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In 1985, Macphail argued that there are no differences among the intellects of non-human
vertebrates and that humans display unique cognitive skills because of language.
Mathematical abilities represent one of the most sophisticated cognitive skills. While it is
unguestionable that humans exhibit impressive mathematical skills associated with
language, a large body of experimental evidence suggests that Macphail hypothesis must
be refined in this field. In particular, the evidence that also small-brained organisms, such
as fish, are capable of processing numerical information challenges the idea that humans
display unique cognitive skills. Like humans, fish may take advantage of using continuous
quantities (such as the area occupied by the objects) as proxy of number to select the
larger/smaller group. Fish and humans also showed interesting similarities in the strategy
adopted to learn a numerical rule. Collective intelligence in numerical estimation has been
also observed in humans and guppies. However, numerical acuity in humans is considerably
higher than that reported in any fish species investigated, suggesting that quantitative but
not qualitative differences do exist between humans and fish. Lastly, while it is clear that
contextual factors play an important role in the performance of numerical tasks, inter-
species variability can be found also when different fish species were tested in comparable
conditions, a fact that does not align with the null hypothesis of vertebrate intelligence.
Taken together, we believe that the recent evidence of numerical abilities in fish call for a
deeper reflection of Macphail’s hypothesis.

Keywords: fish, counting, non-symbolic numerical abilities, approximate number system, inter-species differences

INTRODUCTION

The capacity to process numerical information represents one of the most sophisticated cognitive
skills in our species. Studies on individuals living in non-Western societies with a limited
vocabulary for numbers showed that an adult human brain per se is not enough to elaborate
complex mathematical skills. Culture and language play a fundamental role in developing
abstract numerical competence (Dehaene et al., 2008). For instance, native speakers of Munduruku
have a limited vocabulary for numbers (only for the numbers 1 through 5). This Amazonian
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indigenous group proved to have an exact arithmetic with
numbers smaller than 5. However, they are also able to compare
and add large numbers far beyond their naming range, showing
the existence of “non-symbolic” numerical abilities that are
approximate and independent from language and culture (Pica
et al., 2004). Apart from cross-cultural studies, developmental
(Izard et al., 2009) and cognitive (Revkin et al., 2008) psychology
also showed the existence of non-symbolic numerical abilities.
These cognitive skills are supposed to be shared with other
vertebrates (Feigenson et al., 2004; Beran, 2008). Rudimentary
numerical abilities in animals have been reported since the
1930s, mainly mammals and birds (Koehler, 1941; Hauser et al.,
1996; Brannon et al., 2001; Agrillo and Bisazza, 2018). Especially,
the capacity to discriminate the larger/smaller group of
biologically relevant items is supposed to solve most of the
quantitative problems encountered in nature (e.g., select the
most advantageous group of food items, sexual mates, or
social companions).

The first evidence of numerical abilities in cold-blooded
vertebrates was provided by Uller et al. (2003), studying
amphibians. Since then, we have witnessed an increase in
the publications on this group of vertebrates, mainly represented
by studies on fish (reviewed in Agrillo and Bisazza, 2018).
The discovery that small-brained species that lack cortex, such
as fish, display similar numerical abilities described in humans
represents a true challenge to the hypothesis advanced by
Macphail (1985). In his seminal paper, the author argued
that there are neither quantitative nor qualitative differences
among intellects of non-human vertebrates (p. 37). Also,
he claimed that man’ intellectual superiority may be due solely
to our possession of a species-specific language-acquisition device
(p- 37). Any evidence in support of a surprising similarity
in numerical abilities of humans and fish would be an
argumentation against the humans’ superiority of cognitive
skills advanced by Macphail (1985). Indeed, fish represent
the vertebrate group more distantly related to humans, as
fish and land vertebrates diverged approximately 450 million
years ago. The structure of the brain is largely different in
terms of size and neural circuits. Besides these aspects, the
aquatic environment is clearly incomparable with the dry land
occupied by primates (and most mammals in general), a fact
that is likely to have differently impacted on the selective
pressures that shaped cognitive skills. Lastly, fish represent
approximately half of vertebrate species. Most of these species
occupy very different ecological niches, ranging from dense
environments of shallow waters of the rivers to empty
environments in the deep waters of the oceans. In this sense,
they represent the ideal vertebrate group to study the existence
of interspecies differences, a fact that would contrast with
the null hypothesis of vertebrate intelligence.

In this work, we review the literature of numerical abilities
of fish analyzed under the prism of Macphail’s argumentations.
The first part of the work will be devoted to outlining the
evidence against the null hypothesis; the second part will
summarize why we should not reject this hypothesis. Lastly,
we will suggest some future directions necessary to form a
broader comprehension in this field.

REJECTING THE NULL HYPOTHESIS
(P < 0.05)

In this section, we will split our argumentations in two main
directions, starting from the statements made by Macphail in
1985: the absence of difference in cognitive abilities of animals
and the superiority of humans’ intellectual skills.

