REVIEW
published: 08 July 2020
doi: 10.3389/fpsyg.2020.01692

Macphail’s Null Hypothesis of
Vertebrate Intelligence: Insights
From Avian Cognition
Amalia P. M. Bastos* † and Alex H. Taylor †
School of Psychology, The University of Auckland, Auckland, New Zealand

Macphail famously criticized two foundational assumptions that underlie the evolutionary
approach to comparative psychology: that there are differences in intelligence across
species, and that intelligent behavior in animals is based on more than associative
learning. Here, we provide evidence from recent work in avian cognition that supports
both these assumptions: intelligence across species varies, and animals can perform
intelligent behaviors that are not guided solely by associative learning mechanisms.
Finally, we reflect on the limitations of comparative psychology that led to Macphail’s
claims and suggest strategies researchers can use to make more advances in the field.
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INTRODUCTION
Euan Macphail sparked great controversy in the 1980s, following his synthesis of the current
state of comparative psychology. Macphail argued that, given the body of evidence available at
the time, there appeared to be no quantitative or qualitative differences in intelligence across
species (Macphail, 1982, 1985; Macphail and Bolhuis, 2001), and that seemingly intelligent behavior
is underpinned by associative learning (Macphail, 1982, 1985; Macphail and Bolhuis, 2001). In
Macphail’s general process view, species differences in performance within tasks could be ascribed
to contextual variables, rather than to any real differences in their underlying cognition. He directly
pitted this view against the widely-regarded ecological view (Macphail and Bolhuis, 2001), which
takes an evolutionary perspective of cognition, suggesting that species evolve cognitive adaptations
to their environment, just as they do physiological adaptations. Here, we will consider two of these
lines of Macphail’s criticism in light of recent developments in avian cognition: namely, that there
are differences in intelligence across species, and that intelligent behavior cannot be explained by
associative learning alone.

DIFFERENCES IN INTELLIGENCE ACROSS SPECIES
Macphail’s null hypothesis of vertebrate intelligence posits that all animals use the same general
mechanisms, to the same level of ability, to solve cognitive tasks. Whilst this may be true in
considering some basic processes such as operant conditioning, which appear to be universal across
species, this hypothesis fails to consider differences in intelligence at finer, and more ecologically
relevant, scales (Shettleworth, 1987).
A strong line of evidence suggesting not only that intelligence is quantitatively different across
species, but that these differences emerge as a direct consequence of their ecology, explores
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development for this ability, which requires an individual to
understand that an object continues to exist when hidden within a
container (Piaget, 1954). Its final stage requires an understanding
of invisible displacement: that is, tracking a container which
presumably contains the hidden object as it moves behind a series
of screens or occluders, and guessing where it may have been
left once the container is shown to be empty. The great apes (de
Blois et al., 1998; Call, 2001; Collier-Baker and Suddendorf, 2006;
Collier-Baker et al., 2006; Mallavarapu, 2009), corvids (Pollok
et al., 2000; Zucca et al., 2007; Hoffmann et al., 2011; Ujfalussy
et al., 2013), and parrots (Pepperberg and Funk, 1990; Pollok
et al., 2000) succeed at the final stage of object permanence,
even though other species of both birds and mammals do not.
Four species of lemurs (Deppe et al., 2009; Mallavarapu, 2009)
succeed only at visible displacement tasks, where the reward can
be seen as it moves between two or more occluders. Several other
mammals also fail to understand invisible displacement tasks
(for a review, see Jaakkola, 2014), even though they understand
visible displacements, suggesting that contextual variables are not
to blame. Similarly, ring doves can successfully retrieve a hidden
reward, but fail to track its displacement within a container
(Dumas and Wilkie, 1995). Given that parrots, corvids, and
the great apes show similar performance whilst more closely
related mammalian and avian species fail, it seems likely that
stage 6 object permanence – the ability to understand invisible
displacements–emerged convergently in the great apes and these
two avian taxa, and represents a real quantitative difference in
cognitive ability across species.
A similar convergence in capacity appears in the object
transposition task. In this task, a reward is hidden under one
of two cups, and their positions are changed. In children, the
ability to solve the transposition task emerges later than the ability
to solve invisible displacement tasks (Sophian and Sage, 1983;
Sophian, 1984; Barth and Call, 2006), suggesting that this is a
more challenging type of problem. A large number of mammals
either fail to solve transposition tasks or may use associative
strategies to guide their choices, including cats (Doré et al.,
1996), dogs (Doré et al., 1996; Rooijakkers et al., 2009; Fiset
and Plourde, 2013), wolves (Fiset and Plourde, 2013), wild boars
(Albiach-Serrano et al., 2012), pigs (Albiach-Serrano et al., 2012),
goats (Nawroth et al., 2015), dolphins (Jaakkola et al., 2010), and
bears (Hartmann et al., 2017). Despite this selection of species
including herbivores, omnivores, and carnivores, as well both
domesticated and wild animals, only parrots (Pepperberg et al.,
1997; Auersperg et al., 2014) and primates (Beran and Minahan,
2000; Call, 2001, 2003; Beran et al., 2005; Barth and Call, 2006;
Rooijakkers et al., 2009) have been conclusively shown to succeed
at object transposition tasks. Rather than relying on associative
learning strategies, these two taxa appear able to represent the
change to the objects’ spatial locations.
Another example is the ability to reason through inference by
exclusion (Güntürkün and Bugnyar, 2016). In tests of inference
by exclusion, subjects must infer that one of two stimuli contains
or is associated with a reward, after a demonstration that the other
stimulus is not. Where two cups are used, for example, they must
reason that if the reward is not hidden in the cup shown to be
empty, then it must be in the other one. Several species of corvids

