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Abstract
Reactive individuals explore and make decisions more slowly than proactive individuals, paying more attention to external cues.
Reactive personality types are therefore predicted to make fewer mistakes in cognitive tasks, especially in tests of inhibitory
control and reversal learning that require individuals to adjust behavioral routines. However, empirical evidence for this is mixed,
and work relating cognition to a broader set of phenotypic traits has been called for. Here, using the common waxbill (Estrilda
astrild), we relate performance in a cognitive assay, the detour-reaching task, to differences in personality, while controlling for
putative confounding factors (including sex, breath rate, body size, and mass). Contrary to theoretical predictions, we found that
proactive individuals, rather than reactive, made fewer mistakes in the detour-reaching task. We used body size and mass as
proxies for condition, but neither predicted personality type or cognitive performance, thus providing no support for the hypoth-
esis that condition dependence mediates the association between proactive personality and detour-reaching performance. This
work adds to a growing number of studies contributing conflicting findings on how animal personality relates to cognitive
performance, which, together, appear to require novel theory and more nuanced predictions.

Significance statement
Theory predicts that reactive personality types (i.e., slower-acting and more attentive individuals) should perform better on cognitive
tasks that involve inhibiting a response to an irrelevant stimulus to reach food (inhibitory control). Tests of this hypothesis have
generated contradictory results and studies that account for confounding factors are needed.We quantified performance in an inhibitory
control assay among commonwaxbills (Estrilda astrild), while controlling for the largest set of confounding factors to date. Contrary to
predictions, waxbills with a reactive personalitymademoremistakes in the cognitive assay. These and other recent findings suggest that
a more nuanced theory on the relation between cognition and personality is necessary.
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Introduction

Cognition refers to the abilities of acquisition, processing,
storage, and use of information, and can be important for the
development and performance of various behaviors, from for-
aging and nest building to mate choice and social competence
(Shettleworth 2010). Cognition includes learning, which is the
change in an individual’s state due to new experiences or
information that causes the adjustment of behavioral re-
sponses (e.g., Dukas and Ratcliffe 2009). Individual differ-
ences in cognition and, in particular, learning, have been ob-
served in virtually all species studied to date (e.g., insects:
Dukas 2008; fishes: Lucon-Xiccato and Bisazza 2017; rep-
tiles: Chung et al. 2017; birds and mammals reviewed in
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Reader 2003; Boogert et al. 2011b; Thornton and Lukas 2012;
Niemelä et al. 2013) and may be linked to broader differences
in behavior. For example, individuals may be more or less
likely to encounter new environmental cues depending on
their personality traits, such as boldness, neophilia, activity,
or exploration, and this, in turn, may facilitate or constrain
learning opportunities (Griffin et al. 2015).

Personality refers to repeatable behavioral differences that
are stable across time and contexts among individuals of the
same species (e.g., Dall et al. 2004; Stamps and Groothuis
2010). Various behaviors can differ consistently among indi-
viduals, and when several of these behaviors (e.g., boldness,
aggressiveness, sociability, or activity) are correlated within
individuals, then together they form a broader “behavioral
syndrome” (sensu Sih et al. 2004; Sih and Bell 2008; Carere
and Locurto 2011; Sih and Del Giudice 2012; Garamszegi
et al. 2013). Personality differences often occur along a
slow-fast axis, from reactive to proactive types (e.g., Wilson
et al. 1993, 1994; Sih et al. 2004; Sih and Del Giudice 2012).
Proactive individuals tend to be faster explorers and more
active, neophilic, and bolder, while reactive individuals tend
to be slower explorers and less active, more neophobic, and
shyer (see Koolhaas et al. 1999; Sih et al. 2004; Carere et al.
2010).

Early in the twentieth century, Pavlov described a link be-
tween cognition (described by him as “different types of ner-
vous systems”) and personality (described as “individuals’
fixed behavioral phenotypes”; Pavlov 1906, 1941; reviewed
in Locurto 2007). He noted, for example, that “Excitable type”
dogs are more active and aggressive, but slower to change a
previously learned response, while “Inhibited type” dogs rest
more, are more attentive, and faster in changing learned re-
sponses (Pavlov 1941). In recent years, an increasing number
of studies have started to investigate relations between cogni-
tion and personality in taxonomically diverse species
(reviewed in Locurto 2007; Carere and Locurto 2011; Sih
and Del Giudice 2012; Griffin et al. 2015; Dougherty and
Guillette 2018).

In a foundational paper, Sih and Del Giudice (2012) proposed
a conceptual framework for the relation between cognition and
personality, later coined the “Cognitive Style Hypothesis” (CSH,
Chung et al. 2017). In line with the early findings by Pavlov, the
CSH predicts that, because proactive individuals act and sample
the environment faster, they should pay less attention to external
cues and thus be less flexible in changing routines. The opposite
is predicted for reactive individuals, who act more slowly, and
would thus pay more attention to external cues, being more flex-
ible in changing behavioral routines. Reactive individuals are
predicted to perform better (i.e., make fewer errors), particularly
in reversal learning and inhibitory control tests, which require,
respectively, adjusting a previously learned behavior, or
inhibiting a response to an irrelevant stimulus (e.g., Sih and Del
Giudice 2012).

Empirical studies provide mixed support for the CSH
(conflicting results are reviewed in Table 1 of Mazza et al.
2018). Several studies have reported findings that support pre-
dictions from the CSH (e.g., Verbeek et al. 1994; Guillette
et al. 2009; Carere et al. 2010; Ruiz-Gomez et al. 2011;
Cockrem 2013; Guenther et al. 2014; reviewed in Groothuis
and Carere 2005; Cockrem 2007; Coppens et al. 2010; Carere
and Locurto 2011; Sih and Del Giudice 2012; Griffin et al.
2015; Mazza et al. 2018). However, the recent meta-analysis
by Dougherty and Guillette (2018) found that, while signifi-
cant associations between personality types and cognitive per-
formance exist, the direction of those associations is inconsis-
tent across species, or even within the same species (e.g.,
between the sexes; Dougherty and Guillette 2018). Faced with
this puzzling state of the art, Dougherty and Guillette (2018)
called for empirical work that tests for associations between
cognition and several aspects of personality, rather than focus-
ing on a single personality trait, and that also takes into ac-
count confounding factors such as sex or physiological differ-
ences. This could provide a better understanding of the phe-
notypic correlates of cognition and help formulate more nu-
anced theory and predictions than the CSH currently affords
(Dougherty and Guillette 2018).

Here, we follow Dougherty and Guillette’s (2018) call for
measuring a diverse range of phenotypic traits, in addition to
the personality traits of interest, to assess whether these drive or
confound the relation between cognition and personality type.
Our goals are to test for a relation between cognition and dif-
ferent aspects of personality, and whether such a relation is
robust to, or confounded by, additional phenotypic differences
among individuals. Our model species is the common waxbill
(Estrilda astrild), a gregarious finch species for which it has
been shown that individual differences in personality are stable
through time and are consistent across social and exploration
contexts (Carvalho et al. 2013; Funghi et al. 2015).

