt, dass feinere motorische
Fahigkeiten positiv mit der Leistung der Papa-
geien in string-pulling-Aufgaben korrelieren.

Dariuber hinaus zeigten einzeln getestete Pa-
pageien und solche, die in einem sozialen Kontext
getestet wurden, keine signifikanten Unter-
schiede in ihrer Fahigkeit string-pulling-Probleme
zu l6sen. Im Gegensatz zu friheren Studien,
legen die Ergebnisse meiner Untersuchung nahe,
dass das Testen der Tiere in einer Gruppe,
zumindest bei sozialen Arten, keine Beein-
trachtigung der Leistungsfahigkeit in einem
Experiment nach sich zieht. Im Gegenteil, die
Problemldsung im sozialen Kontext spiegelt das
natirliche Verhalten sozialer Arten besser wider,
da sie mit kognitiven Herausforderungen oft
unter den Bedingungen des sozialen Wett-
bewerbs umgehen missen. Das Testen sozialer
Arten in der Gruppe hat somit ©kologische
Relevanz. Dariber hinaus kann der soziale
Kontext auch Vorteile durch die Verringerung der
Angstlichkeit und des Stress-Niveaus einzelner
Individuen mit sich bringen. Denn, wie ich zeigen
konnte, war die Bereitschaft, sich an den
Aufgaben zu beteiligen, signifikant héher bei im
sozialen Kontext getesteten Individuen.

Meine Untersuchungen haben gezeigt, dass
alle getesteten Arten individuelle Unterschiede in
der Personlichkeit zeigten und diese mit
individuellen kognitiven Unterschieden bei der
Losung von string-pulling-Aufgaben korrelierten.
Bei allen Arten waren neugierige Individuen
weniger genau bei der Losung komplexer string-
pulling-Muster. Meine Ergebnisse deuten auch
darauf hin, dass der Effekt der Personlichkeits-
merkmale auf die kognitive Leistung von der
Komplexitdit der Aufgabe abhangen kann.
Dartber hinaus kénnen Unterschiede in Per-
sonlichkeitsmerkmalen auch bestimmen, ob ein
sozialer Kontext die Reaktion eines Individuums
auf eine neue Situation erleichtert oder beein-
trachtigt. Unterschiede in der Personlichkeit,
sowie im sozialen Kontext missen deshalb bei
dem experimentellen Design, der Interpretation
der Ergebnisse sowie beim Vergleich verschie-
dener Arten sorgfaltig berlicksichtigt werden.
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Introduction

INTRODUCTION

Cognition is the ability to acquire, process,
store and use information to respond to changes
in the environment (Shettleworth 2010). Animals
differ in the ways they respond to similar
environmental challenges. In some species, these
responses are based on enhanced cognitive
processes such as learning and reasoning. Charles
Darwin argued that such between-species
differences in cognitive skills were differences “of
degree, and not of kind” (Darwin 1871). Darwin’s
argument is consistent with the general process
view, according to which the same fundamental
processes of cognition are used across an
extensive range of problems based on different
inputs (Papini 2002). An alternative view to
generalized processes is that cognition is
adaptive and domain-specific, i.e. animals have
evolved specific cognitive skills to solve problems
associated with their particular ecological niches
(Pinker 2010). Associated with the latter,
numerous hypotheses have been postulated to
explain cognitive variation among species and to
analyse how cognitive traits may have evolved.
While some authors emphasize complex foraging
strategies and ecological pressures as the primary
forces shaping the evolution of animal cognition
(Byrne 1997; Milton 1981), others suggest that
increased social complexity favoured the
evolution of cognitive flexibility (Dunbar & Shultz
2007; Emery et al. 2007a).

Comparative approaches make it possible to
extensively study questions regarding the origins
of and evolutionary pressures on cognitive
mechanisms (Deaner et al. 2000; Deaner et al.
2006; Harvey & Pagel 1991; MaclLean et al. 2012).
However, although this field is designated,
‘comparative’ cognition, there is a lack of broad
comparative studies which assess cognition
through behavioural performance; instead,
neuroanatomical proxies (e.g., brain size) for
cognitive abilities have been used to classify
differences in cognition among species (Barton
1996; Burish et al. 2004). Empirical evidence,
however, suggests that there is no one-to-one
relationship between cognitive abilities and brain
size (Banerjee et al. 2009; Deaner et al. 2006;
Emery & Clayton 2004; Hare et al. 2002;
Herrmann et al. 2007; Liedtke et al. 2011;
Maclean et al. 2008). Alternatively, pairs of

closely related species have been compared in
terms of their behavioural performance (Bond et
al. 2003; MacLean et al. 2008). However, such
comparisons often wuse different tests for
different pairs of species, making it difficult to
generalize results across species. Therefore,
broad comparisons using direct measures of
cognition are urgently needed for testing
hypotheses of cognitive evolution (Tomasello &
Call 2008).