the relationship between species’ social complexity and cognitive
task performance. The social intelligence hypothesis predicts
that complex social environments require better memory and
overall cognitive capacity, and so social complexity drives the
evolution of intelligence (Dunbar, 1998, 2008). Comparative
studies across both parrot and corvid species provide support
for this hypothesis. For example, parrots living in complex
groups involving fission-fusion dynamics outperform those that
form smaller and more stable family groups in string-pulling
tasks testing means-end comprehension (Krasheninnikova et al.,
2013). Similarly, pinyon jays, which live in large flocks of up to
five hundred individuals, outperform western scrub-jays, which
form small family groups, in tasks of transitive inference (Bond
et al., 2003). Pinyon jays also outperform two less social species,
western scrub-jays and Clark’s nutcrackers, in both color and
spatial reversal tasks (Bond et al., 2007). Correlations between
social complexity and cognitive capacity may be particularly
strong in the corvids and parrots, due to the long life expectancy
in these species, which might facilitate exposure to a greater
number of social partners over time (Boucherie et al., 2019).
There is also good evidence that quantitative cognitive
differences between species are driven by their ecological
differences in comparative work between caching and noncaching corvids. While caching and non-caching corvids
perform, similarly, in a color-based task, caching species
outperform non-caching species in a spatial task (Olson et al.,
1995). Findings from studies such as these suggest that ecology
plays an important role in shaping the cognitive abilities of
species. Given that comparative psychology has so far been
restricted to a minority of species, it seems likely that as a greater
number of species are tested, more differences in intelligence
are likely to emerge (Elepfandt, 1987; Kamil, 1987; Shultz and
Dunbar, 2010; van Horik and Emery, 2011), generating more
clear and testable links between differences in ecology and
cognitive ability.
Evidence for convergent evolution in the cognitive abilities of
great apes, corvids, and parrots also suggests that quantitative
differences in intelligence do exist across species, and that these
differences relate to their ecology (Emery, 2004; Clayton, 2012;
Emery et al., 2012; Güntürkün and Bugnyar, 2016; Auersperg
and von Bayern, 2019). One clear prediction that the contextual
variable argument makes is that differences in methodology
should become more difficult to control for and, therefore, have
a greater impact on task performance, the further apart two
species are phylogenetically. This is because species that are more
similar are more likely to share more of the same perceptual
abilities and biases than those that are more distantly related.
Thus, if species do not differ in intelligence, as Macphail claims,
we should expect problem solving performances to differ more
as phylogenetic distance increases, due to contextual variables
becoming harder to control.
However, the great apes, parrots, and corvids, despite being
evolutionarily distant taxa, converge in several of their cognitive
abilities (Emery, 2004, 2006; Emery and Clayton, 2004; Seed
et al., 2009; Clayton, 2012; Emery et al., 2012; Güntürkün and
Bugnyar, 2016; Auersperg and von Bayern, 2019). The Piagetian
framework for object permanence describes different stages of
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is insufficient to explain the intelligent behaviors observed in
vertebrates (Shettleworth, 1987), including birds. There are
certainly areas of the literature on avian cognition where there is
great debate as to whether the problem solving performances of
birds can be explained by associative learning alone. For example,
there is currently debate surrounding the role of associative
learning and more complex cognition in research on planning
in ravens (Redshaw et al., 2017; Lind, 2018; Dickerson et al.,
2018; Hampton and Hampton, 2019), stone-dropping in corvids
(Taylor and Gray, 2009; Cheke et al., 2011; Taylor et al., 2011;
Jelbert et al., 2014; Logan et al., 2014; Ghirlanda and Lind, 2017;
Hennefield et al., 2018, 2019), and string-pulling in a wide variety
of birds (Taylor et al., 2010b, 2012; for a review of the species
tested on string pulling, see Jacobs and Osvath, 2015). However,
several lines of evidence indicate the presence of specific cognitive
mechanisms other than associative learning in birds.
First, work on the innate cognitive capacities of birds has
shown that prior experience is not required for complex problem
solving to emerge. Without any prior experience, chicks can
solve several problems in the physical realm, including detouring
around a barrier by moving away from a desired object (Regolin
et al., 1995), mentally representing the possible location of a
hidden object when choosing between two different screens
(Vallortigara et al., 1998; Chiandetti and Vallortigara, 2011),
and recognizing partially-hidden objects by representing their
complete outline (Regolin and Vallortigara, 1995; Regolin et al.,
2004). Research on imprinted ducklings has also revealed an
innate ability to distinguish between the abstract concepts of
“same” and “different”: when imprinted on two identical objects,
ducklings preferred to approach pairs of identical objects rather
than pairs of different objects, even though the objects in either
case were different from those they were originally imprinted
on (Martinho and Kacelnik, 2016). Given that these studies
used inexperienced chicks and ducklings, this line of work
strongly suggests that intelligence operates on more cognitive
processes than associative learning alone. Work in chicks
also offers further support for an innate approximate number
system. Inexperienced chicks can distinguish between both small
quantities from one to four (Rugani et al., 2013a) and larger
quantities between five and ten (Rugani et al., 2013b). This
capacity develops in birds into a numerical ability of surprising
complexity. A seminal study in pigeons trained subjects to select
images including one, two, or three shapes in ascending order,
after which pigeons were asked to order sets with numerosities
between one and nine (Scarf et al., 2011). Pigeons succeeded
in this task despite never having received training on stimuli
including between four and nine shapes, suggesting that they
represent one through nine on an ordinal scale.
Work on the social cognition of birds has found clear evidence
of birds performing beyond the predictions of associative
learning. In a recent prosociality experiment, African gray parrots
readily transferred tokens through a window to a conspecific
who could exchange them for a food reward, when they could
not exchange them themselves (Brucks and von Bayern, 2020).
The study’s control conditions suggest that this response was
not driven by associative learning alone, as token transfers
occurred significantly less often when their partner was unable

(Schloegl et al., 2009; Mikolasch et al., 2012; Shaw et al., 2013;
Jelbert et al., 2015), parrots (Schloegl et al., 2009; Mikolasch et al.,
2011; Pepperberg et al., 2013; O’Hara et al., 2015, 2016; Bastos
and Taylor, 2019; Subias et al., 2019), and apes (Call, 2004, 2006;
Hill et al., 2011) readily reason in this way. The ability to reason
by exclusion is present in some New World monkeys (Sabbatini
and Visalberghi, 2008; Marsh et al., 2015; Takahashi et al., 2015).
Some capuchin monkeys are capable of this form of inference,
whilst squirrel monkeys fail at both auditory and visual versions
of the task (Marsh et al., 2015). This ability seems to be absent
from other mammalian species including rats, golden hamsters,
and tree shrews (Takahashi et al., 2015). This pattern suggests
that the ability to reason through inference by exclusion varies
quantitatively across species and has emerged convergently in the
primate and avian lineages.
The ability to reason about use probabilistic information to
make predictions about uncertain events also appears to have
evolved convergently in the great apes and parrots (Rakoczy
et al., 2014; Bastos and Taylor, 2020). When choosing between
two hidden samples taken from two mixed populations of
rewarding and unrewarding objects, capuchin monkeys appear
to use a heuristic strategy of simply avoiding the sample from
the population with the greatest absolute number of unrewarding
objects (Tecwyn et al., 2017). On the other hand, both the
great apes and the New Zealand mountain parrot, the kea,
make their choices by relying on probabilistic information, by
comparing the ratios of objects within and between the two
populations (Rakoczy et al., 2014; Bastos and Taylor, 2020).
This ability, known as true statistical inference, has so far not
been conclusively shown outside of these two taxa, as other
studies on primates and birds have not been able to exclude
the absolute number heuristic as a potential strategy (Clements
et al., 2018; Roberts et al., 2018; De Petrillo and Rosati, 2019;
Placì et al., 2019).
Macphail went further than suggesting there are no
quantitative differences in intelligence between species. He
also suggested there are no qualitative differences in intelligence
across species (Macphail, 1982, 1985; Macphail and Bolhuis,
2001). Research in this area has rather focused on whether there
are types of thought that are unique to humans (Penn et al.,
2008), rather than whether different animal species might think
in qualitatively different ways. At present, therefore, it is not
clear whether this hypothesis has been tested sufficiently to make
conclusions either way. One route to testing this hypothesis
further is focusing more on testing whether there are differences
in the information processing biases, errors and limits of species
showing similar levels of performance at different behavioral
tasks (Taylor, 2014).

