Animal Cognition (2021) 24:457-470
https://doi.org/10.1007/510071-020-01435-7

ORIGINAL PAPER q

Check for
updates

Object manufacture based on a memorized template: Goffin’s
cockatoos attend to different model features

. B. Laumer'?® .S, A. Jelbert? - A. H. Taylor* - T. Rossler® - A. M. I. Auersperg®

Received: 28 April 2020 / Revised: 17 September 2020 / Accepted: 18 September 2020 / Published online: 28 October 2020
© The Author(s) 2020

Abstract

Although several nonhuman animals have the ability to recognize and match templates in computerized tasks, we know little
about their ability to recall and then physically manufacture specific features of mental templates. Across three experiments,
Goffin cockatoos (Cacatua goffiniana), a species that can use tools in captivity, were exposed to two pre-made template
objects, varying in either colour, size (long or short) or shape (I or L-shaped), where only one template was rewarded. Birds
were then given the opportunity to manufacture versions of these objects themselves. We found that all birds carved paper
strips from the same colour material as the rewarded template, and half were also able to match the size of a template (long
and short). This occurred despite the template being absent at test and birds being rewarded at random. However, we found
no evidence that cockatoos could carve L-shaped pieces after learning that L-shaped templates were rewarded, though their
manufactured strips were wider than in previous tests. Overall, our results show that Goffin cockatoos possess the ability to
physically adjust at least the size dimension of manufactured objects relative to a mental template. This ability has previously
only been shown in New Caledonian crows, where template matching was suggested as a potential mechanism allowing for
the cumulative cultural transmission of tool designs. Our results show that within avian tool users, the ability to recreate a
physical template from memory does not seem to be restricted to species that have cumulative tool cultures.

Keywords Emulation - Recall - Matching to sample - Mental imagery - Reverse engineering - Template matching - Tool
manufacture

Introduction

What shape are a fox’s ears? Most people visualize the cor-
responding image before answering the question (Pearson
and Kosslyn 2015). Internal representations such as images
can be stored as ‘templates’ in memory which can then be
04 I. B. Laumer retrieved accordingly for visual pattern search and recogni-
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multiple ways and use mental templates to actively produce
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White 1985; Goto and Wanabe 2009). Recall, on the other
hand, requires the animal to specifically reproduce remem-
bered information via a generative response (Basile 2018).

Notably, so far, we know very little about non-human
animals’ ability to recall and physically reproduce specific
object features from memory. In one neat example, using a
computerized task similar to the Rey-Osterrieth complex
figure test, rhesus monkeys reproduced simple shapes, after
a delay, by aligning two or three coloured boxes on a touch-
screen grid (Basile and Hampton 2011). Thus, we have evi-
dence that monkeys can recollect specific shapes and then
reproduce them by touching specific locations on a screen.
More recently, an experiment with New Caledonian crows,
a tool maker that is dependent on tool-obtained resources
(Rutz et al. 2010), built on this by demonstrating that this
species can actively make and modify an object’s properties
to approximate a memorized template (Jelbert et al. 2018).
Using a novel manufacture task, New Caledonian crows
were presented with card rectangles of two different sizes
and learnt that only one size (large: 40 X 60 mm or small:
15% 25 mm), was rewarded. In the following test the birds
were provided with very large sheets of card from which the
birds could tear sections (i.e. manufacture their own card
pieces) to insert into a vending machine to obtain rewards.
During the test, the crows manufactured and inserted sig-
nificantly larger card pieces when they had learnt that a
large template was rewarded, compared to a small template.
The results suggested that the birds were capable of flexibly
recalling and reproducing at least one object property (small
versus large size) in relative but not absolute proportions to
a mental template (Jelbert et al. 2018).

These findings led Jelbert et al. (2018) to propose that
having the capacity for mental template matching is a plau-
sible account for the evidence of cumulative cultural evo-
lution seen in this species. In the wild, New Caledonian
crows are known to make at least three types of Pandanus
tools which substantially differ in appearance depending on
the geographic area that the birds inhabit (Hunt and Gray
2003). This regional variation has been argued to repre-
sent an example of cumulative cultural transmission (Hunt
and Uomini 2016; Dean et al. 2014; St Clair et al. 2018;
Hunt and Gray 2004). However, a plausible mechanism for
the transmission of tool designs among birds was unclear,
because New Caledonian crows show limited reliance on
social learning in both captivity and the wild (Logan et al.
2016; Kenward et al. 2006; Holzhaider et al. 2010a, b). Jel-
bert et al. (2018) argued that, using mental template match-
ing, juvenile birds could form a mental template of their
parents’ tool designs through repeated exposure and use,
and then reproduce these designs from memory. This ability
could underpin the cultural transmission of tool designs in
this species, and in turn supports the hypothesis that techni-
cal intelligence may be a driving force in the emergence of
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cumulative cultural evolution (Osiurak and Reynaud 2020;
Taylor and Jelbert 2020). What is not yet clear is whether
the abilities seen among New Caledonian crows are unique
to this species, and whether a capacity for mental template
matching developed as a consequence of New Caledonian
crows’ cumulative tool culture. To date, only New Caledo-
nian crows have been tested in a template matching task.
Thus, it would be highly informative to understand whether
other avian species, who do not demonstrate evidence of
cumulative tool cultures in the wild, are similarly capable of
manufacturing physical objects in accordance with a mental
template. Here we aimed to test a highly capable avian tool
maker which, unlike the New Caledonian crow (Rutz et al.
2010), does not appear to possess cumulatively transmit-
ted tool cultures (O’Hara et al. 2018). Finding the ability to
modify an object relative to a memorized template in another
avian species would both further our understanding of recall
abilities among non-human animals, and render it unlikely
that this ability developed in one species of crow exclusively
as an adaptation to a cumulative tool culture.