Comparisons across species require careful
consideration of the experimental methods used.
An adequate experimental paradigm for broad
comparative studies should 1) require no
training, 2) be easily applicable across species,
and 3) require only few trials per subject
(MacLean et al. 2012). String-pulling is a widely
used and accepted paradigm in comparative
cognition and fulfils these methodological
requirements. The string-pulling paradigm is easy
to handle and to apply across a wide range of
species, and it requires little training.

The paradigm can be used to address a wide
variety of aspects of animal cognition (Gagne et
al. 2012). For example, it gives insight into an
animal’s understanding of connections, whether
it grasps the functionality of strings, generalizes
across conditions, and applies knowledge flexibly
(Wasserman et al. 2013). The basic task — pulling
an out-of-reach reward attached to a string — is
simple but can be presented in various patterns.
Moreover, patterned-string tasks are ecologically
relevant as they provide a reasonable analogue
to a natural foraging situation, whereas other
physical cognition studies are often considered
not to bear such relevance (Edwards et al. 2011).
There are many observations of pulling-like
behaviour in the wild, e.g. various birds pull and
step on twigs to obtain insects or berries
(Obozova & Zorina 2013; Seibt & Wickler 2006;
Thorpe 1963), elephants pull on twigs to feed on
treetop (Van Lawick-Goodall 1970), and various
primates pull branches of trees that hold fruits or
leaves towards them (Chevalier-Skolnikoff 1983;
Halsey et al. 2006). As the vegetation of trees is
often dense, it is likely that they need to choose
the right branch to pull.

Many different cognitive skills have been
suggested to be required to pull the “right”

5
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string, including associative learning, means-end
understanding and insight. In the following |
outline some of the abilities most commonly
tested by different patterned-string tasks.

(a) Means-end understanding

Pulling a string does not always require
means-end understanding (Thorpe 1963) as the
pulling action or the string itself can be
rewarding. Sometimes the subject pulls an
unrewarded string at a similar rate to the
rewarded one, implying that the string-pulling is
rewarding in itself (Schuck-Paim et al. 2009;
Whitt et al. 2009). An animal can reasonably be
said to use a string as a mean to an end when the
string-pulling is reward-orientated, i.e. when it
can be shown that pulling a string itself is not
self-rewarding. The parallel-string condition in
Figure 1 tests for such reward-orientation of
string-pulling behaviour, which is given when
animals repeatedly choose the rewarded string
(Mason & Harlow 1961).

(b) Understanding connectedness

Pulling the string next to the reward might be
the most common strategy animals employ when
faced with patterned-string tasks. This so-called
proximity error has been observed in numerous
species, including birds, dogs, and primates
(Bagotskaya et al. 2012; Gagne et al. 2012;
Koehler 1927; Osthaus et al. 2005; Riemer et al.
2014; Taylor et al. 2010). Relying on proximity
can lead to a failure in a number of task
configurations, including when two rewards are
present but only one can be obtained. Whether
animals understand the mechanism of
connectedness can be tested by placing the
reward close to, but not touching the “incorrect”
string: the so-called broken string condition
(Figure 1).

D

Parallel-string condition

Crossed-string condition

(c) Understanding functionality

Whether the subject relies on the relevant
functional or structural aspects of the problem
rather than on arbitrary cues can be tested by
using strings of different colour, length or texture
(Ducker & Rensch 1977). In the crossed-string
condition (Figure 1) animals may either follow
the strings visually — then the difference in
appearance (e.g. colour) of the strings should not
matter much — or they may associate the colour
of the string at the reward with the colour of the
string at the perch.

The behaviours necessary for successful
string-pulling are unlikely to be entirely innate
(Thorpe 1963). Behavioural innovations and
learning, coupled with physical cognition appear
to be required (Huber & Gajdon 2006). This
makes the string-pulling paradigm particularly
useful for investigating physical cognition.
However, divergent methods and unstandardized
reporting have previously limited its comparative
utility. For all the vast number of publications on
the string-pulling paradigm, we know surprisingly
little about the cognitive mechanisms behind the
solutions which animals find for the many
patterns.