Neither Quantitative Nor Qualitative
Differences Among Vertebrates
According to Macphail, similar cognitive abilities among the
species are expected. However, data coming from numerical
cognition studies in fish do not support this view. There is
evidence that numerical acuity is different across the species.
This is clear, for instance, in the different ability of teleost fish
to select the larger shoal when exploring a novel and potentially
dangerous environment. Such ability is supposed to be highly
useful in nature to reduce the risks of being predated. It has
been shown that the capacity to discriminate between a large
and a small shoal varies as a function of the species: when the
two shoals differ by one unit, angelfish seem to be able to find
the larger shoal up to 3 units (2 vs. 3, Gomez-Laplaza and
Gerlai, 2011), mosquitofish up to 4 (3 vs. 4, Agrillo et al., 2008),
guppies up to 5 (4 vs. 5, Lucon-Xiccato et al, 2017), while
stickleback seem to be able to discriminate even 6 from 7
conspecifics (Mehlis et al., 2015). As these species are highly
social, it is unlikely that the variability here observed could
be explained by the different degree of motivation in reaching
social companions. Also, one may argue that such differences
are the results of different stimuli and procedures. There is indeed
evidence that the precision in numerical tasks is affected by the
experimental procedure adopted (Gatto et al., 2017). For instance,
the capacity to discriminate two vs. three social companions in
goldbelly topminnows depends on the type of stimulus presentation
(two shoals presented on the same side of the tank vs. two
shoals presented on the opposite sides of the tank, Agrillo and
Dadda, 2007). This is exactly what Macphail (1985) was referring
to about the difficulty to establish if the different performance
reported among vertebrates actually reflects true inter-species
differences in cognitive skills or instead reflects the consequence
of contextual variables, such as the type of methodology used.
For this reason, a fine comparative study of the numerical
ability of animals should take into account this issue, reducing
the methodological variability among the species. To tackle
this problem, Agrillo et al. (2012a) tested numerical acuity of
five different teleost fish using the same stimuli, apparatus,
and procedure. Two sets of two-dimensional figures of different
numerosities were presented at the opposite ends. Food was
provided only near the stimulus to be reinforced. The proportion
of time spent near the positive stimulus in probe trials without
food reward was used as a dependent variable. This training
procedure was applied to five different fish species: redtail
splitfin (Xenotoca eiseni), guppies (Poecilia reticulata), zebrafish
(Danio rerio), angelfish (Pterophyllum scalare), and Siamese
fighting fish (Betta splendens). The same visual patterns were
presented to all subjects. In one experiment, subjects were
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initially trained on a 0.5 ratio (5 vs. 10 and 6 vs. 12 figures).
For instance, they were required to select the larger array to
receive a food reward. Once they reached the learning criterion,
they were presented with novel numerical contrasts with harder
numerical ratios: 0.67 (8 vs. 12) and 0.75 (9 vs. 12). In another
experiment, after reaching the learning criterion, they were
observed in their capacity to generalize the numerical rule to
very small (2 vs. 4) or very large (25 vs. 50) numerical contrasts.
Overall, fish proved able to generalize the learned rule to
harder numerical contrasts (0.67 ratio but not 0.75) and were
able to generalize it to a smaller set of items (2 vs. 4 but not
25 vs. 50). However, a deeper analysis of fish performance
suggested at least two main inter-specific differences: angelfish
was not able to discriminate between 8 and 12 items, suggesting
a lower numerical acuity. Similarly, the performance of zebrafish
was lower in terms of proportion of individuals that reached
the learning criterion. Although alternative explanations were
also taken into account by the authors, these two results leave
open the concrete possibility that quantitative differences exist
in the cognitive processes underlying numerical estimation of
fish. This hypothesis is further supported by a study on a
blind cavefish (Phreatichthys andruzzii) that evolved for
approximately 2 million years in the phreatic layer of the
Somalia desert (Bisazza et al, 2014a). As they lack visual
modality, the training procedure adopted in the previous inter-
specific study was partially modified to include three-dimensional
stimuli submerged in the tank (instead of two-dimensional
figures). The subjects were trained to discriminate between
two groups of sticks placed in opposite positions of the
experimental tank in order to receive a food reward. Cavefish
showed the ability to discriminate accurately two vs. four objects
but not two vs. three. This indicates that the brains of fish
species that live in a very peculiar ecological niche (dark caves
with no predators) are still equipped with neural circuits that
support numerical processing. However, it is worth noting that
cavefish showed lower performance in terms of numerical
acuity compared to the majority of fish species investigated
(that commonly discriminate 0.67 ratio, e.g., Agrillo et al,
2012a,b). At least three main hypotheses have been advanced:
Provided that cavefish cannot use a visual modality to solve
these tasks, the most likely explanation is that they used the
lateral line, a sense organ typical of fish, which is integral to
detecting movement, vibration, and pressure gradients in water.
It is possible that object representation through lateral line
might be less precise. If so, cavefish might have the same
numerical acuity of other species but exhibit a worse performance
because of a general noise in detecting the items to
be enumerated. Another possibility is that cognitive numerical
systems might be more accurate in the visual modality. Tokita
etal. (2013) found in human participants a different performance
in numerosity judgments tested in visual and auditory conditions,
advancing the idea of multiple numerical systems—with different
degrees of precision—related to the different sensory modalities.
Lastly, it is possible that the peculiarity of the ecological niche
plays an important role in shaping numerical systems. This
species evolved for millions of years in a homogeneous
environment with a scarcity of food resources and without

natural predators. Selective pressures might have acted reducing
the cerebral mass in order to optimize the metabolic consumption
of the brain, thus lessening also the neural circuits supporting
cognitive functions not useful in a caves life.