The Goffin’s cockatoo (Cacatua goffiniana) is an explora-
tive and opportunist island parrot that has shown the capac-
ity to solve a variety of tool-related problems in laboratory
settings, equaling the performances of New Caledonian
crows in many domains (Auersperg et al. 2012, 2014, 2016;
2017; Beinhauer et al. 2019; Habl and Auersperg 2017;
Laumer et al. 2016, 2017). Notably, it can spontaneously
innovate tool manufacture in the laboratory (Auersperg et al.
2012, 2014, 2016; Laumer et al. 2017; Osuna-Mascaré and
Auersperg 2018), including the manufacture of the same
object from different materials and different object types
from the same material (Laumer et al. 2017). These birds
can flexibly rip shapes from cardboard and paper, which
makes a comparison with the crows feasible (Auersperg
et al. 2016, 2017; Laumer et al. 2017). It is possible that the
Goffin’s can also spontaneously innovate tool manufacture
in wild settings (Osuna-Mascaré and Auersperg 2018) but
they do not show tool cultures in their natural habitat, the
Tanimbar archipelago (O’Hara et al. 2018).

To maintain comparability between species we used a
similar paradigm as Jelbert et al. (2018) with slight modi-
fications: As our birds are well habituated to being tested
we did not use a vending machine to dispense rewards and
as tool manufacture is somewhat constricted by the beak
morphology of our study species (Auersperg et al. 2018)
we used paper strips as templates rather than rectangular
templates. Furthermore, whereas the previous setup only
included two object properties (colour and size; Jelbert et al.
2018), we added an additional test condition (Shape test).
The Colour test was designed to investigate whether the
cockatoos would manufacture strips out of the same colour
as previously rewarded templates. In the Size test, we tested
whether the birds would manufacture short and long paper
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strips, depending on the previously rewarded template. To
assess whether the Goffins were able to match the shape of
an object, we trained them prior to the test to insert L-shaped
paper objects over straight ones. Due to the Goffin cockatoos
carving each strip via a large number of bite marks alongside
the edge of the paper, to produce a L-shape subjects had to
carve the object alongside the corner of the paper square.

Methods
Subjects, housing and experimental history

We tested five male and one female adult, captive-born and
hand-reared Goffin’s cockatoos. All subjects participated in
a Colour test and in Size tests I & II and four males partici-
pated in the Shape test (one subject lost motivation and one
developed a sudden aversion to inserting paper). Subjects
are permanently housed together in a large, enriched aviary
with indoor and outdoor area (ca. 200 m? ground space, up
to 6 m high) at the Goffin Lab associated with the University
of Veterinary Medicine (Vienna, Austria). All parrots are
kept on ad libitum diet (boiled and raw seeds, fresh and dried
fruits, boiled vegetables, fresh water) and participate in the
experiments on a voluntary basis. As all experiments were
appetitive, non-invasive and based exclusively on behav-
ioural tests, they are not classified as animal experiments
under the Austrian Animal Experiments Act (§ 2. Federal

Law Gazette No. 501/1989). All animals had CITES cer-
tificates and were registered at the district’s administrative
animal welfare bureau (Bezirkshauptmannschaft St. P6lten
Schmiedgasse 4-6, A-3100; St. Polten, Austria). These hous-
ing conditions comply with the Austrian Federal Act on the
Protection of Animals (Animal Protection Act—§ 24 Abs.
1Z1 and 2;§25Abs.3—TSchG,BGBIL.IN1.118/2004 Art.2).

Prior to this experiment all birds had participated in a
study on social transmission of tool use and manufacture
(only Figaro, Dolittle & Kiwi had sculpted stick-tools out of
larch-wood, Pipin had used but not made tools; for details
see Auersperg et al. 2014), four individuals were tested in
a study on tool manufacture (only Figaro and Dolittle made
stick-tools out of cardboard; for detailed results see Auer-
sperg et al. 2016) and all subjects had participated in a hook-
bending experiment (from the six subjects that were tested
in present study only Fini manufactured hook tools and was
consistently successful, Figaro was occasionally successful;
see Laumer et al. 2017). For detailed information on the
individual subjects see SI, section A, table S1.