INTELLIGENT BEHAVIOR BEYOND PURE
ASSOCIATION
Another of Macphail’s claims is that all intelligent behavior
can be explained by associative learning alone (Macphail, 1982,
1985; Macphail and Bolhuis, 2001). However, critics of Macphail
have highlighted that a purely associative view of cognition
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(Alexis et al., 2007; Cheke and Clayton, 2011), regardless of their
current satiation state (Correia et al., 2007). Evidence for the
use of mental representations during tool manufacture has also
emerged recently. After learning to insert a tool of a particular
size into a vending machine, New Caledonian crows, when given
a sheet of paper, were able manufacture tools of the correct size
to insert into the machine (Jelbert et al., 2018). This was despite
no tool template being available at the time of manufacture for
use as a reference. Instead, the crows had to rely solely on their
mental representation of the tool’s size. Additionally, crows were
not rewarded at test for making tools of the correct size. Instead,
half of all tools made were rewarded irrespective of size, meaning
there was no differential reinforcement for making the correct
size tool at test.
Recently, work has begun to show that birds can solve
problems that require domain-general intelligence, rather
than problems involving domain-specific, ecologically relevant
behaviors such as tool use and caching. Initial evidence that
birds might have more domain-general cognitive processes
comes from studies examining the ability of non-tool users to
solve tool problems (Bird et al., 2009; Auersperg et al., 2010,
2011a,b, 2012b, 2016; Laumer et al., 2016). More recently, a
study in kea showed that they can not only make accurate
probabilistic comparisons between the two sampling events, as
described above, but also integrate information across different
domains (Bastos and Taylor, 2020). In one experiment, the two
jars contained a physical barrier, and the otherwise identical
populations of tokens were unevenly distributed above and below
these barriers. Kea considered the physical constraint imposed
by the barriers, adjusting their predictions of the likely sampling
outcomes from the two jars. Another experiment in this study
provided the kea with social information on sampling biases:
one human demonstrators showed they had a preference for
rewarding tokens by taking them from a jar rewarding tokens
were in the minority, while the other demonstrated they were
an unbiased blind sampler by taking rewarding tokens from
a jar where such tokens were in the majority. When both
these demonstrators sampled from jars with an even split of
rewarding and unrewarding tokens, kea preferentially selected
the samples from the biased demonstrator. These results showed
that kea integrated either social or physical information into
their probabilistic predictions, performing comparably to human
infants (Téglás et al., 2007; Xu and Denison, 2009; Denison and
Xu, 2010, 2014; Denison et al., 2012) and chimpanzees (Eckert
et al., 2018a,b; Rakoczy et al., 2014), and outperforming monkeys
(Tecwyn et al., 2017).

to exchange tokens, or when the partner was absent. Similarly,
an associative account would suggest that their tendency to
transfer tokens would increase over time, but most subjects acted
prosocially in their first trial. Caching studies provide evidence
that birds can flexibly use information learnt in an egocentric
manner to make allocentric predictions about the behavior of
conspecifics in their environment. For example, Western scrubjays, which pilfer other individual’s caches, strategically relocate
their caches (Emery and Clayton, 2001; Dally et al., 2005, 2006)
in response to novel cues of a conspecific’s presence, so as to
reduce the likelihood of their caches being stolen in the future.
In order to do this, individuals must have pilfered others’ caches
before, but need not have observed a pilfering event by another
individual (Emery and Clayton, 2001), suggesting that they can
project their own experience onto others. An associative learning
explanation fails to acknowledge how they might shift between
these egocentric and allocentric perspectives. A more recent study
on ravens shows these birds will re-cache food when they believe
they are being watched, and not as a learned response to a
conspecific’s gaze (Bugnyar et al., 2016). Ravens were similarly
fast to cache when they heard sound recordings of a conspecific
in a nearby compartment with a peephole, which could have
granted the conspecific visual access to the cache, and when
a conspecific was fully visible in the nearby compartment. In
contrast, ravens cached slower and made more improvements
to their caches in a control non-observed condition where they
could hear a conspecific in a nearby compartment, but this
conspecific was neither visible nor had a peephole available to
look through. Ravens, therefore, appeared to flexibly use their
egocentric experiences, in this case looking through a peephole
at the caching chamber, to predict that another individual at the
peephole would be able to see them caching.
Work on tool use in birds have produced a number
of intriguing findings, suggesting that birds are capable of
sophisticated technical intelligence (Weir et al., 2002; Taylor et al.,
2007, 2010a; Tebbich et al., 2007; Bird and Emery, 2009; von
Bayern et al., 2009, 2018; Wimpenny et al., 2009; Auersperg
et al., 2010, 2011b, 2012b; Teschke and Tebbich, 2011; St Clair
and Rutz, 2013; Laumer et al., 2016; Jelbert et al., 2018, 2019;
Fayet et al., 2020). While some of these studies suggested
that birds might be capable of mental trial and error during
tool use, conclusive evidence that birds can mentally represent
tool problems only emerged recently, from a study on New
Caledonian crows (Gruber et al., 2019). This showed that these
birds can pre-plan a sequence of behaviors up to three steps
ahead, taking an available tool to the correct apparatus (the subgoal) in order to retrieve another tool, which only then could be
used to obtain a food reward (the overall goal). New Caledonian
crows correctly planned and executed this sequence of behaviors
even though all components of the sequence were out-of-sight
of each other. This, therefore, required the crows to mentally
represent the location and identity of the correct out-of-sight subgoal and then use this representation to from a plan to solve the
problem without error. Clear evidence of future-directed thought
also comes from work on caching corvids. Western scrub-jays
can anticipate their future needs, storing food that is unlikely
to be available the following morning in a particular location
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relevant today. The reasoning behind Macphail’s null hypothesis
for differences in intelligence across vertebrates highlights a flaw
that has pervaded comparative psychology for many years: it is
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an inability to exert self-control. In support of this critique,
New Caledonian crow performed poorly at this task without
experience tracking hands, but after hand-tracking training
actually performed comparably to the great apes in the same task
(Jelbert et al., 2016).
Macphail’s view suggests that errors such as these could be
ruled out by exhaustively varying perceptual task features and
other contextual variables to ensure that they are not responsible
for subjects’ failures, but in real terms this is often impossible
(Kamil, 1987). One potential solution to this problem is to
present pre-test baselines to different species (Jelbert et al.,
2016). These baselines would comprise simple tasks that the
animal would be expected to succeed at, given that the testing
methods – or contextual variables – were appropriate. Success
at such baselines could act as a checkpoint prior to test,
ensuring that all species in the experiment understood the basic
requirements of the test. Provided that a species succeeded at
these baseline tasks, it would be possible to more confidently
attribute failure at test to a lack of understanding, rather than
other aspects of the task. For example, in the New Caledonian
crow A-not-B study mentioned above, subjects first experienced
hand-tracking training, watching the experimenter’s hand bait
a container among multiple other hand movements involving
several cups and their lids (Jelbert et al., 2016). Had the subjects
not first experienced this baseline training, it would not have
been possible to determine if failure at the subsequent A-notB task was due to a lack of experience with tracking human
hands, or reflected a failure to inhibit a response to investigate a
previously-rewarded container. Similarly, as highlighted earlier,
the performance of various mammal species that pass visible
displacement tasks, but fail invisible displacement tasks, provides
stronger evidence for this failure being due to cognition rather
than contextual variables, because the visible displacement
task acts as a baseline test for the more complex invisible
displacement task.
Another criticism of MacLean et al. (2014) is a lack of
clarity on exactly which cognitive mechanisms were being tested
(Beran, 2015; Brucks et al., 2017). It is unclear whether the
self-control measures discussed in the study might reflect a
single cognitive process, or a combination of several mechanisms
(Beran, 2015). Self-control has been used as a term to describe
either the ability to incur a cost in order to obtain a more
valuable reward instead of a less-costly, lower-value reward
(Beran, 2015), or the ability to inhibit a response (MacLean
et al., 2014). These two abilities are not necessarily underpinned
by the same cognitive process. Work on dogs shows that
even inhibition alone is not consistent across different tasks,
suggesting that different tests of the same ability are not actually
tapping into the same cognitive mechanisms (Brucks et al.,
2017). Similarly, a recent study in pheasant chicks shows that
comparisons across multiple tasks might not accurately reflect
cognitive ability (van Horik and Madden, 2016). In the pheasant
study, two hundred chicks experienced three foraging tasks,
meant to assess whether individual variation in performance was
robust and driven by real differences in cognitive ability. The
study failed to find any consistent differences in problem solving
ability between individuals across the three tasks, suggesting that