In sum, the comparative investigation of fish species tested
with reduced methodological variability (similar apparatuses,
stimuli, and procedures) provided enough experimental material
to argue that the assumption of no inter-specific differences
among the species can be hardly sustained, at least with respect
to numerical cognition.

Man'’s Intellectual Superiority

Humans are clearly very precise in numerical tasks compared
to fish (and presumably to all other animals, see Section “Failing
to Reject the Null Hypothesis (p > 0.05)”). However, if a
superiority does exist in absolute terms, it is expected to emerge
also in issues other than numerical acuities, such as the cognitive
mechanisms used to estimate quantities.

It is known than numerosity co-varies with several other
physical attributes of the stimuli, also known as “continuous
quantities,” such as cumulative surface area (ie., the sum of
areas of the items to be enumerated), density, and convex hull
(the overall space occupied by the most lateral items of the
array). There is evidence that humans involved in non-symbolic
numerical tasks can establish which group of objects is larger
by using a combination of discrete (numerical) and continuous
information (Gebuis and Reynvoet, 2012a,b; see Leibovich et al.,
2017 for a review about). In short, when comparing two groups
of three and four circles, we would extrapolate both the
numerosity of items and the associated continuous quantities.
The capacity to discriminate the larger/smaller group would
be the result of this number-space interplay.

There is evidence that also fish can process both numerical
and continuous quantities. A decade ago, Agrillo et al. (2009)
provided the first evidence that fish can use numerical information
also when all continuous quantities were controlled for. Mosquitofish
(Gambusia holbrooki) were placed in an unfamiliar environment.
To re-join their social companions, subjects were required to
select one of two identical tunnels at opposite corners. The correct
tunnel was associated with a specific number of items (either
two or three) presented above the tunnels. The shapes and spatial
arrangements of the figures were changed across the trials to
prevent the fish from learning to recognize specific patterns.
Furthermore, the items were controlled for continuous quantities
so that the only discriminative cue was numerical information.
Subjects proved able to solve the task, indicating the use of
numerical information by fish. To date, we know that at least
eight fish species can process numerical information in different
experimental contexts (Agrillo and Bisazza, 2018).

Fish, however, can also use continuous quantities. Agrillo
et al. (2009) set up an experiment in which the fish were
trained to discriminate between two and three figures in a
condition in which the number and continuous quantities were
simultaneously available. For example, the larger group occupied
also the larger area. In the test phase, researchers controlled
for one continuous quantity at a time and observed the
performance of mosquitofish: accuracy decreased when the
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stimuli were matched for the cumulative surface area or the
convex hull, indicating that these cues had been used during
the tasks. The combination of these continuous quantities is
exactly what has been advanced as an important mechanism
for human numerical estimation. According to the occupancy
model (Allik and Tuulmets, 1991), numerosity estimation is
linearly related to the total area occupied (occupancy) by virtual
disks that circumscribe each dot. When dots are close to one
other, the virtual disks overlap, leading to an underestimation
of the dots; when the dots are more distant, the overall space
occupied by these disks is larger, leading to an overestimation
of the dots. Therefore, the combination of cumulative surface
area and inter-item distance (a parameter that is linearly related
to the convex hull) seems to influence numerical estimation
of both humans and mosquitofish.

The use of discrete and continuous quantities has been
reported not only in the presence of neutral laboratory stimuli
(such as two-dimensional stimuli) but also with biologically
relevant stimuli. For what concern discrete information, Dadda
et al. (2009) found that mosquitofish can select the larger
shoal also when stimulus fish were presented one at a time
and hence are required to sum the number of fish contained
in each shoal. Similar capacity was later observed in newborn
guppies (Bisazza et al., 2010), suggesting the existence of inborn
numerical abilities in fish similar to that described in human
infants (Izard et al., 2009). Continuous quantity discrimination
in a highly ecological context was studied by Lucon-Xiccato
et al. (2015). The authors found that guppies are able to select
the larger piece of food when the ratio between the smaller
and larger piece is 0.75.