Another point that has attracted less
attention in comparative studies of physical
cognition, so far, is the fact that different species
and different individuals have diverse anatomical
and psychological prerequisites for successful
problem-solving (Stevens 2010). Although factors
such as motivation, inhibition, timidness, social
competition, and motor skills are often not the
immediate focus in studies of physical cognition,
understanding them may be essential to
designing experimental setups, interpreting
findings, and comparing them across species, not
least when applied to string-pulling.

D S

Broken-string condition

Figure 1: The most commonly used string patterns
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Introduction

In my thesis, | combine experimental work
with comparative analyses to advance the
understanding of specific cognitive skills in the
domain of physical cognition. | test hypotheses of
cognitive evolution by using the string-pulling
paradigm as a direct measure of cognitive
abilities. | investigate an interrelation between
motor performance and the visual-spatial
abilities needed to solve patterned-string
problems. Furthermore, | compare the physical
cognition of one particular species in different
experimental paradigms. | also investigate factors
that may affect the performance in physical
cognition tests. | show the importance of
personality in solving problems. | also show the
influence of testing in social settings on cognitive
performance.

Study organisms

Besides primates, corvids and parrots are the
most often studied taxa for investigating physical
cognition. These non-primate, non-mammalian
animals possess enhanced cognitive abilities,
such as understanding of spatial relationships be-
tween objects (Auersperg et al. 2009; Auersperg
et al. 2011; Auersperg et al. 2010), cooperative
problem-solving (Péron et al. 2011; Seed et al.
2008), creating tools (Auersperg et al. 2012; Weir
et al. 2002) and not least, means-end
understanding  of  string-pulling  problems
(Heinrich & Bugnyar 2005; Taylor et al. 2010).
Studies on string-pulling were found for a variety
of parrot species, including keas and members of
both true parrots and cockatoos (Diicker &
Rensch 1977; Krasheninnikova et al. 2013;
Krasheninnikova & Wanker 2010; Magat & Brown
2009; Pepperberg 2004; Schuck-Paim et al. 2009;
Werdenich & Huber 2006). However, it is not
clear whether or not the cognitive skills required
to solve string-pulling problems are domain-
general or an adaptive specialization.

Parrots are a particularly suitable model
organism for testing predictions about cognitive
evolution in birds. With over 360 species
worldwide, they exhibit high levels of diversity in
many evolutionarily relevant characteristics such
as diet, sociality and life-history traits.

In my thesis, | test string-pulling behaviour in
two neotropical species, Myiopsitta monachus
and Amazona amazonica, three ‘Old World’
species, Agapornis  roseicollis,  Poicephalus
senegalus, and Coracopsis vasa, and three
species from the Australian region, Eclectus
roratus, Eolophus roseicapilla, and Nymphicus

hollandicus. For all species, except E. roseicapilla
and N. hollandicus, this constitutes the first
report of string-pulling behaviour. In addition, |
also use published data obtained from
comparable experimental protocols for meta-
analyses.

Study objectives

Cognitive phylogeny (Chapter 1)

An important initial question for comparative
cognition is whether phylogeny predicts cognitive
abilities across species (MaclLean et al. 2012).
Quantifying the degree to which closely related
species share similar cognitive traits is thus a first
step in testing evolutionary hypotheses.
However, only few studies directly compare
different species performing the same task
(Auersperg et al. 2011; Krasheninnikova et al.
2013; Liedtke et al. 2011; MaclLean et al. 2013;
Rosati et al. 2014; Schloegl et al. 2009), and even
fewer attempts have been made to compare
cognitive performances phylogenetically
(MacLean et al. 2012). In chapter 1, we draw data
on the ability to solve patterned-string problems
in 23 parrot species. To test whether the
variation in this ability is explained by
phylogenetical relatedness, we investigate the
phylogenetic signal in the data using phylogenetic
trees based on taxonomic and molecular data.

Correlated evolution (Chapter 2)

A second important question is, whether the
variation in specific cognitive skills correlates with
changes in ecological, social, or life-history traits
(MacLean et al. 2012). One of the main goals of
comparative cognition is thus to document
variation in mental abilities across species to
reveal the processes by which cognition evolves
(Balda et al. 1996; Deaner et al. 2000; Stevens
2010; van Horik & Emery 2011; van Horik et al.
2012). In chapter 2, | investigate the variation in
certain modules of cognitive skills among parrot
species using performance in the patterned-
string tasks as a direct measure of cognition.
Furthermore, | quantitatively examine the rela-
tionship between this direct measure of cognition
and several explanatory variables such as socio-
ecological, life history and morphological traits.