often impossible to tell why animals fail at a task. Differences
in apparatus, methodology, motivation, and other contextual
factors may affect species’ performance in cognitive tasks. As
highlighted by Macphail, failure at a task might be a true
reflection of the species’ ability, or the result may be caused by
some contextual variable in that task. Researchers may attempt
to resolve this in two ways: either by presenting an identical task
across species, or by modifying some contextual variables in the
task so it is better suited to a particular species. However, these
two solutions are equally problematic.
When contextual variables are changed to suit a particular
species, this makes it even more difficult to establish the reason
for a species’ failure at the task (Caldwell and Whiten, 2002;
Schloegl et al., 2009; Liedtke et al., 2011; Auersperg et al., 2012a;
Krasheninnikova et al., 2019; Farrar et al., 2020). Small changes
in contextual variables may affect how a species interprets a task
and therefore affect their performance, and this is likely to make
it difficult to compare performances in a task across multiple
species. One clear example of this comes from work on the traptube, a problem where an animal must extract food from a tube
with a tool while avoiding a trap set into the lower surface of the
tube. Apes’ performance at this task changed dramatically once
subjects were allowed to pull food with a tool toward them, rather
than push food away (Mulcahy and Call, 2006), with learning
speed increasing greatly and subjects passing the key “invertedtube” control, where the tube was turned upside down, rendering
the trap irrelevant. This example highlights how small changes
to a task can affect animal performance greatly and offers a
cautionary reminder of how hard it can be to interpret failure by
a species at a cognitive task.
Even presenting an identical task to two very different species
may lead to false positives, or false negatives, when the two species
interpret the same task differently. This has been highlighted
in a number of studies where animals failed at tasks involving
a human demonstrator, but could have performed better had
that contextual variable been changed (Erdőhegyi et al., 2007;
Mikolasch et al., 2012; Shaw et al., 2013; Nawroth et al., 2014;
Jelbert et al., 2016). Given that failure at a task does not
necessarily represent a species’ true cognitive abilities, negative
results often become ambiguous and difficult to interpret,
contributing to a “file-drawer effect” and publication bias (Fanelli
and Fanelli, 2012; Farrar and Ostojić, 2019).
These issues in comparative psychology are highlighted in
a landmark study by Maclean and colleagues (MacLean et al.,
2014), which presented two identical tasks across thirty-six
species to measure self-control: an A-not-B task, where a reward
was visibly moved between two locations after being previously
rewarded in only one of them, and a cylinder task, where
an opaque cylinder containing food was presented and then
substituted for a translucent cylinder. According to the authors,
greater self-control should enable species to successfully switch
search locations in the A-not-B task and avoid reaching directly
for the food in the cylinder task. However, the study failed to
consider how different species may perceive these tasks (Jelbert
et al., 2016; Kabadayi et al., 2017): for example, that birds
may perform poorly in the A-not-B task due to a poor innate
understanding of human hands (Jelbert et al., 2016), rather than
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comparative psychology, it does offer a route toward bringing
more quantitative and qualitative differences in intelligence to
light in the literature (Stevens, 2017).