As cognitive assay, we chose one of the most widely used
inhibitory control assays for animals, the detour-reaching task,
in which individuals need to detour around a transparent bar-
rier to obtain food or a desired object (Boogert et al. 2011a).
Previous work in other species has reported within-species
correlations between performance in the detour-reaching task
and phenotypic traits (bird song repertoire size, body
condition; Boogert et al. 2011a; Shaw 2017), and a cross-
species comparison showed that performance on the detour-
reaching task correlates positively with brain size (MacLean
et al. 2014; but see Healy and Rowe 2007; Chittka and Niven
2009). As personality assays, we used the mirror test, which in
the common waxbill indicates stable differences in behavior
along a proactive-reactive axis, and the tonic immobility test,
which is related with fear or stress towards a predator
(Carvalho et al. 2013; Funghi et al. 2015). Finally, as pheno-
typic traits that might confound the relation between cognitive
performance and personality, we considered body size, size-
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corrected mass, and breath rates, all of which have been pre-
viously proposed or found to correlate with either cognitive
performance or personality types. For example, larger or
heavier individuals tend to be more proactive (Niemelä and
Dingemanse 2018) or may show better cognitive performance
(Shaw 2017; van Horik et al. 2017). Also, basal metabolic
rates have been reported to differ among personality types
(reviewed in Mathot et al. 2019), and here we use breath rates
in isolation, thus avoiding acute stress, as a proxy for individ-
ual differences in metabolic rates. Controlling for all these
phenotypes in a single model species, this work is the most
comprehensive attempt, to date, for assessing whether and
how phenotypic traits mediate a potential relation between
cognition and personality type.

Methods

We captured a total of 60 common waxbills (28 males and 32
females), in two different years, using mist nets in agricultural
areas in the northwest of Portugal: 14 males and 16 females
were captured in fields near Póvoa de Varzim in October
2016, and 14 males and 16 females were captured in fields
around Lagoa da Apúlia in September 2017. All captures took
place in the morning. Immediately after capture, we fitted each
individual with a unique numbered metal leg band and
weighed it with a Pesola spring scale to the nearest 0.1 g.
We did not use birds that were unambiguously juveniles
(i.e., absence of a red bill), nor breeding females (presence
of brood patch or signs of an egg, when examined through
palpation of the abdomen). Such birds were released from the
nets. We transported the birds in metal cages (36.5 cm ×
21.5 cm × 35.5 cm), with perches, food, and water, and
reached the aviary facilities within a maximum of 4 h after
capture. The aviary facilities were in a room (ca. 8 m2) where
two of the walls were netted, and cages were therefore ex-
posed to natural daylight and temperature, but sheltered from
the rain, wind, and direct sunlight. Natural sunlight was sup-
plemented by full-spectrum lights with a photoperiod similar
to the natural light–dark cycle (lights switched on 30 to 45min
before sunrise, and switched off 30 to 45 min after sunset). In
each year, birds were kept in 6 mixed-sex groups of 5 individ-
uals (3 males + 2 females per cage, or vice versa, except for
one cage with one male and four females), because waxbills
are highly gregarious and form mixed-sex flocks. Cages
(88.5 cm × 30 cm × 40 cm) had 4 perches and were open along
the front, with bars. Birds had ad libitum water, mixed grit
with crushed oyster shell, and seeds (Versele-Laga Prestige:
Tropical Finches Australian Waxbills in 2016, and Tropical
Finch in 2017) in enough feeders (2 feeders per cage, each
23 cm × 5.5 cm × 7.5 cm) for all individuals to feed simulta-
neously. Feeders were opaque (covered with black adhesive
paper) to prevent birds from habituating to feed from a

transparent object, as this could confound their performance
on the detour-reaching task (van Horik et al. 2018). Vitamins
(Avigold Advance, Aviform) diluted in water were provided
twice a week. We observed the birds daily to ensure they
adapted to the cages and behaved normally. All birds
remained in these cages for ca. 8 weeks, during which time
we conducted behavioral assays. Birds were 5 or 6 days in
their cages before the start of the mirror and tonic immobility
assays described below (Fig. 1).

Genetic sexing

A small blood sample (< 100 μL) was collected, with a small
puncture of the brachial vein, for 56 out of our 60 birds. Blood
was immediately stored at − 20 °C until DNA extraction.
Birds were sexed following Griffiths et al. (1998), using a
set of primers (P2 and P8) to amplify the CHD-W and CHD-
Z genes. The PCR protocol consisted of 5 μL of MyTaq
(Bioline, UK), 0.5 μL of each primer, and 2 μL of DNA
template for a total volume of 10 μL. The conditions were
as follows: 15 min at 95 °C, 35 cycles of 30s at 95 °C, 30s
at 55 °C, and 80s at 72 °C, followed by 10 min at 72 °C. PCR
products were separated on a ABI 3130 xl Genetic Analyzer
(Applied Biosystems, USA) and results visualized in software
GeneMapper V5.0 (Applied Biosystems, USA). Individuals
showing double (ZW) and single (ZZ) bands were identified
as females and males, respectively. Bands were 38 bp apart.
From the 56 individuals genetically sexed, 3 had been wrong-
ly sexed phenotypically (ca. 5%, a similar percentage of error
as reported in Cardoso et al. 2014). For the 4 individuals
without blood sample, we kept their phenotypic sexing.

Detour-reaching task

We conducted detour-reaching assays using protocols adapted
from Boogert et al. (2011a), which have been used in several
species, including in the zebra finch (Taeniopygia guttata;
MacLean et al. 2014), another estrildid finch like the waxbill.
First, for habituation to the test apparatus, birds were exposed
in their home cages (i.e., containing 4 other individuals) to two
opaque cylinders (in the middle of each side of the cage)
containing a small spoonful of seeds identical to their diets
in the home cages, with the open cylinder ends oriented to the
front and back of the cage. Birds could feed freely from the
cylinders by reaching the inside of the cylinders with their
head. Figure 2 and Movie S1 illustrate these cylinders, made

1
st

 year

2
nd

 year

September October November December

Fig. 1 Timeline of procedures in
the 2 years of experiments. Gray
indicates periods for capture plus
weighting wild birds, green for
morphometrics, yellow for the

mirror and tonic immobility tests
(first and second rounds), and
orange for the detour-reaching
task
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from acrylic sheeting (0.5-mm thickness), wrapped in opaque
black adhesive paper, and glued to a wooden base (4 × 3 cm
and 0.4 cm high). Cylinders were 4 cm in length and 3.5 cm in
diameter, so that only the head of one individual could fit
inside the cylinder at a time. These cylinders were presented
daily in each group cage, from ca. 9.30 a.m. to ca. 2.00 p.m.
The habituation phase was used to minimize effects of
neophobia on an individuals’ performance. The habituation
phase started as soon as birds were captured and brought to
the aviary, and continued throughout the entire period of exper-
iments, except during the actual behavioral assays. At the be-
ginning of the habituation period, the seeds inside the cylinder
were not being eaten in every group cage, but after ca. 5 days,
the seeds inside both cylinders were already being eaten. We
started the detour-reaching assays after yet another week of the
habituation to the cylinder (i.e., 12 habituation days in total).