Factors which affect the cognitive per-
formance in experimental paradigms should also
be addressed when comparing physical cognition
between and within species (Halsey et al. 2006;

7
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Ohl et al. 2002; Toxopeus et al. 2005; Ward
2012). In chapters 3 to 6, | address some of these
factors.

Motor skills (Chapter 3)

For birds, the most critical part of string-
pulling, in terms of motor skills, appears to be
stepping on the string (Heinrich & Bugnyar 2005;
Huber & Gajdon 2006; Magat & Brown 2009).
Many authors have argued that such stepping
only occurs in species that use their feet for
feeding (Seibt & Wickler 2006; Skutch 1996). In
chapter 3, | test the hypothesis that the use of
feet during foraging is a prerequisite for solving
the vertical string pulling problem. In addition,
the mammalian and the avian cerebellum inter-
relate motor and cognitive functions (Petrosini et
al. 1998; Spence et al. 2009) implying that there
may be an interrelation between visual-spatial
and motor performance. Therefore, in chapter 3,
| also test whether the fine motor skills needed
for advanced beak-foot coordination may be
interrelated with certain visual-spatial abilities
needed for solving patterned-string tasks.

Inhibition (Chapter 4)

A lack of inhibition could cause an animal to
choose an option (e.g. string, cloth or drawer) in
a choice paradigm at random or simply to choose
the closest one (Osthaus et al. 2005; Pfuhl 2012).
Inhibition of behaviour towards an incorrect
option saves time and energy and indicates
behavioural flexibility (Seibt & Wickler 2006;
Taylor et al. 2010). In chapter 4, we investigate
the physical cognition in green-winged macaws.
This parrot species has one of the largest relative
brains in the avian taxa but previously showed
limited understanding in physical cognition
(Liedtke et al. 2011). It has been suggested that
this failure might have been caused by the
species’ lack of inhibitory control
(Krasheninnikova et al. 2013; Liedtke et al. 2011).
In chapter 4, we presented the macaws with the
trap-table paradigm - a task with equivalent
causal relationships but one which facilitates the
birds™ inhibitory control. We tested the macaws
with two further physical tasks — support
problem and tube lifting — problems with
different physical causal relations requiring
different levels of inhibitory control.

Testing conditions (Chapter 5)

Testing animals individually in problem-
solving tasks limits distractions of the subjects

during the test, so that they can concentrate
completely on the problem. However, the resul-
ting individual performance may not resemble
the problem-solving capacity that is commonly
employed in the wild when individuals are faced
with a novel problem in their social group (Halsey
et al. 2006). Within such a social context, the
presence of a conspecific influences an indivi-
dual’s behaviour (Stowe & Kotrschal 2007). On
the one hand, a subject’s inability to solve
complex patterned-string problems might be a
result of difficulties in simultaneously monitoring
its own actions and attending to social
competitors or predators at the same time
(Boere 2001; Gazes et al. 2012). In chapter 5, |
thus assess the validity of data gathered on
parrots when tested jointly by comparing the
performance in patterned-string tasks between
parrots tested singly and those tested in social
context. On the other hand, social isolation in
test settings may result in differences in
motivation, which may possibly even cause
failure in singly-tested animals (Heinrich 1995;
Itoh 2001; Ohl et al. 2002; Toxopeus et al. 2005).
In chapter 5, | also assess the fearfulness of the
subjects and investigate how this affects their
willingness to participate in experiments.

Personality (Chapter 6)

Research on animal cognition generally
reveals substantial variation in the performance
of individuals (Carere & Locurto 2011; Sih & Del
Giudice 2012). Personality traits such as explora-
tive tendencies and timidness have been
suggested to be an important source of this varia-
tion (Vonk & Povinelli 2011). However, studies
that connect personality with cognition are
surprisingly rare (Coleman et al. 2005; Cussen &
Mench 2014). In chapter 6, | test whether indivi-
dual differences in the performance in patterned-
string paradigms relate to differences in persona-
lity traits such as timidness and exploration ten-
dency.