motivation, and not cognitive capacity, was the main driver for
these differences.
One way to help move past these issues would be to focus
more on exploring how animals succeed at some tasks, and
how they fail at others, rather than whether they simply fail
or succeed at certain problems. The signature-testing approach,
and research focused on cognitive processes rather than task
performance, are a viable strategy for this (Kacelnik, 2009;
Taylor and Gray, 2009; Seed et al., 2012; Carruthers and
Fletcher, 2013; Taylor, 2014). A process-driven approach allows
researchers to generate specific hypotheses about which errors,
biases, limits, and specific patterns of performance identify
particular cognitive mechanisms, and design experimental tasks
that tease these potential processes apart. This is analogous
to the strong inference approach (Platt, 1964), which aims
to successively rule out alternative hypotheses through the
design of experiments that specifically test these hypotheses
with clear predicted outcomes for each alternative explanation.
Researchers can triangulate several of these signatures within
or between tasks (Heyes, 1993; Taylor, 2014), to pinpoint
exactly which of several qualitative forms of intelligence
different species are capable of. This approach could provide
a more powerful system through which we can better address
Macphail’s null hypothesis, particularly in terms of qualitative
differences in intelligence. Several of the studies discussed
earlier provide clear examples of behavioral signatures that
constrain the possible cognitive mechanisms an animal can
be using to solve a problem. For example, the presence of
a distance effect bias in pigeons’ numerical discriminations,
where pigeons are more accurate and quicker to discriminate
number pairs when the numerical distance between them is
greater, provides a clear behavioral signature that numbers are
represented on an ordinal scale (Scarf et al., 2011). Similarly,
the ability of crows to solve problems without mistake when
downstream aspects of the problem are out-of-sight, shows
they are not limited by having problems out-of-sight and
so provides a clear signature for pre-planning, as decisions
have to be made using mental representations of the problem
(Gruber et al., 2019).
Finally, a Bayesian framework may provide useful tools in
interpreting animal performances from a statistical viewpoint.
Given that research questions and methods are appropriately
framed, the Bayesian framework can distinguish between a lack
of power in the data, and direct support for the null hypothesis
(Wagenmakers, 2007; Stevens, 2017; Wagenmakers et al., 2018).
In the frequentist framework, these two forms of non-significance
are often confounded. This leaves researchers with inconclusive
data which often ends up unpublished (the file-drawer effect;
Fanelli and Fanelli, 2012; Farrar et al., 2020). In contrast, Bayesian
analyses can be much more informative than their frequentist
counterparts when animals fail at an experimental task. The
Bayesian framework enables researchers to provide claims both
for and against the existence of particular cognitive capacities
in their target species, rather than it being unclear whether
negatives are due to low sample size or a true failure at a
task. While clearly this framework does not resolve all of the
issues surrounding the interpretation of ‘evidence of absence’ in
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DISCUSSION
Macphail’s support of a null hypothesis for no quantitative
differences in intelligence across species, and his claim that all
intelligent behavior is association-based, fall short in the light
of recent research in avian cognition. Avian cognition provides
clear evidence for robust differences in intelligence among avian
species, as well as between birds and other taxa, and for problem
solving that extends beyond simple associative learning.
However, Macphail’s criticisms of comparative psychology
are relevant to this day and can inspire researchers to make
more advances in this field. Thirty-five years ago, Macphail
highlighted the difficulty in establishing whether animals fail
at a task because they cannot understand it, or because
their performance was affected by variations in methodology
(Macphail, 1982, 1985; Macphail and Bolhuis, 2001). Today,
much of the field still grapples with this distinction. Researchers
often cannot tell why subjects fail at some tasks but not others,
and comparative psychology suffers from widespread publication
bias (Farrar et al., 2020).
Macphail also highlighted that some of the preconceptions
of the field at the time but had not been appropriately tested.
One of these was the belief that intelligence varies predictably
across species, with humans showing the greatest intelligence,
followed by their closest relatives (Jensen, 1980). According to
this view, one might expect an inverse correlation in intelligence
with evolutionary distance from humans and other primates.
Macphail argued that such a scala naturae assumption might be
erroneous (Macphail, 1985), so helping move the field past this
early anthropocentric attitude and toward the present day, where
researchers focus on testing intelligence across a phylogenetically
broad array of animal species, albeit often still with tests that have
been designed for human intelligence.
In sum, while some of Macphail’s claims do not hold up to
the current body of evidence, a number of his criticisms of the
field of comparative psychology still hold in the present day.
We suggest three strategies researchers can use to combat these
issues: (i) using baseline tasks to ensure that contextual variables
cannot explain subjects’ failure at test (Jelbert et al., 2016);
(ii) focusing on a signature-testing, process-driven approach,
that specifically seeks to pinpoint the cognitive mechanisms
that animals rely on to solve problems (Kacelnik, 2009; Taylor
and Gray, 2009; Seed et al., 2012; Carruthers and Fletcher,
2013; Taylor, 2014); and (iii) taking advantage of the Bayesian
framework to distinguish between support for the null hypothesis
and a lack of statistical power (Wagenmakers, 2007; Stevens,
2017; Wagenmakers et al., 2018). Put together, these three
strategies can help researchers identify both quantitative and
qualitative differences in intelligence between species, learn from
animals’ successes as well as their failures, and triangulate
evidence for complex cognition that is not rooted exclusively in
associative learning.
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Farrar, B. G., and Ostojić, L. (2019). The illusion of science in comparative
cognition. PsyArXiv doi: 10.31234/osf.io/hduyx
Fayet, A. L., Hansen, E. S., and Biro, D. (2020). Evidence of tool use in a
seabird. Proc. Natl. Acad. Sci. U.S.A. 117, 1277–1279. doi: 10.1073/pnas.191806
0117
Fiset, S., and Plourde, V. (2013). Object permanence in domestic dogs (Canis
lupus familiaris) and gray wolves (Canis lupus). J. Comp. Psychol. 127, 115–127.
doi: 10.1037/a0030595