Apparatus and insertion training

Subjects were habituated to the apparatus. The apparatus
consisted of a grey insertion tube (length 7 cm; diameter
6 cm) and a shorter tube used as a feeding tray, in which
the experimenter placed the rewards (see Fig. 1). All birds
had used cardboard strips as tools before (Auersperg et al.

Fig. 1 a Training in preparation for the Colour test. b Training in
preparation for the Size test. ¢ Test: Goffin carves a strip of paper
by applying a large number of bite marks alongside the edge of the

paper. Different colours of paper were used in each condition. d Test:
Goffin inserts the manufactured strip into the large tube. Afterwards a
food reward is placed in the small tube (Photos by Bene Croy)
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2016; 2017). Note that in the present context the cockatoos
were required to use the cardboard as a token rather than as a
foraging tool. The Goffins were first trained to insert strips of
white paper (5 cm in length) into the tube to receive a food
reward (small piece of cashew). This was done by encourag-
ing them to insert the strips (combination of tapping onto the
tube with the fingertip; note that no secondary reinforcers
other than food were used in later training phases). If they
successfully inserted the strip into the tube in 30 consecutive
trials they entered the card-ripping test (see below).

Pretest: card-ripping test

Prior to the actual experiment, subjects were presented with
a card-ripping test to examine whether they would sponta-
neously rip a strip of paper out of a white paper card and
insert it. They first received three trials in which they had
to insert a strip of white paper (5 cm; same length as in the
insertion-training). Then the experimenter (IBL) placed a
10x 10 cm piece of white paper card on the testing table. If
the subjects successfully carved and dropped a strip into the
tube, they were given a food reward (small piece of cashew).
Subjects received a total of five more trials to move on to
the next stage of the experiment (Colour test). If subjects
did not manufacture a strip of paper, they received three
insertion-trials and the card-ripping test trial was repeated
on the subsequent testing day.

Colour learning and colour test

Subjects first learned that only one colour out of two differ-
ently coloured paper strips was rewarded (Fig. 1a). The Gof-
fins received a varying amount of trials per session depend-
ing on their individual motivation (usually between 10 and
30 trials), in which they had to choose between two differ-
ently coloured paper strips (5 cm in length). Subjects were
sitting on the back of a chair while the experimenter placed
the two items on the testing table. The side of the correct
coloured strip was semi-randomly counterbalanced across
sessions. During the entire testing period the experimenter
wore mirrored sunglasses, avoided any head-movements and
was not speaking to the animal. Directly after placing the
strips, she signalled the bird to wait by extending her right
arm with the palm facing towards the subject (wait-signal).
After three seconds she removed her hand, thereby allow-
ing the Goffin to leave its starting position. Only one colour
was rewarded. If the Goffin chose the wrong colour, it was
immediately placed for a duration of 30 s in a cage directly
next to the testing table. Since the Goffin cockatoos are gen-
erally highly motivated to participate in the experiments,
this timeout, although short in duration, served as a mild
and effective treatment to show them their failure. Note that
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time-out was only used during training and never in any of
the test conditions (Colour, Size and Shape test).

As soon as the birds were able to select the strip of the
correct colour in at least ten consecutive trials, they received
two discrimination test sessions per day, conducted directly
after the other. In each session, eight strips of the correct
colour and eight strips of the unrewarded colour were placed
in a randomized fashion on the table. To eliminate stimulus-
enhancement, the experimenter touched the 16 items all at
once with spread hands before allowing the bird to leave its
starting position. If the Goffin was able to select and drop
all eight correct coloured strips in a row in both test sessions
it passed the criterion and entered the Colour test, in which
it had to manufacture a strip on its own. If not, it was tested
again on the subsequent test day.

In the Colour test (see movie S1), in each trial two paper
squares in the rewarded and unrewarded colour (10X 10 cm
in size) were placed simultaneously on the table. Only strips
made from the correct colour were rewarded. Subjects
received a total of two sessions of 12 trials each.

Size learning and size tests |

The Goffins learnt that only strips of card of a specific size
(either short or long) were rewarded (Fig. 1b). The paper
that was used had a different colour than in the Colour test.
We randomly divided the subjects in two groups, with one
group being rewarded for inserting short strips, while the
other group was rewarded for dropping long strips. Subjects
received a varying number of trials per session depending
on their individual motivation (usually between 10 and 30
trials), in which they had to choose between a short (2 cm
in length) and a long piece of paper (8 cm in length). As in
the Colour test, the subject was sitting on the chairback and
the experimenter placed the two items on the table. Then
the subject was allowed to leave its starting position. The
side of the correctly sized strip was semi-randomly balanced
across sessions. If the Goffin made the correct decision in
the training it got immediately rewarded, if not it was placed
in the cage for 30 s.