Note

The individual chapters of this thesis were
written to stand alone, without the need for
referring to other sections. A certain degree of
overlap in the descriptions and explanations was
therefore unavoidable.
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Chapter 1

No evidence for an association of phylogeny and cognitive performance in parrots

Anastasia Krasheninnikova e Ulrike Busse e Jutta M Schneider

Comparative cognition needs to know how well phylogeny predicts cognitive abilities across species.
Quantifying the extent to which closely related species share similar cognitive skills is thus a first step in
testing evolutionary hypotheses. However, only few studies directly compare different species for the
same task. Here we draw data on the ability to solve patterned-string problems in 23 parrot species and
we investigate the phylogenetic signal in these data using phylogenetic trees based on taxonomic and
molecular data. The mean proportion of correct choices made by each species was used as the dependent
measure for a phylogenetic analysis. Our findings indicate that despite considerable variation between
species, more closely related species do not exhibit more similar cognitive skills. We suggest that
patterned string tasks detect interspecific variation due to different selection regimes.

Keywords: Cognitive phylogeny, Comparative cognition, Evolution, Parrots, Patterned-string task

Introduction

An important question for comparative
cognition is how well phylogeny predicts
cognitive variation across species. Therefore,
quantifying the extent to which closely related
species share similar cognitive abilities must be
done when testing an evolutionary hypothesis.
One of the comparative phylogenetic approaches
is based on the concept of phylogenetic signal
(MacLean et al. 2012). The phylogenetic signal
describes to which degree closely related species
exhibit similarities in a trait (e.g. relative brain
size), suggesting that it is a heritage from a
common ancestor. Some behavioural phenotypes
also exhibit a phylogenetic signal (Kamilar &
Cooper 2013), but few attempts have been made
to phylogenetically compare cognitive per-
formances (MaclLean et al. 2012).

We investigated the phylogenetic patterns of
performance in patterned-string tasks and
relative brain size of 23 parrot species, including
measurements of 147 individuals in total.
Patterned-string problems fulfil the methodo-
logical requirements for large-scaled comparative
studies as proposed by MaclLean et al. (2012),
since this task 1) requires no training, 2) is easily
to apply across species, and 3) requires only few
trials per individual. To solve the task the subject
has to choose between two or more strings, only
one of which is connected to a reward. A
patterned-string task thus requires both percep-
tual and cognitive abilities as the subject has to
determine the difference in the strings and to
understand which string leads to the reward.

Material and Methods

Cognitive data

We analysed the parrots’ performance on two
basic  patterned-string  configurations: the
crossed-string task and the broken-string task.
We used data set of 12 species tested by AK and
UB and completed it with published data for 11
additional species [keas: Werdenich and Huber
(2006); Hyacinth macaws, Lear’s macaws, and
blue-fronted amazons: Schuck-Paim et al. (2009);
spectacled parrotlets, green-winged macaws,
sulphur-crested cockatoos, and rainbow lori-
keets: (Krasheninnikova et al. 2013); galahs and
cockatiels: Krasheninnikova (2013)].

In the crossed-string configuration two
differently coloured strings were presented to
allow birds tracing the strings from one end to
the other more easily. In the broken-string
configuration two parallel strings of equal length
were presented, one connected to a reward, the
other one with a gap between string and reward.
Note that in the broken-string configuration the
procedures used by AK, UB and Werdenich and
Huber (2006) differed from that used by Schuck-
Paim et al. (2009) in terms of possibility of
perceptual feedback (Taylor et al. 2009; Taylor et
al. 2012). The procedure used by Schuck-Paim et
al. (2009) in the broken-string task excluded the
possibility of using the string’s weight or reward’s
movement as a cue helping to determine
whether a string was or was not connected to the
reward. Thus species’ differences in the per-
formance showed in the broken-string configu-
ration must be considered with caution. A correct
choice was scored if the subject started with a
pulling action at the rewarded string and reached
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the end of the string. The mean proportion of
correct choices made by each species was used
as the dependent measure for the phylogenetic
analysis. Data for body and brain sizes of the
target species were obtained from (lwaniuk et al.
2004; lwaniuk & Nelson 2003; Schuck-Paim et al.
2008). The ability to pull up a rewarded string in
the single string task had been tested for all
subjects. Furthermore, all subjects were tested
with the parallel string tasks to ascertain that
their string-pulling behaviour was reward-
orientated.