Frontiers in Psychology | www.frontiersin.org

Ghirlanda, S., and Lind, J. (2017). ‘Aesop’s fable’ experiments demonstrate trialand-error learning in birds, but no causal understanding. Anim. Behav. 123,
239–247. doi: 10.1016/j.anbehav.2016.10.029
Gruber, R., Schiestl, M., Boeckle, M., Frohnwieser, A., Miller, R., Gray, R. D., et al.
(2019). New caledonian crows use mental representations to solve metatool
problems. Curr. Biol. 29, 686.e3–692.e3. doi: 10.1016/j.cub.2019.01.008
Güntürkün, O., and Bugnyar, T. (2016). Cognition without cortex. Trends Cogn.
Sci. 20, 291–303. doi: 10.1016/j.tics.2016.02.001
Hampton, R., and Hampton, R. (2019). Parallel overinterpretation of behavior of
apes and corvids. Learn. Behav. 47, 105–106. doi: 10.3758/s13420-018-0330-5
Hartmann, D., Davila-Ross, M., Wong, S. T., Call, J., and Scheumann, M. (2017).
Spatial transposition tasks in Indian sloth bears (Melursus ursinus) and Bornean
sun bears (Helarctos malayanus euryspilus). J. Comp. Psychol. 131, 290–303.
doi: 10.1037/com0000077
Hennefield, L., Hwang, H. G., and Povinelli, D. J. (2019). Going meta: retelling the
scientific retelling of aesop’s the crow and the pitcher. J. Folklore Res. 56, 45–70.
doi: 10.2979/jfolkrese.56.2_3.04
Hennefield, L., Hwang, H. G., Weston, S. J., and Povinelli, D. J. (2018). Metaanalytic techniques reveal that corvid causal reasoning in the Aesop’s Fable
paradigm is driven by trial-and-error learning. Anim. Cogn. 21, 735–748. doi:
10.1007/s10071-018-1206-y
Heyes, C. M. (1993). Anecdotes, training, trapping and triangulating: do animals
attribute mental states? Anim. Behav. 46, 177–188. doi: 10.1006/anbe.1993.1173
Hill, A., Collier-Baker, E., and Suddendorf, T. (2011). Inferential reasoning by
exclusion in great apes, lesser apes, and spider monkeys. J. Comp. Psychol. 125,
91–103. doi: 10.1037/a0020867
Hoffmann, A., Rüttler, V., and Nieder, A. (2011). Ontogeny of object permanence
and object tracking in the carrion crow, Corvus corone. Anim. Behav. 82,
359–367. doi: 10.1016/j.anbehav.2011.05.012
Jaakkola, K. (2014). Do animals understand invisible displacement? A critical
review. J. Comp. Psychol. 128, 225–239. doi: 10.1037/a0035675
Jaakkola, K., Guarino, E., Rodriguez, M., Erb, L., and Trone, M. (2010). What do
dolphins (Tursiops truncatus) understand about hidden objects? Anim. Cogn.
13, 103–120. doi: 10.1007/s10071-009-0250-z
Jacobs, I. F., and Osvath, M. (2015). The string-pulling paradigm in comparative
psychology. J. Comp. Psychol. 129, 89–120. doi: 10.1037/a0038746
Jelbert, S. A., Hosking, R. J., Taylor, A. H., and Gray, R. D. (2018). Mental
template matching is a potential cultural transmission mechanism for New
Caledonian crow tool manufacturing traditions. Sci. Rep. 8, 8956–8958. doi:
10.1038/s41598-018-27405-1
Jelbert, S. A., Miller, R., Schiestl, M., Boeckle, M., Cheke, L. G., Gray, R. D., et al.
(2019). New Caledonian crows infer the weight of objects from observing their
movements in a breeze. Proc. Biol. Sci. 286, 20182332. doi: 10.1098/rspb.2018.
2332
Jelbert, S. A., Taylor, A. H., Cheke, L. G., Clayton, N. S., and Gray, R. D. (2014).
Using the Aesop’s fable paradigm to investigate causal understanding of water
displacement by new caledonian crows. PLoS One 9:e92895. doi: 10.1371/
journal.pone.0092895
Jelbert, S. A., Taylor, A. H., and Gray, R. D. (2015). Reasoning by exclusion in new
caledonian crows (Corvus moneduloides) cannot be explained by avoidance of
empty containers. J. Comp. Psychol. 129, 283–290. doi: 10.1037/a0039313
Jelbert, S. A., Taylor, A. H., and Gray, R. D. (2016). Does absolute brain size
really predict self-control? Hand-tracking training improves performance on
the A-not-B task. Biol. Lett. 12:20150871. doi: 10.1098/rsbl.2015.0871
Jensen, A. R. (1980). Bias in Mental Testing. London: Metheun.
Kabadayi, C., Krasheninnikova, A., O’Neill, L., van de Weijer, J., Osvath, M., and
von Bayern, A. (2017). Are parrots poor at motor self-regulation or is the
cylinder task poor at measuring it? Anim. Cogn. 20, 1137–1146. doi: 10.1007/
s10071-017-1131-5
Kacelnik, A. (2009). Tools for thought or thoughts for tools? Proc. Natl. Acad. Sci.
U.S.A. 106, 10071–10072. doi: 10.1073/pnas.0904735106
Kamil, A. C. (1987). A synthetic approach to the study of animal intelligence.
Nebraska Symp. Motiv. 35, 257–308.
Krasheninnikova, A., Berardi, R., Lind, M., O’Neill, L., and von Bayern, A. M. P.
(2019). Primate cognition test battery in parrots. Behaviour 2019, 721–761.
doi: 10.1163/1568539X-0003549
Krasheninnikova, A., Bräger, S., and Wanker, R. (2013). Means–end
comprehension in four parrot species: explained by social complexity.
Anim. Cogn. 16, 755–764. doi: 10.1007/s10071-013-0609-z

8

July 2020 | Volume 11 | Article 1692

Bastos and Taylor

Review of Macphail’s Null Hypothesis

Laumer, I. B., Bugnyar, T., and Auersperg, A. M. I. (2016). Flexible decision-making
relative to reward quality and tool functionality in Goffin cockatoos (Cacatua
goffiniana). Sci. Rep. 6:28380. doi: 10.1038/srep28380
Liedtke, J., Liedtke, J., Werdenich, D., Werdenich, D., Gajdon, G., Gajdon, G.,
et al. (2011). Big brains are not enough: performance of three parrot species
in the trap-tube paradigm. Anim. Cogn. 14, 143–149. doi: 10.1007/s10071-0100347-4
Lind, J. (2018). What can associative learning do for planning? R. Soc. Open Sci.
5:180778. doi: 10.1098/rsos.180778
Logan, C. J., Jelbert, S. A., Breen, A. J., Gray, R. D., and Taylor, A. H. (2014).
Modifications to the aesop’s fable paradigm change new caledonian crow
performances. PLoS One 9:e103049. doi: 10.1371/journal.pone.0103049
MacLean, E. L., Hare, B., Nunn, C. L., Addessi, E., Amici, F., Anderson, R. C., et al.
(2014). The evolution of self-control. Proc. Natl. Acad. Sci. 111, E2140–E2148.
doi: 10.1073/pnas.1323533111
Macphail, E. M. (1982). Brain and Intelligence in Vertebrates. Oxford: Clarendon
Press.
Macphail, E. M. (1985). Vertebrate intelligence: the null hypothesis. Philos. Trans.
R. Soc. Lond. B Biol. Sci. 308, 37–51. doi: 10.1098/rstb.1985.0008
Macphail, E. M., and Bolhuis, J. J. (2001). The evolution of intelligence: adaptive
specializations versus general process. Biol. Rev. 76, 341–364. doi: 10.1017/
S146479310100570X
Mallavarapu, S. (2009). Object Permanence in Orangutans, Gorillas, and Black-andWhite Ruffed Lemurs. Ph.D. thesis, retrieved from ProQuest Dissertations and
Theses database (3376320).
Marsh, H. L., Vining, A. Q., Levendoski, E. K., and Judge, P. G. (2015). Inference
by exclusion in lion-tailed macaques (Macaca silenus), a hamadryas baboon
(Papio hamadryas), capuchins (Sapajus apella), and squirrel monkeys (Saimiri
sciureus). J. Comp. Psychol. 129, 256–267. doi: 10.1037/a0039316
Martinho, A. III, and Kacelnik, A. (2016). Ducklings imprint on the relational
concept of “same or different”. Science 353, 286–288. doi: 10.1126/science.
aaf4247
Mikolasch, S., Kotrschal, K., and Schloegl, C. (2011). en food. Biol. Lett. 7, 875–877.
doi: 10.1098/rsbl.2011.0500
Mikolasch, S., Mikolasch, S., Kotrschal, K., Kotrschal, K., Schloegl, C., and Schloegl,
C. (2012). Is caching the key to exclusion in corvids? The case of carrion
crows (Corvus corone corone). Anim. Cogn. 15, 73–82. doi: 10.1007/s10071-0110434-1
Mulcahy, N. J., and Call, J. (2006). How great apes perform on a modified trap-tube
task. Anim. Cogn. 9, 193–199. doi: 10.1007/s10071-006-0019-6
Nawroth, C., von Borell, E., and Langbein, J. (2014). Exclusion performance in
dwarf goats (Capra aegagrus hircus) and sheep (Ovis orientalis aries). PLoS One
9:e93534. doi: 10.1371/journal.pone.0093534
Nawroth, C., von Borell, E., and Langbein, J. (2015). Object permanence in the
dwarf goat (Capra aegagrus hircus): perseveration errors and the tracking of
complex movements of hidden objects. Appl. Anim. Behav. Sci. 167, 20–26.
doi: 10.1016/j.applanim.2015.03.010
O’Hara, M., Auersperg, A. M. I., Bugnyar, T., and Huber, L. (2015). Inference by
exclusion in goffin cockatoos (Cacatua goffini). PLoS One 10:e0134894. doi:
10.1371/journal.pone.0134894
O’Hara, M., Schwing, R., Federspiel, I., Gajdon, G. K., and Huber, L. (2016).
Reasoning by exclusion in the kea (Nestor notabilis). Anim. Cogn. 19, 965–975.
doi: 10.1007/s10071-016-0998-x
Olson, D. J., Kamil, A. C., Balda, R. P., and Nims, P. J. (1995). Performance of four
seed-caching corvid species in operant tests of nonspatial and spatial memory.
J. Comp. Psychol. 109, 173–181. doi: 10.1037/0735-7036.109.2.173
Penn, D. C., Holyoak, K. J., and Povinelli, D. J. (2008). Darwin’s mistake: explaining
the discontinuity between human and nonhuman minds. Behav. Brain Sci. 31,
109–130. doi: 10.1017/S0140525X08003543
Pepperberg, I. M., and Funk, M. S. (1990). Object permanence in four species of
psittacine birds: an African Grey parrot (Psittcaus erithacus), an Illiger mini
macaw (Ara maracana), a parakeet (Melopsittacus undulatus), and a cockatiel
(Nymphicus hollandicus). Learn. Behav. 18, 97–108. doi: 10.3758/bf03205244
Pepperberg, I. M., Koepke, A., Livingston, P., Girard, M., and Hartsfield, L. A.
(2013). Reasoning by inference: further studies on exclusion in grey parrots
(Psittacus erithacus). J. Comp. Psychol. 127, 272–281. doi: 10.1037/a0031641