Clustering is another perceptual cue that affects non-symbolic
numerical tasks. Humans tend to overestimate the number
of items if they are arranged to form a single Gestalt. This
is particularly evident in the Solitaire illusion studied by Frith
and Frith (1972), a visual pattern in which items forming a
single Gestalt is overestimated compared to the same number
of items arranged in separate (smaller) clusters. Perception
of the Solitaire illusion has been recently studied in fish.
Guppies were trained to select an array containing a larger
quantity of black dots in the presence of two arrays made
by white and black dots. After reaching the learning criterion,
subjects were presented with two illusory arrangements: One
array presented 16 black dots centrally located to form a
single Gestalt and 16 white dots on the perimeter to form
4 separate clusters; the other presented 16 white dots centrally
located with 16 black dots on the perimeter. If the subjects
perceived the illusion, they were expected to select the array
in which the black dots were centrally located (as they appear
to be larger to human observers). Although higher inter-
individual variability was found in fish compared to humans
(Agrillo et al, 2016; Pecunioso and Agrillo, 2019), guppies
exhibited a human-like susceptibility to this numerosity illusion,
suggesting that clustering of items is a further common
mechanism used by both humans and fish to estimate the
number of items in the visual scene.

It is important to clarify that humans appear to be equally
able to use numerical information over continuous quantities

(Hurewitz et al., 2006). One may argue that animals might
find it more difficult to process numerical information than
continuous quantities. This was indeed the idea advanced by
different authors in the 1980s (Davis and Memmott, 1982;
Davis and Perusse, 1988) that led to the hypothesis of numerical
information as “last-resort strategy” used only when no other
continuous quantity would permit an animal to discriminate
which group is larger/smaller. A study by Agrillo et al. (2011)
does not encourage to this view. Three groups of mosquitofish
were trained in different conditions: In one condition, the
mosquitofish could use only numerical information to distinguish
between the quantities (2 vs. 3, “numerical” condition). In the
second condition, fish could use only continuous quantities
(1 vs. 1, the ratio between the areas was equal to two-thirds,
the “continuous quantity” condition). In the third condition,
both numerical and continuous information was available
(2 vs. 3, with the larger group occupying more space, “number
and continuous quantity” condition). If numerical information
were more cognitively demanding, subjects were expected to
need more trials to learn the task in the first condition than
in the other two conditions. As expected, higher performance
was found when fish could use both numerical and continuous
quantities as the presence of multiple cues is supposed to
represent the easiest (and the most ecological) condition (Gebuis
and Reynvoet, 2012a,b). However, no difference was found
between the numerical condition and the continuous quantity
condition, suggesting that, at least for mosquitofish, processing
numbers is not more complex than processing continuous
quantities. After all, artificial neural networks suggest that
numerosity estimation does not enroll a large neural network
Hope et al. (2010), found that fewer than 25 units might
be enough for a system to represent quantity with a performance
comparable to that observed in fish (Agrillo et al., 2008). This
is also supported by a more recent study (Stoianov and Zorzi,
2012), showing that as few as 35 hidden neurons were able
to spontaneously extract numerical information in a visual
scene. In this sense, it is not surprising that also a fish brain
can apparently use number with the same cognitive effort used
in continuous quantity discrimination.

The cognitive strategy used to learn a numerical rule is
a further aspect that must be taken into consideration to
establish similarities and differences between humans and fish.
It is known that, when animals learn to select the larger of
two arrays (e.g., 5 vs. 10), they might potentially use two
alternative strategies. One strategy consists in learning to
always select the array containing 10 items (“absolute numerical
rule”). The other strategy consists of assessing which group
is larger and smaller in order to “select the larger numerosity
of each stimulus pair” (“relative numerical rule”). Because
the behavioral output is the same, the exact cognitive strategy
used by animals is often neglected. Miletto Petrazzini et al.
(2016) dissociated the two hypotheses by training angelfish
to discriminate between two arrays of figures differing in
numerosity. One group of subjects was required to select 10
items in a 5 vs. 10 discrimination; the other group were
required to select 10 items in the 10 vs. 20 discrimination.
After reaching the learning criterion, the former group was
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presented with a 10 vs. 20 numerical contrast. If subjects
had learned the task by using a relative numerical rule, they
should have selected the novel larger numerosity (20); otherwise,
if angelfish had used an absolute numerical rule, they were
expected to select the numerosity previously reinforced (10).
The other experimental group (10 vs. 20) was presented in
test trials with 5 vs. 10 discrimination. Angelfish belonging
to both groups spontaneously used a relative numerical rule,
selecting the novel numerosity instead of the previously
reinforced numerosity.

Interestingly, the authors also tested undergraduate students
in the same task (Miletto Petrazzini et al., 2016). In order to
observe the spontaneous use of a relative vs. absolute numerical
rule, no verbal instructions were provided so that participants
had to infer the numerical rule only by the feedback, exactly
like fish. Humans used a relative numerosity rule too with
very limited inter-individual variability. This implies that distantly
related species share similar cognitive systems for making
decisions about quantities, a fact that does not properly align
with the idea of any kind of human’s superiority in terms of
qualitative differences.