The detour-reaching assays consisted of a training phase
and a test phase. For each of these two phases, each individual
was isolated in the right side of its home cage by dividing the
cage with an opaque white plastic partition (Fig. 2a). Food and
water were removed for 60 min before the assay, to increase
birds’motivation to engage with the task. The training and test
phases consisted of successive trials where the bird was pre-
sented with an opaque cylinder (training phase) or a transpar-
ent cylinder (test phase) containing in its center seeds of yel-
low and red panicum, and white millet (3 seeds in total, 1 of
each type; all preferred seeds from their diets in the home
cages; ACRG and ST pers. obs.). We observed all trials stand-
ing quietly behind a dark blue curtain, permanently placed at a
distance of 153 cm in front of the cages, hanging on the net
wall of the aviary. We (ACRG and ST in 2016, and PAS in
2017) watched the trials through a small opening (7 cm ×
30 cm) in the curtain. Following Boogert et al. (2011a) and
MacLean et al. (2014), each trial ended when the bird fed from
the cylinder, whether or not the bird also pecked the cylinder
earlier. If during the 10 min of a trial, the bird did not eat from
the cylinder, the trial ended and, in this work, conservatively
was counted as “invalid,”whether or not the bird pecked at the
cylinder, because this could be due to neophobia or insuffi-
cient motivation rather than inability to be successful in the

task. There was a 1-min interval between consecutive trials,
and at the beginning of each trial, we removed the cylinder
from the previous trial and replaced it with a different cylinder
containing new seeds. For each valid trial, we recorded wheth-
er birds reached inside the cylinder immediately to eat seeds
without pecking the cylinder wall first (“correct” trial) or if the
first interaction with the cylinder was pecking the sides in an
attempt to reach the seeds, before eating the seeds inside the
cylinder (“incorrect” trial; Movie S1). We also recorded the
time, in seconds, of the first interaction of the bird with the
opaque cylinder (either pecking or feeding), to calculate the
latency to the first attempted feeding (see below).

The training phase consisted of a series of trials using the
same opaque cylinders that had been used in the habituation
phase placed on the cage floor as before, with the open ends of
the single presented cylinder oriented to the front and back of
the cage (Fig. 2b). The purpose of the training phase was to
confirm that each individual had learned to reach seeds inside
the opaque cylinder to feed. The training phase ended, and the
bird continued to the test phase, when three out of four con-
secutive trials were correct. If an individual did not feed after
60 min of trials, we stopped the assay. Of the 60 birds, 55
successfully completed the training phase, with only 2 of
those pecking the side of the opaque cylinder, only in one trial.
The mean number of trials in the training phase was 3.51,
meaning that generally very few trials were required to con-
firm that individuals knew how to feed from the opaque
cylinder.

The test phase took place immediately after the training phase
and differed from the training phase only in that now the cylinder
was transparent rather than opaque. The cylinders were identical
to those described above, but not wrapped in opaque adhesive
(Fig. 2c). The use of a transparent cylinder tests for detour
reaching, because birds may attempt to reach the seeds inside
the cylinder directly through the transparent wall (the new stim-
ulus individuals need to inhibit responding to), rather than
detouring to reach seeds by one of the cylinder openings, as they
were trained to dowith the opaque cylinder. The test phase lasted
15 trials, unless the bird did not feed from the cylinder in 60 min
of successive trials, inwhich casewe stopped the assay. Of the 60

(a) (b)

(c)

Fig. 2 Detour-reaching task
apparatus. a Focal individual
isolated in the right side of its
home cage, divided with an
opaque partition; cage mates
remain in the left side. b Opaque
cylinder in training phase. c
Transparent cylinder in test phase
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birds, 48 passed the training and test phase. Of the 12 birds that
did not pass, we re-tested 8 once more at a later date, after all
other birds were tested, and only 2 passed the training and test
phases; we did not re-test the other 4 birds for logistic reasons and
because only 2 of the 8 re-tested birds were able to pass the
training and test phases. Thus, a total of 50 birds completed the
detour-reaching task, and the remaining 10 individuals were not
included in further analyses of cognitive performance. Training
and test phases were conducted from 10.00 a.m. to 4.30 p.m., on
November 14 to 29, 2016, and on October 16 to November 14,
2017 (Fig. 1).

For each bird, we computed the proportion of correct
trials in the test phase (number of correct trials divided by
the total number of valid trials), as the measure of perfor-
mance in the detour-reaching task. Detour-reaching scores
ranged from 0.53 to 1.00 (0.80 ± 0.15, mean ± standard
deviation (SD)). In order to control for possible differ-
ences in hunger or willingness to interact with the appa-
ratus, we measured the cumulative amount of time (in
seconds) that each bird took to interact for the first time
with the opaque cylinder in the training phase; if the first
interaction did not happen during the first trial, then the
total time from the previous trials was summed. Hereafter,
we refer to this as “latency to feed in training phase”, and
it ranged from 6 to 2130 s (mean ± SD = 307.98 ± 510 s).
We used the time to first feed, rather than the number of
trials, because there was much more variation in the time
than the number of trials to first feeding.

Finally, we measured how performance changed along the
test phase, i.e., whether it increased or decreased across trials,
calculating the mean order of correct trials and dividing by the
total number of valid trials. For example, if only 8 trials were
valid and, of those 8, only the last 3 were correct (trials 6 to 8;
mean = 7), then the mean order of correct trials is 7/8 = 0.875.
A mean order above 0.5 indicates increasing performance,
because correct trials are more common late than early in the
test phase; likewise, mean orders below 0.5 indicate decreas-
ing performance. The purpose of quantifying the mean order
of correct trials is to measure plastic improvement when given
the detour-reaching task with the transparent cylinder, which
the birds had never encountered before. We can use this mea-
sure to test whether proactive and reactive individuals differ in
the extent to which they plastically improve their performance
during the test phase (mean order of correct trials above 0.5) as
compared with not improving it (mean order of correct trials at
ca. 0.5). Mean order of correct trials ranged from 0.38 to 0.67
(mean ± SD = 0.53 ± 0.05).