Frontiers in Psychology | www.frontiersin.org

Pepperberg, I. M., Willner, M. R., and Gravitz, L. B. (1997). Development of
piagetian object permanence in a grey parrot (Psittacus erithacus). J. Comp.
Psychol. 111, 63–75. doi: 10.1037/0735-7036.111.1.63
Piaget, J. (1954). The Construction of Reality in the Child. New York, NY: Basic
Books.
Placì, S., Padberg, M., Rakoczy, H., and Fischer, J. (2019). Long-tailed macaques
extract statistical information from repeated types of events to make rational
decisions under uncertainty. Sci. Rep. 9, 12107–12112. doi: 10.1038/s41598019-48543-0
Platt, J. R. (1964). Strong inference. Science 146, 347–353. doi: 10.1126/science.146.
3642.347
Pollok, B., Prior, H., and Güntürkün, O. (2000). Development of object
permanence in food-storing magpies (Pica pica). J. Comp. Psychol. 114, 148–
157. doi: 10.1037/0735-7036.114.2.148
Rakoczy, H., Clüver, A., Saucke, L., Stoffregen, N., Gräbener, A., Migura, J., et al.
(2014). Apes are intuitive statisticians. Cognition 131, 60–68. doi: 10.1016/j.
cognition.2013.12.011
Redshaw, J., Taylor, A. H., and Suddendorf, T. (2017). Flexible planning in ravens?
Trends Cogn. Sci. 21, 821–822. doi: 10.1016/j.tics.2017.09.001
Regolin, L., Marconato, F., and Vallortigara, G. (2004). Hemispheric differences in
the recognition of partly occluded objects by newly hatched domestic chicks
(Gallus gallus). Anim. Cogn. 7, 162–170. doi: 10.1007/s10071-004-0208-0
Regolin, L., and Vallortigara, G. (1995). Perception of partly occluded objects by
young chicks. Percept. Psychophys. 57, 971–976. doi: 10.3758/BF03205456
Regolin, L., Vallortigara, G., and Zanforlin, M. (1995). Object and spatial
representations in detour problems by chicks. Anim. Behav. 49, 195–199. doi:
10.1016/0003-3472(95)80167-7
Roberts, W., MacDonald, H., and Lo, K. (2018). Pigeons play the percentages:
computation of probability in a bird. Anim. Cogn. 21, 575–581. doi: 10.1007/
s10071-018-1192-0
Rooijakkers, E. F., Kaminski, J., and Call, J. (2009). Comparing dogs and great apes
in their ability to visually track object transpositions. Anim. Cogn. 12, 789–796.
doi: 10.1007/s10071-009-0238-8
Rugani, R., Cavazzana, A., Vallortigara, G., and Regolin, L. (2013a). One, two,
three, four, or is there something more? Numerical discrimination in day-old
domestic chicks. Anim. Cogn. 16, 557–564. doi: 10.1007/s10071-012-0593-8
Rugani, R., Vallortigara, G., and Regolin, L. (2013b). Numerical abstraction in
young domestic chicks (Gallus gallus). PLoS One 8:e65262. doi: 10.1371/journal.
pone.0065262
Sabbatini, G., and Visalberghi, E. (2008). Inferences About the location of food in
capuchin monkeys (Cebus apella) in two sensory modalities. J. Comp. Psychol.
122, 156–166. doi: 10.1037/0735-7036.122.2.156
Scarf, D., Hayne, H., and Colombo, M. (2011). Pigeons on par with primates in
numerical competence. Science 334:1664. doi: 10.1126/science.1213357
Schloegl, C., Dierks, A., Gajdon, G. K., Huber, L., Kotrschal, K., and Bugnyar, T.
(2009). What you see is what you get? Exclusion performances in ravens and
keas. PLoS One 4:e6368. doi: 10.1371/journal.pone.0006368
Seed, A., Emery, N., and Clayton, N. (2009). Intelligence in corvids and apes: a case
of convergent evolution? Ethology 115, 401–420. doi: 10.1111/j.1439-0310.2009.
01644.x
Seed, A., Seddon, E., Greene, B., and Call, J. (2012). Chimpanzee ’folk physics’:
bringing failures into focus. Philos. Trans. Biol. Sci. 367, 2743–2752. doi: 10.
1098/rstb.2012.0222
Shaw, R. C., Plotnik, J. M., and Clayton, N. S. (2013). Exclusion in corvids: the
performance of food-caching Eurasian jays (Garrulus glandarius). J. Comp.
Psychol. 127, 428–435. doi: 10.1037/a0032010
Shettleworth, S. J. (1987). Intelligence: more than a matter of associations. Behav.
Brain Sci. 10:679. doi: 10.1017/S0140525X00055266
Shultz, S., and Dunbar, R. I. M. (2010). Species differences in executive function
correlate with hippocampus volume and neocortex ratio across nonhuman
primates. J. Comp. Psychol. 124, 252–260. doi: 10.1037/a0018894
Sophian, C. (1984). Spatial transpositions and the early development of search. Dev.
Psychol. 20, 21–28. doi: 10.1037/0012-1649.20.1.21
Sophian, C., and Sage, S. (1983). Developments in infants’ search for displaced
objects. J. Exp. Child Psychol. 35, 143–160. doi: 10.1016/0022-0965(83)90
075-9