Phylogenetic data

We constructed a phylogenetic tree from
sequences of the Cytochrome b gene (parts), and
the protein coding region of mitochondrial NADH
dehydrogenase 2 genes. The sequences were
obtained from GenBank using the data published
by various authors (for Genbank accession
number see Table S1). Unfortunately, genetic
data were not available for all species tested,
thus the phylogenetic tree based on molecular
data contained only 16 species. Sequences for
each gene region were aligned separately in
ClustalW (Chenna et al. 2003) using the default
settings for gap opening and extension penalties
followed by limited manual correction of gap
placement in MEGA 5.2 (Tamura et al. 2011). The
resulting alignments were combined in MEGA 5.2
to create a data set of 1.555 aligned nucleotide
positions for 16 species. The phylogenetic tree
based on genetic information was created in
MEGA 5.2 using maximum likelihood (ML)
criteria. Nodal support was assessed with 1000
bootstrap replicates. We then built a second
phylogenetic tree from a set of nested taxonomic
variables for all species tested (n = 23) in R using
as.phylo function from the ape package (Paradis
et al. 2013). The taxonomic variables have been
passed in the correct order: the higher clade on
the left of the formula (e.g. ~Order/Family/
Genus/Species). The taxonomic information was
obtained from Joseph et al. (2012); Schodde et al.
(2013). Both trees are mostly congruent to each
other (for the phylogenetic tree based on
molecular data see Figure S1).

For additional details on data used such as
housing facilities and sample sizes see Table S2.

Analysis

We performed a generalised linear mixed
model (GLMM) using Imers [package ‘Ime4’,
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Bates et al. (2012)] in R 3.0.1 (RDTeam 2013),
with ‘individual’ as random factor to assess the
variation in the proportion of successfully solved
trials in the two patterned-string configurations.
Following fixed effects were used: ‘species’, ‘age’
(juvenile/adult), ‘origin’ (Afrika/ Neotropics/
Australia/ Indo-Pacific) and ‘housing facility’.
Effect of significance was tested by dropping
terms individually from the full model, and non-
significant terms were removed via backwards
elimination.

We estimated the phylogenetic signal in the
cognitive traits using Pagel's Lambda with
phytools package (Revell 2012) in R. To test
whether the maximum likelihood estimate of A is
significantly better than a model in which A is
fixed to 0 (no phylogenetic signal) or 1
(covariance  between species is directly
proportional to shared evolutionary history), we
used the likelihood ratio test from R package
geiger (Harmon et al. 2008).

Results

Variation in performance on patterned-string
tasks

We found a considerable variation across the
parrot species tested (Figure 1). The proportion
of correctly solved trials in both task configu-
rations differed significantly across species
(crossed-strings configuration: GLMM, Chi® =
5.384, df = 22, p < 0.0001; broken-string
configuration: GLMM, Chi® = 5.088, df = 20, p <
0.0001).

Phylogenetic signal in cognitive trait
(performance on patterned-string tasks)

We found no statistically significant
phylogenetic signal in both in the crossed-strings
and the broken-string configuration data. In each
case, the A was close to zero, indicating that
closely related species do not have more similar
trait values. Our estimate of A was not signi-
ficantly greater than 0 but significantly smaller
than 1, confirming that the trait distribution
showed no association with phylogeny and rather
indicated that variance in the trait has
accumulated over time as predicted by Brownian
motion. Table 1 summarises the analysis of
phylogenetic dependence of cognitive data.
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Agapornis roseicollis

Eclectus roratus

Melopsittacus undulatus

Trichoglossus haematodus

Anodorhynchus hyacinthus

Anodorhynchus leari
Ara chloroptera

Cyanoliseus patagonus

Primolius maracana

Rhynchopsitta pachyrhyncha

Amazona aestiva

Amazona amazonica

Amazona pretrei

Myiopsitta monachus

Forpus conspicillatus
Poicephalus senegalus

s L aireath
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Cacatua tenuirostris
Eolophus roseicapilla

Nymphicus hollandicus

P

Nestor notabilis

Figure 1: Phylogeny of parrot species tested on patterned-string tasks (n=23). The phylogenetic tree was generated using
nested taxonomic information. The pie-diagrams represent the percentage of correctly solved trials per species. Blue:
crossed-string task; Yellow: broken-string task. The percentage refers to the percentage shown by each species divided by
the maximum percentage shown.
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Table 1: Analysis of phylogenetic signal of “cognitive” and “morphological” data.

Tree Trait A In lik In lik (A=0) In lik (A=1)
R Perlzormance on crossed-string 0.000068 9.247 9.247° 11.501"
\I!_IZ, tas :

E Performance on broken-string 0.000069 12.656 12.657° 15.746 "
£ _task

§ Brainsize 0.898 -30.318 -28.318° -28.142
©  Relative brain size 0.6 -71.345 -72.685" -72.863
6 f:srll‘ormance on crossed-string 0.000066 7.258 7.258° 8.452"
1l

c .