Before the Size test, the Goffins had to pass five error-free
criterion-sessions in a row to be tested. In each of the ses-
sions, eight short and eight long paper strips were placed in
a randomized fashion on the testing table. Again, the experi-
menter touched the 16 items all at once to prevent stimulus-
enhancement, before the subject was allowed to leave its
starting position. If the cockatoo made a mistake, testing was
continued on the subsequent testing day. Subjects received
up to three sessions within one test day.

In the Size Test (see movie S1), subjects received 10 test
trials per session. Before the first Size test trial and after
every second Size test trial, subjects received a reminder
phase, in which two short and two long strips were placed
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on the table. Only the previously learned size was rewarded.
After correct insertion of the two reminder strips subjects
received two Size test trials, in which the experimenter
placed a 10 x 10 cm sized paper card on the table. Goffins
were given the opportunity to manufacture a strip of paper
from the large square and insert it into the tube. To prevent
trial-and-error learning, the Goffins were rewarded at ran-
dom on 50% of the Size test trials, regardless of the size of
the ripped strip that they inserted. The Goffins received a
total of two sessions of 10 Size test trials each.

Reversal size learning and size test I

Once birds had completed their first Size test condition (long
or short templates rewarded), they were tested again using
the other size of template. Exactly the same size learning
and Size test procedures were repeated, now rewarding the
alternative size (long or short), using a new colour of card to
draw the bird’s attention to the new task affordances.

Shape test

The cockatoos were first trained to select L-shaped paper-
objects (see SI, Figure S3; length of each side 4.3 cm, widths
1.4 cm) over straight ones (6 cm in length, widths 1.4 cm).
They were rewarded for correct choices and received a time-
out for negative choices only during the training. Subjects
had to pass two out of three criterion-sessions error-free in
a row (one session consisted of placing 16 items on the test-
ing table: 8 L-shapes, 8 straight strips) to be tested in the
Shape test.

In the Shape test (see movie S1), subjects received 10
test trials per session. Before the first Shape test trial and
after every second Shape test trial, subjects first received a
reminder phase, in which two L-shaped paper object and two
straight ones were placed on the table. Only the L-shaped
piece was rewarded. After correct insertion of the reminder
strips, subjects received two Shape test trials, in which the
experimenter placed a 10X 10 cm sized paper card on the
table.

Due to their manufacturing technique (each strip was
carved by a large number of bite marks alongside the edge
of the paper), producing a L-shaped object could only be
achieved by carving the L-shape around the corner of the
paper square. Subjects received a total of four sessions of 10
test trials each and were rewarded in only 50% of test trials,
regardless of the shape of the carved strip.

Additionally, we investigated whether subjects could
apply the previously learned shape-concept to another
material (wire) and spontaneously form a L-shape out of a
straight wire (without any additional wire-bending training;
note that all subjects had participated in a hook-bending/
unbending experiment using the same material; see Laumer

et al. 2017). Subjects that previously were successful in
selecting L-shaped paper objects, were now confronted with
straight and L-shaped templates made out of wire. In the test
the birds received a straight piece of wire (length 10 cm)
and were tested in the exact same fashion as in the previous
Shape test.

Analysis

All trials were videotaped (JVC Camcorder) and coded
in situ. All pieces of inserted and discarded pieces were col-
lected and stored for measurement. In contrast to the New
Caledonian crows, the Goffin cockatoos did not rip the paper
pieces, but each strip was carved by a large number of bite
marks alongside the edge of the paper until the bird cut in a
curve after reaching a certain length. Therefore, the length
of each strip was measured (Colour and Size test).

In the Shape test the widths of each bite mark along the
ripped piece of the Shape test (40 pieces) and Size test (both
Size tests combined =40 pieces) were measured and com-
pared (curved out ends under 1 cm were excluded from the
analysis).

Analysis colour test

To evaluate choices in the Colour test we conducted bino-
mial tests for individuals and used a Generalized Linear
Mixed Model (GLMM; Baayen 2008) with binomial error
structure and logit link function (McCullagh and Nelder
1989) to evaluate group performance. We included a ran-
dom intercept of subject.