Mirror and tonic immobility tests

We conducted mirror tests and tonic immobility tests, both of
which have previously been shown to be repeatable in common
waxbills (Carvalho et al. 2013; Funghi et al. 2015). Mirror tests

have been used to assay aggressiveness in several species
(reviewed in Cattelan et al. 2017), but waxbills do not react
aggressively towards their mirror image (Carvalho et al. 2013;
Funghi et al. 2015), perhaps because they are highly gregarious
and sociable. Thus, in waxbills, this test pertains to non-
aggressive responses towards a social stimulus (mirror image).
More active behavior during themirror test (vocalizing andmov-
ing more) and less attentiveness to the mirror image have been
shown to correlate with more exploratory behavior in open-field
tests (Carvalho et al. 2013), indicating a behavioral syndrome.
Therefore, the mirror test can be used as an assay of personality
along a proactive-reactive axis in waxbills, wheremore proactive
individuals explore more in open-field tests and are more active
but less attentive towards a mirror image, and the reverse for
more reactive individuals (Carvalho et al. 2013). The tonic im-
mobility test consists of turning a waxbill upside down, mimick-
ing what may happen in encounters with predators or aggressive
interactions, which can trigger a state of paralysis (tonic immo-
bility). The duration of this state of paralysis is commonly used as
an index of fear (e.g., Gallup 1979; Nakayama and Miyatake
2010; Edelaar et al. 2012; Pusch et al. 2018). Previous work with
waxbills showed that the duration of tonic immobility is not
correlated with behavior in the open-field test, the mirror test,
or levels of aggression when caught by a human (Carvalho
et al. 2013; Funghi et al. 2015). Therefore, we interpret individual
differences in the duration of tonic immobility as a behavioral
trait unrelated to the waxbill proactive-reactive behavioral syn-
drome, as assayed with the mirror test described above.

We conducted these tests twice on each bird, in 2 rounds
separated by ca. 6 weeks (Fig. 1), to assess repeatability of
each behavior. Tests were performed between 9.30 a.m. and
1.00 p.m., and the tonic immobility test always immediately
followed the mirror test. Tests were performed by ACRG in
2016 on October 26–31 and repeated on December 5–7 for
birds captured in 2016, and by ACRG and SG in 2017 on
October 2–4 and repeated on November 20–22 for birds cap-
tured in 2017 (Fig. 1). All tests were video-recorded (Canon
LEGRIA HF M306) and behaviors then quantified using
Observer XT 11 (Noldus Information Technology bv; version
11.0.630), by ACRG and SG, in 2016 and 2017, respectively.

Similarly to previous work on common waxbills (Carvalho
et al. 2013; Funghi et al. 2015), we conducted the mirror test in a
small bird cage (24.5 cm × 17 cm× 15 cm) with three perches
equally distanced (Fig. 3a, b), which we placed 73.4 cm above
the floor in the center of an empty room (4 m2) illuminated with
full spectrum lamps. A mirror (17 cm× 15 cm), initially covered
with removable cardboard, was located at one end of the cage,
and a fixed cardboard of the same size was positioned at the
opposite end of the cage. This assay lasted for 10 min: in the first
5 min, the mirror was covered (Fig. 3a), while in the last 5 min,
the mirror was exposed (Fig. 3b). The mirror was uncovered by
pulling the cardboard with a nylon string from outside the room.
Each bird was taken by hand from its home cage and, in less than
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1 min, was transported to the mirror test room inside a paper bag
and released into the small cage. The mirror test began within
1 min of the bird being released into the small cage. Following
Carvalho et al. (2013), we quantified 7 behaviors, both before
and after exposing the mirror: the position relative to the mirror
(time-weighted mean distance categories to the mirror; from 1:
nearest to the mirror, to 5: most distant from the mirror), the
proportion of time facing themirror, the number of vocalizations,
the activity inside the cage (sum of movements in the cage), the
time spent in fast movements (flying or hopping continuously, in
seconds), resting, and grooming. Detailed descriptions of these
measurements are provided by Carvalho et al. (2013). Resting
and grooming were not analyzed further because the former was
very rare (< 0.01 s performed by only 6 individuals), and the
latter was never observed. We then tested which behaviors in-
creased from the periods before to after uncovering the mirror
(Carvalho et al. 2013; Funghi et al. 2015). Several behaviors
increased significantly from before to after uncovering the mir-
ror: time facing the mirror (means before and after uncovering
mirror = 3.86 s and 4.86 s; Wilcoxon paired-sample tests: V =
2771, N = 120, 60 birds times 2 rounds, P = 0.02), time in fast
movement (means = 1.59 s and 2.16 s; V < 0.01, N = 120,
P < 0.01), and activity (means = 34.79 and 46.34; V = 2476,
N = 120, P = 0.01). The number of vocalizations also increased
from before to after uncovering the mirror, though not signifi-
cantly so (means = 2.46 and 4.47; V = 367, N = 120, P = 0.20).
Since in previous work with larger samples the number of vocal-
izations did increase significantly after exposing the mirror
(Carvalho et al. 2013), we also included it in our analyses.
Position relative to the mirror did not change significantly (V =
2990, N = 120, P = 0.21), similar to previous work (Carvalho
et al. 2013; Funghi et al. 2015) and was not included in further
analyses. We summarized these selected four behaviors (time
facing the mirror, fast movements, activity, and vocalizations)
with a principal component analysis (PCA), using only data from
the period with the mirror uncovered. We log-transformed the
number of vocalizations and activity (log (x+ 1), in both cases),
and also the time spent performing fast movements (log
(1000*x + 1)) to approach normality. We did not transform the
time facing the mirror as this was unfeasible because of its near-
platykurtic distribution. The PCA on these four behaviors
returned one principal component (PC) with an eigenvalue > 1

(eigenvalue = 2.49), explaining 62% of the variation. Activity,
fast movements, and number of vocalizations had high positive
loadings on this PC (0.85, 0.84, and 0.69, respectively), while
time facing themirror had a high negative loading (− 0.77). Thus,
high values on this PC indicate more active responses to the
mirror (meaning more proactive individuals), and low values
indicate less active responses, but more attentive towards the
mirror image (meaning more reactive individuals), similarly to
previous work using this behavioral test in waxbills (Carvalho
et al. 2013; Funghi et al. 2015). Mirror test values ranged from −
1.86 to 3.71 (mean ± SD= 0.00 ± 1.45).

For each individual, we conducted the tonic immobility test
immediately following the mirror test. To measure individual
variation in tonic immobility, we used a wooden platform
(5 cm × 5.1 cm × 1.7 cm) on top of the mirror test cage
(91 cm above the floor), then removed the bird from the cage
and, within 1 min, gently placed the bird on its back on the
wooden platform, with its side facing the researcher (Fig. 3c).
Then, the researcher, always at approximately 25 cm from the
platform and always wearing dark clothes, pulled back her
arms and waited for a maximum of 60 s for the bird to overturn
and fly away. Afterwards, through the video recordings, we
quantified the exact time, in seconds, that each bird stayed in
tonic immobility, from 0 (did not stay in tonic immobility
state) to 60 s (maximum duration of the test). This behavioral
test was previously shown to be repeatable within individuals,
but unrelated to the behavior in the open-field or the mirror
tests (Carvalho et al. 2013; Funghi et al. 2015). Tonic immo-
bility values ranged from 0 to 60 s (mean ± SD = 24.62 ±
20.97 s).