9

July 2020 | Volume 11 | Article 1692

Bastos and Taylor

Review of Macphail’s Null Hypothesis

jackdaw (Corvus monedula). Anim. Cogn. 16, 405–416. doi: 10.1007/s10071012-0581-z
Vallortigara, G., Regolin, L., Rigoni, M., and Zanforlin, M. (1998). Delayed search
for a concealed imprinted object in the domestic chick. Anim. Cogn. 1, 17–24.
doi: 10.1007/s100710050003
van Horik, J., and Emery, N. J. (2011). Evolution of cognition. Wiley Interdiscipl.
Rev. Cogn. Sci. 2, 621–633. doi: 10.1002/wcs.144
van Horik, J. O., and Madden, J. R. (2016). A problem with problem solving:
motivational traits, but not cognition, predict success on novel operant
foraging tasks. Anim. Behav. 114, 189–198. doi: 10.1016/j.anbehav.2016.
02.006
von Bayern, A. M. P., Danel, S., Auersperg, A. M. I., Mioduszewska, B., and
Kacelnik, A. (2018). Compound tool construction by New Caledonian crows.
Sci. Rep. 8, 15676–15678. doi: 10.1038/s41598-018-33458-z
von Bayern, A. M. P., Heathcote, R. J. P., Rutz, C., and Kacelnik, A. (2009). The role
of experience in problem solving and innovative tool use in crows. Curr. Biol.
19, 1965–1968. doi: 10.1016/j.cub.2009.10.037
Wagenmakers, E., Marsman, M., Jamil, T., Ly, A., Verhagen, J., Love, J., et al.
(2018). Bayesian inference for psychology. Part I: theoretical advantages and
practical ramifications. Psychon. Bull. Rev. 25, 35–57. doi: 10.3758/s13423-0171343-3
Wagenmakers, E. J. (2007). A practical solution to the pervasive problems of p
values. Psychon. Bull. Rev. 14, 779–804. doi: 10.3758/bf03194105
Weir, A. A. S., Chappell, J., and Kacelnik, A. (2002). Shaping of hooks in New
Caledonian crows. Science 297, 981. doi: 10.1126/science.1073433
Wimpenny, J. H., Weir, A. A. S., Clayton, L., Rutz, C., and Kacelnik,
A. (2009). Cognitive processes associated with sequential tool use in
New Caledonian Crows. PLoS One 4:e6471. doi: 10.1371/journal.pone.000
6471
Xu, F., and Denison, S. (2009). Statistical inference and sensitivity to sampling
in 11-month-old infants. Cognition 112, 97–104. doi: 10.1016/j.cognition.2009.
04.006
Zucca, P., Milos, N., and Vallortigara, G. (2007). Piagetian object permanence
and its development in Eurasian jays (Garrulus glandarius). Anim. Cogn. 10,
243–258. doi: 10.1007/s10071-006-0063-2

St Clair, J. J. H., and Rutz, C. (2013). New Caledonian crows attend to multiple
functional properties of complex tools. Philos. Trans. R. Soc. B Biol. Sci. 368,
20120415. doi: 10.1098/rstb.2012.0415
Stevens, J. R. (2017). Replicability and reproducibility in comparative psychology.
Front. Psychol. 8:862. doi: 10.3389/fpsyg.2017.00862
Subias, L., Griffin, A. S., and Guez, D. (2019). Inference by exclusion in the redtailed black cockatoo (Calyptorhynchus banksii). Integ. Zool. 14, 193–203. doi:
10.1111/1749-4877.12299
Takahashi, M., Ueno, Y., and Fujita, K. (2015). Inference in a social context: a
comparative study of capuchin monkeys (Cebus apella), tree shrews (Tupaia
belangeri), hamsters (Mesocricetus auratus), and rats (Rattus norvegicus).
J. Comp. Psychol. 129, 402–411. doi: 10.1037/a0039732
Taylor, A. H. (2014). Corvid cognition. Wiley Interdiscipl. Rev. Cogn. Sci. 5,
361–372. doi: 10.1002/wcs.1286
Taylor, A. H., Elliffe, D., Hunt, G. R., and Gray, R. D. (2010a). Complex cognition
and behavioural innovation in new caledonian crows. Proc. Biol. Sci. 277,
2637–2643. doi: 10.1098/rspb.2010.0285
Taylor, A. H., Medina, F. S., Holzhaider, J. C., Hearne, L. J., Hunt, G. R., and Gray,
R. D. (2010b). An investigation into the cognition behind spontaneous string
pulling in new caledonian crows. PLoS One 5:e9345. doi: 10.1371/journal.pone.
0009345
Taylor, A. H., Elliffe, D. M., Hunt, G. R., Emery, N. J., Clayton, N. S., and Gray,
R. D. (2011). New caledonian crows learn the functional properties of novel
tool types. PLoS One 6:e26887. doi: 10.1371/journal.pone.0026887
Taylor, A. H., and Gray, R. D. (2009). Animal cognition: aesop’s fable flies from
fiction to fact. Curr. Biol. 19, R731–R732. doi: 10.1016/j.cub.2009.07.055
Taylor, A. H., Hunt, G. R., Holzhaider, J. C., and Gray, R. D. (2007). Spontaneous
metatool use by new caledonian crows. Curr. Biol. 17, 1504–1507. doi: 10.1016/
j.cub.2007.07.057
Taylor, A. H., Knaebe, B., and Gray, R. D. (2012). An end to insight? New
Caledonian crows can spontaneously solve problems without planning their
actions. Proc. Biol. Sci. 279, 4977–4981. doi: 10.1098/rspb.2012.1998
Tebbich, S., Seed, A. M., Emery, N. J., and Clayton, N. S. (2007). Non-tool-using
rooks, Corvus frugilegus, solve the trap-tube problem. Anim. Cogn. 10, 225–231.
doi: 10.1007/s10071-006-0061-4
Tecwyn, E., Denison, S., Messer, E., and Buchsbaum, D. (2017). Intuitive
probabilistic inference in capuchin monkeys. Anim. Cogn. 20, 243–256. doi:
10.1007/s10071-016-1043-9
Téglás, E., Girotto, V., Gonzalez, M., and Bonatti, L. L. (2007). Intuitions of
probabilities shape expectations about the future at 12 months and beyond.
Proc. Natl. Acad. Sci. U. S.A. 104, 19156–19159. doi: 10.1073/pnas.0700271104
Teschke, I., and Tebbich, S. (2011). Physical cognition and tool-use: performance
of Darwin’s finches in the two-trap tube task. Anim. Cogn. 14, 555–563. doi:
10.1007/s10071-011-0390-9
Ujfalussy, D., Ujfalussy, D., Miklósi, Á, Miklósi, Á, Bugnyar, T., and Bugnyar, T.
(2013). Ontogeny of object permanence in a non-storing corvid species, the

Frontiers in Psychology | www.frontiersin.org

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2020 Bastos and Taylor. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

10

July 2020 | Volume 11 | Article 1692