= Performance on broken-string 0.000061 8.902 8.902° 11.641
S task

S Brainsize 0.63 -42.546 -49.182" -49.037°
2 Relative brain size 0.99 -18.516 -21.732° -21.558"

Note: We estimated Pagel’s Lambda A, the degree of phylogenetic dependence of the data, defined as the maximum likelihood estimate.
The maximum likelihood estimate of A is given together with its associated log likelihood. Also shown are the log-likelihood values for the
model, with A set to either 0 or 1. Values significantly different from the test value (determined from a log-likelihood ratio test) are
indicated in bold, together with the significance level. ? Not significant; ’ P<0.05; ” P<0.01; " P<0.001.

Phylogenetic signal in morphological trait (brain
size)

Brain size and relative brain size exhibited a
strong phylogenetic signal (taxonomic tree: A =
0.89 and A = 0.6, respectively; molecular tree: A =
0.63 and A = 0.99, respectively), showing that
more closely related species have a more similar
neural basis. The likelihood ratio test indicated
that the maximum likelihood estimates for A in
both cases provided a better fit to the cognitive
data than a model in which A is fixed to 0 or 1
(Table 1).

Discussion

The findings indicated 1) that the considerable
variation in the ability to solve patterned-string
problems across species was not related to
phylogenetic relationship, and 2) that both brain
size and relative brain size were predicted by
species relatedness. Hence, closely related
species do not show more similar cognitive
performance on the tasks presented, despite the
fact that the anatomical proxy for cognitive abili-
ties showed phylogenetic dependence. Similar
findings were made in a recent meta-analysis on
various experimental paradigms: closely related
species were not similar in their performance on
object permanence, mirror self-recognition or
causal reasoning (Thornton & Lukas 2012).

Cognitive traits may be functionally associated
with socio-ecological (e.g. diet, group size etc.) or
morphological (e.g. brain size) traits. Lack of a
phylogenetic signal in the data suggests, how-
ever, that environmental factors (e.g. social
and/or ecological selective forces) might have
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influenced the evolution of the cognitive trait
(e.g. performance in pattered string tasks)
independently from phylogeny. A small phylo-
genetic signal is often interpreted as evolutionary
liability or high rates of trait evolution leading to
large differences among close relatives (Kamilar
& Cooper 2013). For instance, we would expect a
relatively weak phylogenetic signal in ecological
traits of species during adaptive radiation
because closely related species that diversified
into different niches will exhibit distinct adaptive
characteristics. In fact, ecological and behavioural
traits generally tend to show low dependency on
phylogeny compared to morphological or physio-
logical traits (Blomberg et al. 2003) due to
ecological and behavioural plasticity across
species. A recent study by Kamilar and Cooper
(2013) on primate behaviour investigated phylo-
genetic signals for 31 ecological and life-history
variables including brain size, social organization,
diet, climatic variation etc. Only brain size
revealed a strong phylogenetic signal value,
whereas low values were found for most of the
analysed ecological and social variables (Kamilar
& Cooper 2013).

Cognitive  abilities involved in solving
patterned-string tasks in parrots might be linked
to certain socio-ecological variables rather than
only to anatomical proxies. For example, the
patterned-string task has been suggested to
provide a reasonable simulation of natural
foraging situations encountered by frugivorous
species (Halsey et al. 2006). As the vegetation of
trees is often dense, it is likely that species
feeding mostly on fruits benefit from the ability
to choose the ‘right’ branch to pull. Con-
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sequently, we would expect that diet conditions
that species experience drive variation in the
specific cognitive skills needed to understand the
relationship between objects. That would then
results in low phylogenetic signal in both the eco-
logical variable and the associated cognitive trait.

This study is the first to compare the per-
formance of several parrot species in the same
task directly. However, further studies are
needed to generate larger datasets allowing
comparative research to quantitatively examine
the relationship between a cognitive trait (e.g.
causal understanding) and explanatory variables
(e.g. socio-ecological or morphological traits).
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Supplementary Material

Table S1: Gene sequences obtained from GenBank and used in this study.