Breath rates

Individual differences in breath rate can be difficult to quantify
in small birds independently of stress responses. Breath rates
are often measured by keeping a bird in the hand while feeling
and counting breast movements (e.g., Carere et al. 2001;
Fucikova et al. 2009; Kluen et al. 2014). These measurements
are strongly influenced by the birds’ acute stress response to
being handled, and Calder (1968) advised that natural breath
rates should be quantified in standardized conditions, with the
birds free to move normally. Here, we measured each

(a) (b) (c)Fig. 3 a, bMirror test. aWith the
mirror covered. bWith the mirror
uncovered. c Tonic immobility
test
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individual’s breath rate from videos in standardized conditions
in a cage, which, although not completely avoiding stress,
avoids the acute stress of having the bird in the hand, and
we optimized an algorithm to buffer measurements from ob-
servational error.

We quantified each individual’s breath rates from the
videos of the first 5 min of the mirror test, the period with
the mirror covered (Fig. 3a). A single observer (CIM) watched
the videos at half speed on a large screen with the software
Observer XT 11, registering every noticeable breath move-
ment as detected by continuously observing the belly move-
ment. There were instances where respiratory movements
were not observable, for example, because the bird was hop-
ping, flying, or facing away, thus generating missing values.
In rare instances, the keyboard key could also be pressed twice
in a row, thus introducing some noise to the data in the form of
duplicate breaths. The resulting dataset is a series of keystroke
times, which we cleaned with an algorithm to correct for miss-
ing and duplicate breaths (algorithm explanation in
supplementary material methods, R code in supplementary
material code, and worked example in supplementary file S1
and supplementary Fig. S1). With the cleaned data, we com-
puted mean breath rate across the entire 5 min of each video,
its standard deviation, and the difference between the mean
breath rate in the second half (seconds 151 to 300) and the first
half of the videos (0 to 150 s; hereafter, change in breath rate).
All three variables were approximately normally distributed,
as evaluated by QQ-plots and histograms.

To evaluate repeatability of these three measurements
of breath rate and breath rate variation, we randomly se-
lected 20 videos, ensuring that multiple videos from the
same individual were not selected, and repeated the entire
process of scoring the videos and cleaning the data, blind
to the identity of the individual birds. We calculated re-
peatability across the two measurements of the same
videos with the “rptGaussian” function of the R (version
3.4.3; R Core Team 2017) package “rptR” (version
0.9.21; Stoffel et al. 2017) using video ID as random
effect, and we checked with histograms and QQ-plots that
the residuals of the model were approximately normal. We
found high repeatability for mean breath rate (R = 0.95,
N = 20, P < 0.01) and change in breath rate (R = 0.93,
N = 20, P < 0.01). Repeatability for the standard deviation
in breath rate was significant but only moderate in value
(R = 0.60, N = 20, P < 0.01), and we therefore did not an-
alyze standard deviation in breath rate further. The two
remaining measures, mean breath rate and change in
breath rate, were not correlated across the 60 individuals
(Pearson correlation of mean values per individual: rp =
0.02, N = 60, P = 0.91). Mean breath rate ranged from
2.43 to 4.64 Hz (mean ± SD = 3.25 ± 0.46 Hz), and the
change in breath rate ranged from − 0.80 to 0.86 Hz
(mean ± SD = −0.236 ± 0.27 Hz).

Body size and size-corrected mass

We used body size and size-corrected mass as proxies for
condition. We quantified body size as the first PC from a
PCA on two skeletal size measurements: tarsus length (from
the last complete scale before toes diverge to the notch at the
intertarsal joint) and head plus bill length (length from the
furthest point at the back of the skull to the tip of the bill).
We used those skeletal measurements because they are more
stable and reliably measured than mass or feather measure-
ments. Measurements were made on December 12 and 13,
2016, and on September 29, 2017, for birds captured in
2016 and 2017, respectively (Fig. 1), with a digital caliper to
the nearest 0.1 mm. PC1 explained 64% of the variance (ei-
genvalue = 1.29) and had high loadings (0.80) for both mor-
phological measurements.

We used the weight of each bird at the time of capture and
the size PC1, above, to compute size-corrected mass as the
residual mass on size, which is advisable to render this mea-
surement independent of body size (Jakob et al. 1996).
Capture weight and body size PC1 were positively correlated
(rp = 0.37, N = 60, P < 0.01). We computed residuals (hereaf-
ter, size-corrected mass) from a linear model of body mass on
body size PC1, with the “lm” function in the R package
“stats.” Size-corrected mass was highly correlated with cap-
ture weight (rp = 0.93, N = 60, P < 0.01), and both measures
were approximately normal, as observed in QQ-plots and his-
tograms. Body size ranged from − 2.64 to 1.97 (mean ± SD =
0.00 ± 1.14), and size-corrected mass ranged from − 0.74 to
0.76 g (mean ± SD = 0.00 ± 0.38 g).

Statistical analyses

First, we assessed repeatability across the two rounds of tests
per individual, separately for the mirror test, tonic immobility
test, measurements of breath rate, and change in breath rate.
We calculated repeatability with the “rptGaussian” function of
the R package “rptR,” as before, using round number as an
independent factor and individual ID as random effect.
Residuals of most models were approximately normal, as in-
dicated by their histograms and QQ-plots. The exception was
the model for the tonic immobility, which clearly violated the
assumption of normality, and data cannot be transformed due
to a floor and ceiling effect (values have minimum and max-
imum absolute values of 0 and 60 s) with peaks at 0 and 60.
Therefore, we instead calculated consistency for tonic immo-
bility using a non-parametric Spearman correlation, correlat-
ing the score of tonic immobility for the first and second
rounds of each individual. In all following analyses, we used
the mean value per individual across the two rounds for each
of these behavioral phenotypes.

Prior to relating performance in the detour-reaching task to
its predictor variables (behavior in the mirror and tonic
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immobility tests, breath rate and its change, body size, size-
corrected mass, and latency to feed in training phase), we
checked if any of those variables were strongly correlated,
which could cause multicollinearity problems in statistical
models. We conducted Pearson correlation tests for all the
pairwise combinations of these variables, except for those
involving tonic immobility, which deviated strongly from nor-
mality and for which we used non-parametric Spearman cor-
relations. We used Bonferroni corrections for these bivariate
analyses to account for multiple testing and false positives.
These analyses, and the PCA described earlier, were conduct-
ed in the R “stats” package.