The similarities between humans and fish are not confined
to the performance of the two species individually tested in
cognitive tasks. It is known that interacting people can generally
achieve more accurate decisions than single individuals. Although
this is an open debate (e.g., Cantlon et al, 2006), it was
suggested to occur also in numerical tasks. In a study by
Bahrami et al. (2013), pairs of participants made both individual
and collective estimations of which group of dots was larger.
In the “collective enumeration” condition, they could negotiate
joint decisions via verbal communication and received feedback
about accuracy at the end of each trial. Results showed that
two individuals collectively estimate the number of dots better
than either one alone. Collective intelligence in non-human
animals has been reported in different fields (Krause et al.,
2010). However, although several species showed impressive
numerical skills, including invertebrates (e.g., eusocial ants:
Reznikova and Ryabko, 2011; Reznikova, 2017; bees: Pahl
et al, 2013), no evidence of an advantage in collective
enumeration was reported in non-human animals before 2014.
Bisazza et al. (2014b) investigated this issue in fish. Guppies
were observed in their spontaneous preference of joining the
larger shoal (exp. 1) and in their capacity to learn a numerical
rule after operant conditioning (exp. 2). Subjects’ performance
was observed both when they were singly inserted in the
experimental apparatus and when they were inserted in pairs.
In both experiments, interacting guppies achieved a superior
level of numerosity discrimination compared to the average
ability of the isolated individual fish. Even though the reasons
underlying the enhanced cognitive performance of interacting
guppies are unknown, the result is intriguing as it suggests
that the well-known collective intelligence that has been
advanced in humans (Bahrami et al., 2013) can be traced
also in a fish species.

In summary, we believe that all the above-mentioned studies
provide a robust argumentation to say that the concept of
Man’s intellectual superiority need to be deeply revised.

FAILING TO REJECT THE NULL
HYPOTHESIS (P > 0.05)

Here we will delineate why we believe that Macphails
argumentation still holds in numerical cognition.

Man'’s Intellectual Superiority
As said in the “Introduction” section, it is unquestionable that
the capacity of humans to process numerical information
represents a clear example of high cognitive functions related
to a species-specific language-acquisition device. However, we also
display numerical abilities that are not related to language, a
cognitive skill particularly evident when we are forced to estimate
which group of objects is more numerous without the possibility
to see the two groups long enough to count the objects (e.g.,
only 150-250 ms; Halberda et al., 2008; Revkin et al., 2008).

The comparison of non-symbolic numerical abilities of
humans and animals clearly indicates that humans are more
precise even in this numerical skill. Humans can discriminate
a 0.90 ratio (9 vs. 10, Halberda et al., 2008), while numerical
acuity of other species is often more limited (Hauser et al,
1996; Uller et al.,, 2003; Rugani et al., 2008). It is interesting
to note that, although the superiority in numerical acuity of
humans supports the null hypothesis, it also contradicts one
of the predictions related to the importance of language: Humans
without language would, according to this view, be no more
intelligent than non-human vertebrates (Macphail, 1985, p. 49).
Indeed, because non-symbolic numerical tasks prevent the use
of verbal counting, one should not expect a higher performance
of humans in this task. To tell the true story, participants
involved in the studies that showed impressive abilities in
non-symbolic numerical tasks were teenagers or university
students of Western societies (e.g., Halberda et al., 2008; Agrillo
et al., 2014). Even though experimental strategies were taken
to limit the use verbal language, we cannot exclude that language
and education of subjects positively impacted on the cognitive
skills necessary to support numerical estimation, thus improving
their performance. In line with this hypothesis, when members
of non-Western societies are tested (e.g., Munduruku: Pica
et al,, 2004; Warlpiri, and Anindilyakwa: Butterworth et al,,
2008), participants’ performance in numerical estimation tasks
is not far from that observed with several non-human species.

As said in “Rejecting the Null Hypothesis (p < 0.05)” Section,
the observation of spontaneous behavior showed that sticklebacks
can discriminate up to six vs. seven social companions (Mehlis
et al, 2015). Other fish species, however, showed a lower
performance when the groups to be compared differ by one unit
(Agrillo et al,, 2012¢; Agrillo and Bisazza, 2018); therefore, the
high level of performance exhibited by sticklebacks is not likely
to reflect the average precision of fish in quantitative tasks. Trained
fish guppies can also reach surprising performances (e.g., the
capacity to discriminate up to 0.75 ratio, Bisazza et al., 2014c;
Miletto Petrazzini et al., 2015a), but no study showed the capacity
to discriminate up to a 0.90 ratio.

Humans’ superiority in numerical tasks extends far beyond
relative numerosity judgments. Ordinal abilities are the capacity
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to understand that “3” is larger than “2” and smaller than “4”
This ability permits to solve several numerical tasks, including
the capacity to locate an object on the basis of its position in a
sequence of other objects. Unlike humans, fish showed a very
limited ability to use ordinal information. Miletto Petrazzini et al.
(2015b) trained guppies to select the third feeder in a row of
eight alternative feeders placed perpendicularly in front of them.
The inter-feeder distance was experimentally manipulated between
trials to avoid the use of continuous quantities, such as the overall
distance necessary to reach the correct feeder. The guppies solved
the task, thereby providing the first evidence that ordinal abilities
exist in fish species. However, in another experiment, researchers
placed the correct feeder in the fifth position: In this case, the
performance was no longer significant, showing a clear limit in
using ordering information that does not exceed 3-4 units.