Analysis size test

To test whether the length of the carved-out pieces differed
with the presented template size in the Size test we used a
GLMM and controlled for group (short or long template
first), session (1-4) and trial per condition (1-20). As length
constitutes a continuous variable with a maximum of 10 cm
(length of paper block) we used a beta distribution error
structure and logit link function (Cribari-Neto and Zeileis
2010). Prior to fitting the model, we transformed length to
be bound between 0 and 1 as recommended by Smithson and
Verkuilen (2006). Additionally, we z-transformed trial and
session to a mean of zero and a standard deviation of one
to achieve easier interpretable estimates (Schielzeth 2010).
We included a random intercept of subject to avoid pseudo-
replication. Furthermore, the model entailed random slopes
(Schielzeth and Forstmeier 2009; Barr et al. 2013) for ses-
sion, trial and template size (manually dummy coded and
centered) within subject. To account for daily differences of
length produced per subject we included a random intercept
combining subject and session (Sub.Sess) with a random
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slope of trial. As Jelbert et al. (2018) found an interaction of
template size and number of trials we included this interac-
tion term in the model. However, it did not have a signifi-
cant effect and we therefore then excluded the interaction to
obtain estimates for fixed effect. After fitting the model, we
confirmed that there was no issue of collinearity (maximum
Variance Inflation Factor: 1.176; assessed for model lack-
ing the random intercept and slopes). Model stability was
assessed by comparing estimates obtained from the model
based on all data with estimates obtained from models in
which the levels of random effects were excluded one at a
time (Nieuwenhuis et al. 2012; function kindly provided by
Roger Mundry). All estimates proved to be fairly stable (see
Table S2 for model estimates). We first compared the full
model with a null model lacking the main predictors (tem-
plate size and trial) to avoid ‘cryptic multiple testing’ (Forst-
meier and Schielzeth 2011) and then tested all predictors by
single deletion, using likelihood ratio tests (Dobson 2002).

We further fitted the same model for each separate subject
without the random intercept of subject (as there is only one
subject per model) and without session (because of collin-
earity issues). Although we did not find a significant interac-
tion of template size and trial in our model, to compare our
results with the previous study on New Caledonian crows
(Jelbert et al. 2018) we additionally fitted separate models
for each template size. We included trial and group as fixed
effect, random intercepts for subject and for subject and ses-
sion combined (Sub.Sess) and random slopes of trial within
both.

Analysis shape test

To test whether the shapes of the strips differed between con-
ditions (short or long) we first determined maximum width
of each strip and then compared them between conditions
(Size test and Shape test) using a general linear model (i.e.,
assuming normally distributed and homogeneous residuals).
To control for the possibility that individuals differed in the
general widths of strips or that they responded differently to
the two conditions, we further included individual and its
interaction with condition into the model. Finally, we also
included session and trial number to control for potential
learning or fatigue. As an overall test of the effect of condi-
tion (i.e., as a full null mode comparison; Forstmeier and
Schielzeth 2011), we compared this full model with a null
model lacking condition and its interaction with individual.

To check for normality and homogeneity of the residuals
we inspected a qqg-plot of the residuals and residuals plot-
ted against fitted values (Quinn and Keough 2002; Field
2005), which did not reveal strong deviations from these
assumptions. We estimated model stability by means of
DFBeta (Field 2005), which revealed the model to be stable.
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Collinearity was no issue (maximum Variance Inflation Fac-
tor: 1.333; assessed for model lacking the interaction.

To test whether the shapes the individuals produced
resembled the templates we correlated their widths with the
relative width of the template. We used a relative measure
as subjects might have produced a similar shape but smaller
in size. To do this we first measured the length of each piece
and calculated the width relative to it (according to the origi-
nal template). We then aligned the length of the template
with the length of each piece produced (after aligning their
bases). Note that when carving the strips the cockatoos
placed a large number of bite marks alongside the edge of
the paper, sometimes producing variations in widths. Since
a potential bump in the width of the shapes the individuals
produced could be on either end of them, we correlated them
with template once in each of its two possible orientation
and chose the larger of the resulting correlation coefficients
(Fig. 2). We used Spearman’s rank correlation coefficient as
an estimator of the degree of similarity between the template
and the shape the animals produced. We used the L-shaped
template for shapes produced in the shape test as well as
those produced in the size test condition. If the Goffins
indeed matched the shapes they produced to the L-shape

" A~

10

width in mm
[e))

2 4 6 8 10 12 14
bite number

Fig.2 Illustration of the method used to estimate the degree match
of the shape produced by the individual (black line) and the template
(L-shaped grey polygons). Since the potential wider end of the shape
produced could be on either end of it, we used two version of the
L-shaped template, one with the vertical part on its left and one with
the vertical part on the right side (vertical polygons with diagonal
patterns). The horizontal bases therefore overlap and are illustrated
with both diagonal patterns. Furthermore, we aligned the length of
the base of the L-shaped template such that it matched the length of
the shape the animal produced (x-axis)
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provided in the shape test condition, we would expect the
correlation coefficients to be higher in this condition as com-
pared to the size test condition.

All statistical tests were conducted in R (R Core Team
2018) (versions 3.6.1 and 3.5.1; RStudio (RStudio Team
2016) version 1.1.453). We used the packages ‘car’ (Fox
and Weisberg 2019) (version 3.0-3) to assess collinearity
(function vif) and ‘glmmTMB’ (Brooks et al. 2017) (version
0.2.3) to fit the mixed model (function glmmTMB). Fur-
ther we used the function Im to fit the general linear model
and Imer to fit the binominal model. Plots were drawn with
‘ggplot2’ (Wickham 2016) (version 3.2.1.) and base R.