Finally, to test which phenotypic traits were more strongly
associated to cognitive performance, we used a model selec-
tion approach, fitting generalized linear models (GLM) and
weighting them by their Akaike’s information criterion
(corrected for small sample sizes; AICc, Hurvich and Tsai
1989). We ran GLM with either the performance in detour
reaching (i.e., the proportion of correct trials in the detour-
reaching task) or the mean order of correct trials as dependent
variable. As independent variables, we used behavior in the
personality assays (mirror and tonic immobility tests), and, to
account for putative confounding effects, we used the remain-
ing traits measured (breath rate and its change, body size, size-
corrected mass, and latency to feed in training phase), and also
sex and the year of capture. We did not include interaction
terms in these models because they include many terms,
and we have no a priori biological predictions for the
ecological relevance of such interactions. We computed
AICc for models with all possible combinations of in-
dependent variables, and, because models differing by
less than 2 AICc are not considered different
(Burnham and Anderson 2002), we used models within
2 AICc from the best for model averaging. Following
Symonds and Moussalli (2011), we averaged those
models weighted by their AICc weight values. We re-
port AICc model-averaged standardized partial coeffi-
cients (βst) for each predictor variable and the relative
importance (RI) of each predictor variable (i.e., the
probability of the predictor to be in the true best model,
computed as the weighted sum of models in which that
variable appears; Symonds and Moussalli 2011), the
standard error (SE), the 95% confidence intervals of
the model-averaged coefficients (95% CI), and also
AICc model-averaged values of P for those coefficients
(Garamszegi and Mundry 2014). Furthermore, we also
report details for top models (i.e., those within 2 AICc
from the best model). As a complement, we report βst
and the associated values of P from a single GLM, not
model-averaged (hereafter, single model). For this, we
made a GLM that only contains the important predic-
tors, as indicated by their RI in the model selection,
thus including only the predictors with a RI higher than

0.5. For single models, we confirmed that residuals ap-
proximated a normal distribution by inspecting QQ-plots
and that variances were homogeneous. Model selection
and model averaging were conducted with the “MuMIn”
(version 1.40.0; Bartón 2017) R package. We used the
function “dredge” for model selection, indicating that
coefficient estimates should be standardized by the stan-
dard deviation (argument “beta” = “sd”). We used the
function “model.avg” for model averaging, keeping, as
referred above, the model with the lowest AICc and
those differing from it by less than 2 AICc (argument
“subset” = delta < 2). The final single GLM was con-
ducted using the “glm” function from the R “stats”
package. 95% confidence intervals were obtained, in
both cases, using the function “confint” from the R
“stats” package.

Data availability

All data are available in electronic supplementary material.

Results

Repeatability across the two rounds of the tests of the same
individual waxbills (separated by ca. 6 weeks; Fig. 1) was
high for the mirror test (R = 0.72, P < 0.01, 95% CI = [0.58;
0.83]) and mean breath rate (R = 0.58, P < 0.01, 95%
CI = [0.39; 0.73]), and individual consistency in the duration
of tonic immobility was moderate but still significant (rs =
0.37, P < 0.01). The change in breath rate during the assay
was weakly repeatable (R = 0.20, P = 0.06, 95% CI = [0;
0.435]); N = 60 individuals in all cases.

There were no strong pairwise correlations between behav-
ior in the mirror test, tonic immobility test, mean breath rate,
change in breath rate, body size, size-corrected mass, and
latency to feed in the training phase (all |r| ≤ 0.27, N = 60
birds, uncorrected P ≥ 0.03; none were significant with
Bonferroni correction for multiple comparisons; Table 1).
Therefore, multicollinearity does not appear to be an issue
for these data. Only one of those bivariate correlations was
nominally significant, and this was the association between
large body size and low mean breath rate (rp = −0.27, uncor-
rected P = 0.03; Table 1).

The model selection approach to assess which variables
were associated with detour-reaching performance retained
only 4 predictors: behavior in the mirror test and capture
year, both with high relative importance (RI; 0.88 and
0.81, respectively), and tonic immobility and size-
corrected mass, both with lower RI (0.38 and 0.12, respec-
tively; Table 2, see also Table S1 for the top models, i.e.,
those within 2 AICc from the best model). Both model-
averaged results and the single GLM using predictors with
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RI ≥ 0.5 showed a significant association with behavior in
the mirror test (model-averaged βst = 0.29, SE = 0.14, P =
0.04, 95% CI = [0.02; 0.57], and single βst = 0.29, SE =
0.14, P = 0.03, 95% CI = [0.03; 0.56]; Table 2), with more
active individuals performing better on the detour-reaching
task (Fig. 4), and a non-significant association with year
(model-averaged βst = 0.27, SE = 0.15, P = 0.07, 95%
CI = [−0.02; 0.55], and single βst = 0.48, SE = 0.27, P =
0.08, 95% CI = [− 0.05; > 0.99]; Table 2). Both of the var-
iables with lower RI did not show a significant association
with detour-reaching performance (tonic immobility:
model-averaged βst = 0.21, SE = 0.14, P = 0.15, 95%
CI = [−0.07; 0.49]; size-corrected mass: model-averaged
βst = −0.10, SE = 0.14, P = 0.46, 95% CI = [− 0.38; 0.17]).

For the mean order of correct trials (on average 0.53,
across 50 birds with detour-reaching data), model selec-
tion retained 5 predictors: tonic immobility had high RI
(0.79), and change in breathing rate, mirror test, and mean
breath rate had lower RI (0.16, 0.16, and 0.13, respective-
ly; Table 3, see also top models in Table S2). But none of
these predictors were significantly related to mean order
of correct trials (all |βst| ≤ 0.25, P ≥ 0.08, and all 95% CI
included zero; Table 3).

Discussion

Cognition and proactive-reactive personalities

As in many other species (MacLean et al. 2014), the large
majority of common waxbills completed our cognitive assay,
the detour-reaching task (50 out of 60 birds), with perfor-
mance ranging from ca. 50 to 100% correct trials. To relate
this cognitive performance to personality differences, we used
two behavioral assays: the mirror test assesses differences
along a proactive-reactive axis of personality in waxbills,
while the tonic immobility test assesses unrelated but consis-
tent behavioral differences in waxbills (Carvalho et al. 2013;
Funghi et al. 2015). We found that individual differences in
the duration of tonic immobility were not related to perfor-
mance in the detour-reaching task. The time that animals
spend in tonic immobility is commonly interpreted as an index
of fear or stress (e.g., Gallup 1979; Nakayama and Miyatake
2010; Edelaar et al. 2012; Pusch et al. 2018). Accepting this
interpretation, our results suggest that differences in stress
levels among individual waxbills do not explain their perfor-
mance in the detour-reaching task. We also found that more
proactive individuals made fewer mistakes in this cognitive

Table 2 Model average standardized coefficients (βst), standard errors
(SE), P values (P), and 95% confidence intervals of the model-averaged
coefficients (95% CI) of the relation between performance in detour-

reaching task and all predictors, and relative importance (RI) of
predictors. Also reported are results from a single GLM using all
predictors with RI > 0.50

Model averaging Single model

βst (SE; P) 95% CI Relative importance βst (SE; P) 95% CI

Mirror test 0.29 (0.14; 0.04)* (0.02; 0.57) 0.88 0.29 (0.14; 0.03)* (0.03; 0.56)