As said, the literature on fish in this section is just an
example, since humans outperform mammals, birds, amphibians,
reptiles, and fish in non-symbolic numerical tasks. All this
literature clearly indicates that, although animals have recently
shown evidence of impressive numerical abilities to demonstrate
no qualitative differences, quantitative differences seem to exist
between humans and animals.

CONCLUSIONS AND FUTURE REMARKS

We reviewed the literature on fish numerical cognition as a
tool to shed light on the modernity of Macphail’s argumentations.
We believe that most of the evidence collected in numerical
tasks of fish call for a deep reframing of the null hypothesis
of vertebrate intelligence. At least two different bodies of
experimental evidence support our dissertation: (1) it is not
true that numerical abilities in fish did not differ among the
species and (2) most of the literature speaks in favor of qualitative
similarities between humans and fish. Evidence supporting the
first claim comes from studies in which numerical abilities of
fish were compared with the same experimental material/procedure.
These studies showed that, although similarities are greater than
differences, inter-species differences exist among fish. The latter
claim is supported by studies showing a similar use of discrete
and continuous quantities in human and fish, by the observation
of comparable cognitive strategy to learn a numerical rule and
by the evidence of an enhanced numerical performance when
multiple individuals are involved in the numerical task.
However, rejecting this hypothesis might be precocious at
this stage. The null hypothesis of Macphail still holds if one
considers a crucial aspect of numerical abilities, the precision
of numerical estimation. Although in the last two decades several
studies showed impressive numerical abilities in fish (and in
animals in general), the higher performance is repeatedly reported
in humans, even in tasks in which they are prevented to use
verbal counting. Therefore, if any clear difference exists between
human and fish, such difference is quantitative but not qualitative.
That said, it is important to specify that the procedure in
human and animal studies often differs for a fundamental
aspect: The presence/absence of verbal instructions. As known,
animals have to infer the rule trial by trial, while most of

human studies are often introduced by verbal instructions
(Halberda et al., 2008; Revkin et al., 2008; Price et al., 2012).
This permits participants to focus on the most relevant aspects
of the experiment since the beginning, providing a potential
advantage that might be misinterpreted as higher numerical
abilities. Only recently researchers have begun to take into
account this potential confound and present human participants
with tasks with no verbal instructions (Beran, 2006; Miletto
Petrazzini et al., 2016; Parrish et al., 2019).

Some important issues need to be investigated. To better
understand the similarities between humans and fish it would
be important to assess whether fish display an abstract concept
of number. We know that humans can compare quantities of
objects presented in different sensory modalities (e.g., three lights
and three sounds). The capacity to transfer numerical information
from the visual to the acoustic modality is important evidence
of an abstract concept of number. To date, existing studies in
fish reported the capacity to generalize the numerical rule to
novel stimuli presented through the same sensory modality (e.g.,
visual stimuli; reviewed in Agrillo et al, 2017). No study has
established whether fish can transfer numerical information from
one sensory modality to another, a fact that prevents to understand
whether the complexity of abstract numerical representation is
similar or not in human and fish. Also, the investigation of
continuous quantities used by fish is limited to a few species
(Agrillo et al, 2009, 2010, 2011; Gémez-Laplaza and Gerlai,
2013; Miletto Petrazzini et al, 2018). In order to understand
whether the cognitive mechanisms used by human and fish are
similar, we need to enlarge the number of species under
investigation. Lastly, the spatial representation of numbers is
another important aspect that should be considered to comprehend
whether fish have human-like mechanisms of number processing.
It is known that most humans represent numbers aligned from
left to right, the so-called “mental number line” (Galton, 1880;
Zorzi et al., 2002). There is evidence that also birds have a
similar spatial representation of numbers (Rugani et al., 2015),
but this issue has never been investigated in fish.

In 1985 Macphail said, In common with all scientific hypotheses,
this null hypothesis cannot be proved, only disproved; support for
the hypothesis will grow as the number of failures to disprove it
increases (p. 46). After more than three decades, it is still difficult
to reach a verdict on the hypothesis advanced by Macphail.
We believe, however, that Macphail adopted a questionable
statistical approach: when he introduced the idea of a “null
hypothesis,” he indirectly assumed an all-or-none approach to
this issue, like the frequentist p approach based on rejecting/
failing to reject the null hypothesis. However, this statistical
approach can barely grasp all the shades of this issue. For
instance, how much do fish differ from other vertebrates, humans
included, in numerical skills? If we look at numerical acuity of
humans and fish, we would be inclined to assume that the null
hypothesis is correct; if we look at qualitative similarities among
the species we would be tempted to reject this null hypothesis.
Is the null hypothesis corroborated or not? Instead of assuming
that a dichotomic response may exist in this issue, we believe
that the Bayesian approach would be more appropriate. Bayes
factors actually enable researchers to estimate the relative strength
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of the evidence for two competing hypotheses (Dienes, 2014).
Even supposing that the next decade will be characterized by
the development of finer comparative methodologies, we believe
that researchers, at best, could try to establish how likely is the
null hypothesis of vertebrate intelligence over the alternative one.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

REFERENCES

Agrillo, C., and Bisazza, A. (2018). Understanding the origin of number sense:
a review of fish studies. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci.
373:20160511. doi: 10.1098/rstb.2016.0511