Results
Colour test

In the Colour test all subjects selected the correctly col-
oured paper card above chance expectation to carve the
strips (binomial significance cut-off: 18 out of 24; correct
choices: Figaro and Kiwi=24, Pipin and Konrad 23, Fini
22 and Dolittle 20 out of 24). This also held true for group
comparison with an estimated probability to choose the cor-
rect colour of 0.954 (GLMM.: estimate =3.023, SE+0.551,
z=5.48, p<0.001). Five out of the six birds carved the paper
strip in the correct color in their very first trial. Subject Fini
discarded an already manufactured strip of the wrong col-
our and then carved one out of the correctly coloured paper
square and inserted it. The length of the strips varied within
individuals throughout the course of the experiment.

Size tests

In the Size tests the Goffin cockatoos manufactured shorter
pieces when they had previously learned that short templates
were rewarded and longer strips when long templates were
previously rewarded (meang,, empiae = 92.7 +23.6 mm;
mean; o, emplate = /2.3 £25.7 mm). We found a combined
effect of template size, trial and their interaction (GLMM:
full-null model comparison: y>=7.8, df=3, p=0.05). How-
ever, when tested by single deletion the interaction term
was not significant (GLMM: estimate — 0.27, SE+0.19,
7$=1.89, p=0.169). The reduced model (lacking the inter-
action term) showed a trend towards shorter pieces being
made when the template was short (estimate =— 1.049,
SE +0.489, ¥*=3.310, p=0.069). None of the other predic-
tors (group, session or trial) were significant (see Table S2
for model output). On an individual level three of the six
subjects carved differently sized strips depending on the size
of the respective template (GLMMs: p <0.01; see model
output SI Table S3 and Figs. 3, 4).

When inspecting the conditions (long or short template)
separately we found that birds produced shorter pieces as the
number of trials increased in sessions with the short tem-
plate (GLMM: estimate =— 0.436, SE+0.197, ;(2 =4.292,
df=1, p=0.038). Interestingly, the group starting with the
short template made longer pieces in this condition than
birds with short templates in later sessions (estimate=0.971,
SE + 0.366,;(2 =5.126, df=1, p=0.024). No effect of trial or
group was found in sessions with the long template (full-null
(lacking trial and group) model: y*>=0.26, df=2, p=0.878;
see model output Table S4).

Shape test

To investigate whether subjects would match the shape of
a template we conducted a Shape test. All birds previously
learned that a L-shaped paper object was rewarded whereas
a straight paper strip was not rewarded. Four individuals
passed the criterion to be tested in the Shape test. At test,
two individuals showed a difference in their strip manu-
facture behaviour and end products compared to the Size
tests (Konrad and Kiwi, see “individual strip manufacture®
below). Their data were therefore analyzed.

Overall, the full-null model comparison revealed a clearly
significant result (F(2, 154)=11.159, p<0.001). As the
interaction between individual and condition did not reveal
significance (estimate =0.062, SE= +0.674, #(154)=0.093,
p=0.926; SI, Table S5) we removed it from the model. This
reduced model revealed a clearly significant effect of con-
dition whereby strips were clearly wider than in the Size
test (SI, Table S6; Fig. 5). To rule out confounding of the
comparison between conditions with the fact that in the
Size test we used strips of two different lengths (short tem-
plate=2 cm, long template =8 cm) we fitted an additional
model in which we coded the factor condition with three lev-
els (short, long, and shape). This revealed strips in the shape
condition to be significantly wider than those in the short
(estimate=— 2.887, SE+0.426, #(154)=-6.771, p<0.001)
and marginally non-significantly wider than those in the long
condition (estimate=— 0.788, SE+0.426, #(154)=— 1.847,
p=0.067).

However, the similarity between the manufactured shapes
and the L-shaped template provided in the Shape test was
not obviously larger in the Shape test as compared to the
Size test (see SI, Figure S3).

Individual strip manufacture observations
in the shape test

Compared to the previous Size test, Kiwi and Konrad

showed clear differences in their manufacturing process
in the Shape test. Overall, Konrad discarded a total of 24
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Fig.3 Mean length and standard error (black vertical lines) of the
carved strips in the Size test for each subject (dark grey/left bars: Size
test with long templates; light grey/right bars: Size test with short
templates). Horizontal dashed lines indicate the length of the short

manufactured pieces during the 40 test trials of the Shape
test, compared to a total of 12 discarded pieces with both
Size tests combined (40 trials, see SI, Figure S1). Ten of
the discarded objects in the Shape test were carved by cut-
ting off one corner of the original paper square, whereby
he folded one of these items at one end (see Fig. 6, session
2). Occasionally Konrad carved out up to two pieces only
partially before ripping of the final piece (trial 5, 6, 7, 21, 25,
26, 30). In Trial 31 he manufactured a piece that differed in
shape when compared to the other strips (Fig. 6; please note
that he manufactured and discarded a paper strip that was
carved around the corner in the previous Size test as well
(short template, S1).