Capture year 0.27 (0.14; 0.07) (− 0.02; 0.55) 0.81 0.48 (0.27; 0.08) (− 0.05; > 0.99)
Tonic immobility 0.21 (0.14; 0.15) (− 0.07; 0.49) 0.38

Size-corrected mass − 0.10 (0.14; 0.46) (− 0.38; 0.17) 0.12

*Significant values

Table 1 Correlations between all measured predictors

Mirror test Tonic immobility test ┼ Mean breath rate Change in breath rate Body size Size-corrected
mass

r P r P r P r P r P r P

Tonic immobility test┼ 0.04 0.77

Mean breath rate 0.15 0.27 − 0.07 0.60

Change in breath rate − 0.04 0.74 − 0.17 0.18 0.02 0.91

Body size − 0.06 0.63 0.04 0.76 − 0.27 0.03* 0.04 0.74

Size-corrected mass − 0.04 0.76 0.05 0.71 0.03 0.83 − 0.02 0.87 < 0.01 1.00

Latency to feed in training phase − 0.07 0.64 − 0.04 0.78 − 0.14 0.35 − 0.20 0.16 0.05 0.75 − 0.19 0.19

┼Correlations involving this trait were non-parametric (Spearman correlations), due to its strong deviation from normality

*Significant values

Significance level with correction for multiple tests (Bonferroni correction) = 0.002
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task, and this is in apparent contradiction to the cognitive style
hypothesis (CSH). The CSH predicts that reactive individuals
(not proactive individuals) should perform better in tasks that
require adjusting previously established behavioral routines,
or inhibiting response to irrelevant stimuli in order to pursue a
specific goal, such as the inhibitory control required by the
detour-reaching task (reviewed in Hauser 1999).

Personality traits correlate with differences in cognitive
performance in several species (reviewed in Locurto 2007;
Carere and Locurto 2011; Sih and Del Giudice 2012; Griffin
et al. 2015; Dougherty and Guillette 2018), but sometimes in
the direction predicted by the CSH and, nearly as often, in the
opposite direction (reviewed in Dougherty and Guillette
2018). We assayed waxbill personality using mirror tests,
which in this species are repeatable over time (Carvalho
et al. 2013; Funghi et al. 2015), even a year apart or in differ-
ent seasons (Guerra et al. submitted). Waxbill responses to the
mirror image indicate differences along a proactive-reactive
behavioral syndrome, because individuals’ mirror test re-
sponses correlate with their exploratory behavior in open-
field tests (more exploratory individuals are less attentive to

the mirror image and vocalize or move more; less exploratory
individuals are more attentive to the mirror image andmove or
vocalize less; Carvalho et al. 2013). Furthermore, differences
along this proactive-reactive axis correlate with climatic sta-
bility across waxbill populations, suggesting that this is an
ecologically-relevant aspect of personality (Carvalho et al.
2013). Thus, finding better detour-reaching performance in
proactive waxbills appears contrary to the CSH. The accumu-
lation of results similar to ours in other species (e.g., Titulaer
et al. 2012 only for males; Trompf and Brown 2014 only for
females; Chung et al. 2017) suggests that the CSH needs re-
finement (Dougherty and Guillette 2018).

It is generally accepted that the detour-reaching task mea-
sures inhibitory control (e.g., Vlamings et al. 2010; Boogert
et al. 2011a; MacLean et al. 2014; Guillette et al. 2015; Shaw
et al. 2015; Shaw 2017), defined as the ability to pursue cog-
nitively represented goals while inhibiting responses to other
stimuli (Hauser 1999; Guillette et al. 2015), and inhibitory
control has in turn been argued to indicate more general
problem-solving abilities (e.g., Diamond 1990; Dempster
1992; Hauser 1999; Carlson and Moses 2001; Hare et al.
2009; Guenther and Brust 2017; Medina-García et al. 2017).
In support of this, and using brain size as a proxy for general
cognitive abilities (e.g., Deaner et al. 2007), performance in
the detour-reaching task correlates with relative brain size
across various species (MacLean et al. 2014). However, sev-
eral studies also found that inhibitory control does not corre-
late with performance in other cognitive tasks (Boogert et al.
2011a; Guillette et al. 2015; Shaw et al. 2015). It is therefore
debatable whether or not performance on the detour-reaching
task used here can indicate more general cognitive abilities
(reviewed in Boogert et al. 2018; Völter et al. 2018). It is thus
possible that future work on waxbills using different cognitive
tasks may find associations with personality more in line with
predictions of the CSH.

The CSH also predicts that proactive individuals should
have more stereotyped and less flexible behavioral rou-
tines, and perhaps stereotyped routines are given an advan-
tage in the detour-reaching task if, when tested with the
transparent cylinder, stereotyped individuals simply keep
performing the same routine that they learned earlier with

Table 3 Relation between mean order of correct trials in the detour-reaching task and all predictors. Statistics as in Table 2

Model averaging Single model

βst (SE; P) 95% CI Relative importance βst (SE; P) 95% CI

Tonic immobility 0.24 (0.14; 0.10) (− 0.05; 0.53) 0.58 0.22 (0.14; 0.13) (− 0.06; 0.50)
Change in breath rate 0.17 (0.14; 0.24) (− 0.12; 0.46) 0.31

Body size − 0.15 (0.14; 0.31) (− 0.44; 0.14) 0.27

Sex − 0.12 (0.14; 0.43) (− 0.40; 0.17) 0.08

Latency to feed in training phase − 0.09 (0.15; 0.54) (− 0.39; 0.20) 0.07

Mirror test
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Fig. 4 Scatterplot of performance in the detour-reaching task (proportion
of correct trials) as a function of scores in the mirror test. Represented are
the non-standardized data from the proportion of correct trials in detour-
reaching task and the mirror test, with the regression line from the
bivariate relation between the two variables
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the opaque cylinder, unaware of the fact that the cylinder is
no longer opaque. This alternative interpretation runs
counter the generally accepted interpretation that the
detour-reaching task measures inhibitory control. If the al-
ternative interpretation were true, we would expect that
proactive individuals behaved in a consistent manner
throughout the test trials, while reactive individuals, hav-
ing noticed the change from an opaque to a transparent
cylinder, should have made mistakes mostly in the first
few test trials and then gradually adjust their behavior over
consecutive trials. To address this prediction, we computed
the mean order of correct trials along the test phase and
tested if reactive individuals had a higher mean order of
correct trials than proactive individuals. However, we did
not find evidence for this alternative interpretation of the
detour-reaching task, as the mean order of correct trials
was not related to personality type, thus supporting the
generally accepted interpretation of the detour-reaching
task as accessing inhibitory control.