Agrillo, C., and Dadda, M. (2007). Discrimination of the larger shoal in the
poeciliid fish Girardinus falcatus. Ethol. Ecol. Evol. 19, 145-157. doi:
10.1080/08927014.2007.9522574

Agrillo, C., Dadda, M., Serena, G., and Bisazza, A. (2008). Do fish count?
Spontaneous discrimination of quantity in female mosquitofish. Anim. Cogn.
11, 495-503. doi: 10.1007/s10071-008-0140-9

Agrillo, C., Dadda, M., Serena, G., and Bisazza, A. (2009). Use of number by
fish. PLoS One 4:e4786. doi: 10.1371/journal.pone.0004786

Agrillo, C., Miletto Petrazzini, M. E., and Bisazza, A. (2017). Numerical abilities
in fish: a methodological review. Behav. Process. 141, 161-171. doi: 10.1016/j.
beproc.2017.02.001

Agrillo, C., Miletto Petrazzini, M. E., Piffer, L., Dadda, M., and Bisazza, A.
(2012b). A new training procedure for studying discrimination learning in
fishes. Behav. Brain Res. 230, 343-348. doi: 10.1016/j.bbr.2012.02.025

Agrillo, C., Miletto Petrazzini, M. E., Tagliapietra, C., and Bisazza, A. (2012a).
Inter-specific differences in numerical abilities among teleost fish. Front.
Psychol. 3:483. doi: 10.3389/fpsyg.2012.00483

Agrillo, C., Parrish, A. E., and Beran, M. J. (2014). Do primates see the solitaire
illusion differently? A comparative assessment of humans (Homo sapiens),
chimpanzees (Pan troglodytes), rhesus monkeys (Macaca mulatta), and
capuchin monkeys (Cebus apella). J. Comp. Psychol. 128, 402-413. doi:
10.1037/a0037499

Agrillo, C., Parrish, A. E., and Beran, M. J. (2016). How illusory is the solitaire
illusion? Assessing the degree of misperception of numerosity in adult
humans. Front. Psychol. 7:1663. doi: 10.3389/fpsyg.2016.01663

Agrillo, C., Piffer, L., and Bisazza, A. (2010). Large number discrimination by
fish. PLoS One 5:e15232. doi: 10.1371/journal.pone.0015232

Agrillo, C,, Piffer, L., and Bisazza, A. (2011). Number versus continuous quantity
in numerosity judgments by fish. Cognition 119, 281-287. doi: 10.1016/j.
cognition.2010.10.022

Agrillo, C., Piffer, L., Bisazza, A., and Butterworth, B. (2012c). Evidence for
two numerical systems that are similar in humans and guppies. PLoS One
7:¢31923. doi: 10.1371/journal.pone.0031923

Allik, J., and Tuulmets, T. (1991). Occupancy model of perceived numerosity.
Percept. Psychophys. 49, 303-314. doi: 10.3758/BF03205986

Bahrami, B., Didino, D., Frith, C., Butterworth, B., and Rees, G. (2013). Collective
enumeration. J. Exp. Psychol. Hum. Percept. Perf. 39, 338-347. doi: 10.1037/
20029717

Beran, M. J. (2006). Quantity perception by adult humans (Homo sapiens),
chimpanzees (Pan troglodytes) and rhesus macaques (Macaca mulatta) as
a function of stimulus organization. Int. J. Comp. Psychol. 19, 386-397.
https://escholarship.org/uc/item/76n9h06b

Beran, M. J. (2008). The evolutionary and developmental foundations of
mathematics. PLoS Biol. 6:19. doi: 10.1371/journal.pbio.0060019

Bisazza, A., Butterworth, B., Piffer, L., Bahrami, B., Miletto Petrazzini,
M. E., and Agrillo, C. (2014b). Collective enhancement of numerical
acuity by meritocratic leadership in fish. Sci. Rep. 4:4560. doi: 10.1038/
srep04560

FUNDING

This research was funded by PRIN grant no. 2015’ (prot.:
2015FFATB7) from “Ministero dell'Istruzione, Universita® e
Ricerca” (MIUR, Italy) to CA and by Marie Sktodowska-Curie
Individual Fellowship (750200) from the European Union’s
Horizon 2020 to MP. The present work was carried out within
the scope of the research program Dipartimenti di Eccellenza
(art.1, commi 314-337 legge 232/2016), which was supported
by a grant from MIUR to the Department of General Psychology,
University of Padua.