In his second Shape test trial Kiwi started a total of three
times to incompletely carve out a paper object until he finally
ripped out the final piece and inserted it. This happened as
well in Trial 3, 5, 20, 21 and 25 (between two and three
incomplete carvings per trial; total number of trials =40).
In trial 19, Kiwi folded over the end of the carved paper
strip prior to insertion and in trial 37 he folded one end of
the carved paper strip in a 90° angle before inserting it (see
Fig. 6). In trial 21, he carved a paper strip closely resembling
the L-shaped template in absolute length (please note that
he manufactured a similar strip in the previous Size test as
well (short template, Trial 9).
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Shape test with bendable material

Kiwi was the only subject that was immediately able to
apply the previously learned shape-concept to another mate-
rial (wire) and was therefore trained with an L-shaped wire
as template (see SI, Figure S2). Nevertheless, it took him 11
sessions to reach the criterion to be without mistakes for two
sessions. In the test though, Kiwi never tried to bend the wire
but instead immediately inserted the straight wire-piece.

Discussion

Actively matching specific features of an object could be
classified as an ill-structured problem, as the end product
is known, but no information on how it is achieved is given
(Cutting et al. 2014; Rutz et al. 2018). Here we found that
Goffin’s cockatoos, similar to tool-specialized NC crows,
spontaneously manufactured paper strips that matched
the colour and, on an individual level, the size (short vs.
long) of previously experienced, pre-made templates. An
additional L-shape template test revealed no evidence
for a respective shape approximation, although subjects
manufactured wider pieces compared to the Size test and
showed different behaviour during their manufacture
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Fig. 4 Manufactured strips of the Size Test of the three subjects that carved differently sized strips depending on previously experienced short or

long templates (GLMMs; Kiwi: p <0.01, Figaro & Konrad: p <0.001)

process. Our results suggest that Goffin’s cockatoos can
recall and achieve the active assimilation of an object to
specific features such as size and colour of a memorized
object through manufacture, despite being rewarded at ran-
dom and in the absence of the respective template.

When given the choice between two differently col-
oured paper squares, similar to the New Caledonian crows
(Jelbert et al. 2018), all Goffin’s cockatoos spontaneously
manufactured strips of the same colour as the previously
rewarded template. Five of the six subjects selected the
correct color to manufacture objects from the first trial
onwards. Surprisingly, in a more abstract touch screen
setup the same bird had difficulties with a simple match-
ing-to-sample setup including different colours (Gruber
2016). Several animal species, including birds, have pre-
viously been shown improve performance in matching-
to-sample tasks when using physical rather than virtual

objects (e.g. Wright and Delius 1994; Spetch and Fried-
man 2006; Stephan et al. 2014; O’Hara et al. 2015).

All four adult and two of the four subadult New Caledo-
nian crows manufactured larger objects when previously
rewarded for large templates than when rewarded for small
templates (Jelbert et al. 2018). This was similarly the case
for three out of the six cockatoos on an individual level,
and showed as a trend on the group level. However, in most
individuals, this behaviour was less prominently expressed
than in the New Caledonian crow. The most accurate New
Caledonian crow in the size test modified already detached
pieces to reduce their size before inserting them in the
vending machine, thereby providing tentative evidence for
an attempt to match not just the relative, but the absolute
size of the previously rewarded templates. Here, the most
accurate Goffin, the adult male Konrad, made paper strips
that were roughly similar to the short and long templates

@ Springer
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Fig.5 Maximum width (in mm) of strips in the two conditions and
separately for the two individuals. The area of the circles corresponds
to the number strips per individual, condition, and width (range:
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of red and blue of each dot depict tests with shorter (red) and longer
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not only in relative but also in absolute length. The findings
of the size test supplement previous results showing how
Goffin’s cockatoos adjust the lengths of straight cardboard
strips relative to the varying (yet visible) distance of the of
an out-of-reach food reward (Auersperg et al. 2018) while
saving effort in manufacture.