Putative confounding factors

We evaluated associations between detour-reaching perfor-
mance and personality while taking into account putative
confounding factors (sex, size and size-corrected mass,
breath rates, latency to feed in training phase, year, and site
of capture), as advised by Dougherty and Guillette (2018).
This is the most comprehensive attempt so far at control-
ling confounding factors. However, none of these traits
were related to performance in the detour-reaching task.
For example, sex does not appear to be a confounding
factor in waxbills because, unlike in some other species
where the sexes differ in aspects of learning or cognition
(e.g., Range et al. 2006; Titulaer et al. 2012; Brust et al.
2013; Carazo et al. 2014; Mamuneas et al. 2014; Etheredge
et al. 2018; Mazza et al. 2018), male and female waxbills
did not differ in cognitive performance, and previous work
reported that they do not differ in the personality traits we
studied either (Carvalho et al. 2013). Another example of a
trait often related to cognition is sociability (e.g., Lalot
et al. 2017; Ashton et al. 2018; reviewed in Thornton and
Clutton-Brock 2011; Sih and Del Giudice 2012; but see
Trompf and Brown 2014; Chung et al. 2017). Our battery
of phenotypes encompasses a proxy for social dominance
(body size predicts dominance in common waxbills;
Funghi et al. 2015), and this too was not related to cogni-
tive performance.

One trait that we suggest could be important to control
for when testing associations between personality type and
cognitive performance, but that has not been accounted for
in past studies, is individual condition. In several species,
heavier or larger individuals are more proactive (meta-
analysis in Niemelä and Dingemanse 2018). This suggests

a relation between condition and personality, to the extent
that mass can be taken as indicating better current condi-
tion and that size can be taken as indicating better devel-
opmental conditions during the time when most skeletal
growth took place. Also, a few studies found that larger
individuals show better cognitive performance (Shaw
2017; van Horik et al. 2017; but see contrary examples in
Cole et al. 2011; Thornton and Samson 2012). A mecha-
nism by which condition could affect both personality and
cognition is through its effect on brain development. The
brain is particularly sensitive to developmental conditions
(reviewed in Pravosudov 2009; Boogert et al. 2018), and
aspects of brain development could mediate a correlation
between cognition and personality. Brain lateralization, for
example, has been associated with better cognitive multi-
tasking (e.g., Rogers 2000; Rogers et al. 2004; Dadda and
Bisazza 2006; Vallortigara and Versace 2017) and, in some
species, bolder individuals are more strongly lateralized
(Reddon and Hurd 2009; Goursot et al. 2018) or have
higher neuron density in certain brain regions (Wiese
et al. 2018). Therefore, if cognitive performance and pro-
active personality are both dependent on current condition
or conditions during development, then differences among
individuals in current or in developmental condition could
drive positive correlations between these traits, even if, as
posited by the CSH, all else being equal proactive behavior
reduces performance in cognitive tasks involving inhibito-
ry control. This hypothesis follows a classic reasoning in
life-history theory whereby, even if two traits are predicted
to trade-off with each other due to resource limitation, pos-
itive correlations between those traits can arise when indi-
viduals differ in the amount of resources they can access
(van Noordwijk and de Jong 1986). For example, despite
the prediction that proactive individuals should live less
due to their more risk-prone behavior (Réale et al. 2010;
Dammhahn et al. 2018), proactive individuals in the wild
are found to live longer on average than reactive individ-
uals (reviewed in Moiron et al. 2020), thus suggesting that
proactive individuals are in some aspect of higher quality
than reactive individuals.

To test if our finding of a positive correlation between
proactive personality and detour-reaching performance, con-
trary to predicted by the CSH, could be mediated by individ-
ual differences in condition, we used size-corrected mass as a
proxy for present condition and body size as a proxy for con-
dition during development. But we did not find evidence for
either of these traits being related to detour-reaching perfor-
mance or to proactive personality. Condition and, especially,
condition during development, are difficult to infer based on
current phenotype (Barnett et al. 2015). Therefore, we suggest
that effects of condition on the relation between cognition and
personality should be further investigated, for example, by
experimental manipulation of condition during development.
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No relations between personality and breath rate
or body size

We quantified breath rates from video recordings in stan-
dardized conditions, with the birds free to move normal-
ly. Although breath rates are easily disturbed, this ap-
proach allowed measuring mean breath rate and its
change during the video recordings in a highly repeatable
manner when testing the same individual ca. 6 weeks
apart. This approach provides considerably more detail
and standardization than typically achieved with birds
in the hand (Kluen et al. 2014; Trnka et al. 2018), where
measurements of breath rate are strongly affected by the
birds’ acute stress response (Calder 1968). Our approach
should be particularly useful when, as here, researchers
want to use breath rates as an indication of individual
differences in metabolic rate (rather than individual dif-
ferences in stress response), since basal metabolic rates
have been reported to differ among personality types
(Mathot et al. 2019).

We found, from the pairwise correlations, that larger
body size was related to slower breath rates in waxbills,
as has also been found across species (Calder 1968), and
that differences along the waxbill proactive-reactive per-
sonality axis were not predicted by body size, size-
corrected mass, or breath rates. In contrast, studies in other
species found that personality types associated with fear or
stress had higher breath rates (e.g., Carere et al. 2001;
Carere and van Oers 2004; Fucikova et al. 2009). This
would be expected if faster breath rates are indicative of
fear (Carere and van Oers 2004) or stress (Fucikova et al.
2009) and, as per the pace of life hypothesis (Réale et al.
2010; Mathot and Frankenhuis 2018), more fearful indi-
viduals are less bold and less aggressive (e.g., Verbeek
et al. 1996; Malmkvist and Hansen 2002; Carere and van
Oers 2004). Similar to our results, however, some previous
studies also did not find associations between breath rates
or other proxies of stress and animal personality (David
et al. 2012; Kluen et al. 2014).

Finally, we found that the proactive-reactive personal-
ity axis in waxbills (as evaluated by mirror and explora-
tion tests) is unrelated to the tonic immobility test, which
is often interpreted as indicative of fear. This confirms
previous results (Carvalho et al. 2013; Funghi et al.
2015) showing that tonic immobility in waxbills quan-
tifies a different aspect of personality, unrelated to their
proactive-reactive behavioral syndrome. Since spending a
longer time in tonic immobility is commonly taken as
indicating fear or stress (e.g., Gallup 1979; Nakayama
and Miyatake 2010; Edelaar et al. 2012; Pusch et al.
2018), these results suggest that the reactive or proactive
personalities in waxbills may not be related to differences
in fear or stress physiology.

Conclusion

The cognitive style hypothesis (CSH) predicts that reactive
personality types should perform better in cognitive tasks that
require adjusting previously learned behavior, or in tasks in
which individuals need to inhibit responding to irrelevant
stimuli, to pursue a specific goal. However, we found the
opposite pattern of proactive waxbills performing better on
an assay of inhibitory control, the detour-reaching task.
While it may be possible to reconcile this result with the
CSH, for example, if the correlation between cognition and
proactive personality appears as a secondary consequence of
both traits being strongly influenced by a third variable, we
found no evidence for this. Together with other recent studies
providing conflicting results, our findings suggest that the
CSH might need further formal theoretical development and
refinement.
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