Genbank accession number Genbank accession number

Taxon name ND2 Cytb
Anodorhynchus hyacinthus KF017462.1 DQ143286.1
Anodorhynchus leari AY669446.1 AF370764.1
Amazona aestiva AY194434.1 AY286203.1
Amazona amazonica AY194466.1 JQ235571.1
Cacatua galerita JF414344.1 AB177977.1
Coracopsis vasa EU327612.1 AF346355.1
Cyanoliseus patagonus EU327613.1 DQ143283.1
Eclectus roratus EU327619.1 AB177965.1
Forpus conspicillatus IX877387.1 IX877362.1
Melopsittacus undulatus EU327633.1 DQ143295.1
Myiopsitta monachus EU327635.1 DQ150996.1
Nestor notabilis EU327641.1 AF346389.1
Nympbhicus hollandicus EU327643.1 AF346399.1
Psittacus erithacus EU327661.1 AY082076.1
Rhynchopsitta pachyrhyncha EU327665.1 DQ143297.1
Trichoglossus haematodus EU327671.1 AB177942.1
Falco peregrinus EU327624.1 X86746.1
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49 Rhynchopsitta pachyrhyncha
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e

a0

4

Melopsittacus undulatus
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Mestor notabilis
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Figure S1: Phylogeny of parrot species tested on patterned-string tasks (n=16). The phylogenetic tree was generated in
MEGA 5.2 based on genetic information from a part of Cytochrome b gene, and the protein coding region of mitochondrial
NADH dehydrogenase 2 genes using maximum likelihood (ML) criteria. Nodal support was assessed with 1000 bootstrap
replicates. Falco peregrinus was used as an out-group.
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Table S2: Data sources used, housing facilities, sample size per species, and testing conditions

Species N Data source and housing facilities Testing conditions
Anodorhynchus hyacinthus 4
Anodorhynchus leari 4 Schuck-Paim et al. 2009 Pair-wise
Amazona aestiva 2
Amazona amazonica 23 Krasheninnikova & Schneider 2014 (Chapter 5) Group, individually
Eclectus roratus 10
Coracopsis vasa 10 AK
group
Myiopsitta monachus 7 The Parrot Zoo, UK
Poicephalus senegalus 12
Cacatua galerita 3 o
Krasheninnikova et al. 2013
Ara chloroptera
group
Eoloph icapill
olophus roseicapiiia Krasheninnikova 2013 (Chapter 3)
Nymphicus hollandicus 10
Agapornis roseicollis 15 _ AK group
Tierpark Gettorf, Germany

Melopsitt dulat 5

elopsiiacus unauiatus Krasheninnikova (MSc-Thesis 2010) group
Psittacus erithacus
Forpus conspicillatus 8 L

) Krasheninnikova et al. 2013 group
Trichoglossus haematodus 10
Cyanoliseus patagonus 3
Rhynchopsitta pachyrhyncha 3

uB
. . 6 rou

Cacatua tenuirostris Loro Parque / Loro Parque Fundacion, Spain group
Amazona pretrei 2
Primolius maracana 2
Nestor notabilis 7 Werdenich & Huber 2006 individually
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COMPARATIVE ANALYSIS OF STRING-PULLING BEHAVIOUR
IN PARROTS: REVEALING EVOLUTIONARY PRESSURES THAT
SHAPE COGNITIVE ABILITIES
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Comparative analysis of string-pulling behaviour in parrots: revealing evolutionary
pressures that shape cognitive abilities

Anastasia Krasheninnikova

Although it is generally acknowledged that there is a large variation in how animals cope with the
cognitive challenges in their environment, the question of what actually shapes the evolution of different
cognitive skills is still unresolved. Do cognitive skills evolved as responses to ecological or social factors
and how important is phylogeny? One of the main goals of comparative cognition is to document
variation in mental abilities across species and to identify selection pressures behind the evolution of
cognition. In the present study | investigate the variation in certain modules of cognitive skills across
parrot species using performance in the patterned-string tasks as a direct estimate of cognition.
Furthermore, | examine the relationship between this direct measure of cognition and several explanatory
variables such as socio-ecological, life history, and morphological traits. The variation in individual
performance during patterned-string tasks could largely be explained by variables belonging to the
category ‘social organisation’. This study reveals a link between the social complexity and cognition and
provides first empirical evidence for the domain-general nature of cognitive challenges imposed by living

in a complex social environment.

Keywords: Comparative cognition, Evolution, Parrots, Social complexity

Introduction

Animals differ greatly in how they respond to
changes in their environment. Some species cope
with these challenges using enhanced cognitive
processes such as memory, associative learning
and reasoning (Shettleworth 2009). As such,
cognition can be defined as the ability to acquire,
process, and store information and to use this
information for response to environmental
challenges. There are several evolutionary hypo-
theses explaining cognitive variation across
species and how cognitive traits may have
evolved. Although these hypotheses are not
mutually exclusive, they often have been
presented as alternatives.

For example, the social intelligence hypoth