In the Shape test the cockatoos faced morphological and
ergonomic constraints (distance between the beak tip and
the edge of the horizontal part of the upper mandible allows
only to carve out objects in a certain width; for pictures
see Auersperg et al. 2018). Moreover, due to the carving
technique used by the cockatoos (each strip was carved by a
large number of bite marks alongside the edge of the paper),
producing a L-shaped object could only be achieved when
carving the shape alongside one corner of the paper square.
Kiwi’s carved strip in Trial 21 proves that this task is not
impossible for the cockatoos to carry out. However, he did
this only once and manufactured a similar strip in the pre-
vious Size test as well (condition: short template, Trial 9).
Statistically we looked only at the data for two birds in the
shape test (Kiwi and Konrad) as they both applied different
manufacturing techniques in the shape test compared to the
Size test. Although the products of these two cockatoos were
indeed significantly wider than in the Size tests, the manu-
factured pieces in the Shape test were statistically not more
‘bumpy’ and thus more similar to a L-shaped template than
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compared to the Size test. Interestingly, Konrad discarded
a larger number of manufactured items before inserting the
final object into the target tube compared to his behavior in
the size tests and Kiwi frequently incompletely carved out
two to three paper objects until manufacturing the final one.
Konrad showed other alterations in his manufacture process
including carving out objects by cutting off the corner of the
original paper square and once produced a shape that com-
pletely differed in shape compared to all previously manu-
factured objects. Furthermore, both cockatoos bent some
manufactured objects in a 90°degree angle before insertion
(Konrad once, Kiwi twice; this behaviour was never shown
by any of the cockatoos in the Size tests). The resulting prod-
ucts of these trials would achieve the original L-shaped tem-
plate in a three-dimensional modality. However, the only
cockatoo that reached the criterion for being tested with a
bendable wire in Shape test 2, never bent the wire in the test
condition. This was, however, not overtly surprising as some
of our birds showed problems manipulating wire in the past
and the respective subject previously failed to bend a wire
in a tool-related context (Laumer et al. 2017).

Long-term captivity seems to affect the performance in
cognitive tasks in some species (reviewed in Cheng and
Byrne 2018). While Jelbert et al. (2018) tested wild-caught
birds in their study, we tested captive reared birds in Austria.
Nevertheless, our previous research suggests that rearing
history does not have a strong impact on performance when
it comes to technical problem solving in Goffin’s cockatoos:
In a recent test battery of 20 artificial tasks, motivated wild-
caught birds solved a similar number of problems at a simi-
lar rate as laboratory-raised birds (Rossler et al. 2020). Thus,
it is unlikely that long-term captivity affects the performance
in physical problem-solving tasks in our test species.

In summary, similar to a previous study in New Caledo-
nian crows (Jelbert et al. 2018), we found that individual
animals were able to recall and assimilate two (length and
colour) features of a template. Like in the crows, the prod-
ucts made by the birds in the Size test should be regarded
as assimilations based on the memorized models and not as
absolute matches of the latter (with exceptions; see above).
Finding the ability to physically produce object features of a
template in a parrot that has the capacity for tool innovation
(Auersperg et al. 2012; Osuna-Mascar6 and Auersperg 2018,
Laumer et al. 2017) but, so far, seems to lack a depend-
ency on tool use and does not have cumulative tool cultures
(O’Hara et al. 2018; Mioduszewska et al. 2019) suggests that
the latter is not a necessary condition in order for this abil-
ity to evolve. We suggest it is likely that crows and parrots
may share other inherent properties that facilitate such skills.

A possible origin of the ability for physical template
matching (Jelbert et al. 2018) could be vocal template
matching abilities, which are required for song learning
(Slater 1983). Song birds, parrots and hummingbirds have
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Fig. 6 Manufactured strips and discarded/incomplete carvings of Kiwi and Konrad in the Shape Test

the capacity for hearing and then reproducing complex
auditory input: juvenile vocal learners listen to song tem-
plates from conspecifics and then continuously match their
own vocalization to the vocal template (Slater 1983,1986;
Marler 1970). Notably, and different to many songbirds,
the capacity of parrots to match sounds towards a specific
goal held in memory, often requires the use of various body
movements, specifically those involving tongue and beak
(e.g. Patterson and Pepperberg 1994; Warren et al. 1996),
is not restricted to a sensitive developmental phase but is
maintained in both sexes throughout adulthood (Pepperberg
1994; Pepperberg et al. 1991; Hile et al. 2000; Bradbury and
Balsby 2016). Cockatoos, like most parrots (though not all),

are open-ended learners that can imitate various sounds, so
the likelihood of their having the same kind of template for
vocal learning as songbirds is unlikely. However, similar
to songbirds they have systems of cerebral vocal nuclei for
controlling memorized vocalizations. Neurological research
suggests that these nuclei are linked and even descend from
brain areas involved various limb and body movements
(Feenders et al. 2008). It is thus possible that the ability to
match physical object properties is linked to sound match-
ing/vocal learning as suggested by Jelbert et al. (2018).
However, it is likely that parrots and corvids use a differ-
ent kind of template for vocal learning than for physical
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template matching. Nevertheless, without further research
this has to remain somewhat speculative at this point.

To investigate subjects’ ability to recall and reproduce
object properties from memory into further depth, a promis-
ing next step would be to use either a similar task design or
a touchscreen design (similar to Basile and Hampton 2011),
so requiring subjects to switch flexibly between templates
and to reproduce them after increasing delays.
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