Bisazza, A., Agrillo, C., Lucon-Xiccato, T. (2014c). Extensive trainingextends
numerical abilities of guppies. Anim Cogn. 17, 1413-1419. doi: 10.1007/
s10071-014-0759-7

Bisazza, A., Serena, G., Piffer, L., and Agrillo, C. (2010). Ontogeny of numerical
abilities in guppies. PLoS One 5:e15516. doi: 10.1371/journal.pone.0015516

Bisazza, A., Tagliapietra, C., Bertolucci, C., Foa, A., and Agrillo, C. (2014a).
Non-visual numerical discrimination in a blind cavefish (Phreatichthys
andruzzii). J. Exp. Biol. 217, 1902-1909. doi: 10.1242/jeb.101683

Brannon, E. M., Wusthoff, C. J., Gallistel, C. R., and Gibbon, J. (2001). Numerical
subtraction in the pigeon: evidence for a linear subjective number scale.
Psychol. Sci. 12, 238-243. doi: 10.1111/1467-9280.00342

Butterworth, B., Reeve, R., Reynolds, E, and Lloyd, D. (2008). Numerical
thought with and without words: evidence from indigenous Australian
children. Proc. Natl. Acad. Sci. USA 105, 13179-13184. doi: 10.1073/
pnas.0806045105

Cantlon, J. E, Brannon, E. M., Carter, E. J., and Pelphrey, K. A. (2006). Functional
imaging of numerical processing in adults and 4-y-old children. PLoS Biol.
4:e125. doi: 10.1371/journal.pbio.0040125

Dadda, M., Piffer, L., Agrillo, C., and Bisazza, A. (2009). Spontaneous number
representation in mosquitofish. Cognition 112, 343-348. doi: 10.1016/j.
cognition.2009.05.009

Davis, H., and Memmott, J. (1982). Counting behavior in animals: a critical
evaluation. Psychol. Bull. 92, 547-571. doi: 10.1037/0033-2909.92.3.547

Davis, H., and Perusse, R. (1988). Numerical competence in animals: definitional
issues, current evidence and a new research agenda. Behav. Brain Sci. 11,
561-579. doi: 10.1017/50140525X00053437

Dehaene, S., Izard, V., Spelke, E., and Pica, P. (2008). Log or linear? Distinct
intuitions of the number scale in western and Amazonian indigene cultures.
Science 320, 1217-1220. doi: 10.1126/science.1156540

Dienes, Z. (2014). Using Bayes to get the most out of non-significant results.
Front. Psychol. 5:781. doi: 10.3389/fpsyg.2014.00781

Feigenson, L., Dehaene, S., and Spelke, E. S. (2004). Core systems of number.
Trends Cogn. Sci. 8, 307-314. doi: 10.1016/j.tics.2004.05.002

Frith, C. D., and Frith, U. (1972). The solitaire illusion: an illusion of numerosity.
Percept. Psychophys. 11, 409-410. doi: 10.3758/BF03206279

Galton, F. (1880). Visualised numerals. Nature 21, 252-256. doi: 10.1038/021252a0

Gatto, E., Lucon-Xiccato, T., Savasci, B. B., Dadda, M., and Bisazza, A. (2017).
Experimental setting affects the performance of guppies in a numerical
discrimination task. Anim. Cogn. 20, 187-198. doi: 10.1007/s10071-016-1037-7

Gebuis, T., and Reynvoet, B. (2012a). The role of visual information in numerosity
estimation. PLoS One 7:¢37426. doi: 10.1371/journal.pone.0037426

Gebuis, T., and Reynvoet, B. (2012b). The interplay between nonsymbolic number
and its continuous visual properties. J. Exp. Psych. Gen. 141, 642-648. doi:
10.1037/a0026218

Gomez-Laplaza, L. M., and Gerlai, R. (2011). Spontaneous discrimination of
small quantities: shoaling preferences in angelfish (Pterophyllum scalare).
Anim. Cogn. 14, 565-574. doi: 10.1007/s10071-011-0392-7

Gomez-Laplaza, L. M., and Gerlai, R. (2013). The role of body surface area
in quantity discrimination in angelfish (Pterophyllum scalare). PLoS One
8:¢83880. doi: 10.1371/journal.pone.0083880

Halberda, J., Mazzocco, M. M., and Feigenson, L. (2008). Individual differences
in non-verbal number acuity correlate with maths achievement. Nature 455,
665-668. doi: 10.1038/nature07246

Frontiers in Psychology | www.frontiersin.org

January 2020 | Volume 11 | Article 55


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1098/rstb.2016.0511
https://doi.org/10.1080/08927014.2007.9522574
https://doi.org/10.1007/s10071-008-0140-9
https://doi.org/10.1371/journal.pone.0004786
https://doi.org/10.1016/j.beproc.2017.02.001
https://doi.org/10.1016/j.beproc.2017.02.001
https://doi.org/10.1016/j.bbr.2012.02.025
https://doi.org/10.3389/fpsyg.2012.00483
https://doi.org/10.1037/a0037499
https://doi.org/10.3389/fpsyg.2016.01663
https://doi.org/10.1371/journal.pone.0015232
https://doi.org/10.1016/j.cognition.2010.10.022
https://doi.org/10.1016/j.cognition.2010.10.022
https://doi.org/10.1371/journal.pone.0031923
https://doi.org/10.3758/BF03205986
https://doi.org/10.1037/a0029717
https://doi.org/10.1037/a0029717
https://escholarship.org/uc/item/76n9h06b
https://doi.org/10.1371/journal.pbio.0060019
https://doi.org/10.1038/srep04560
https://doi.org/10.1038/srep04560
https://doi.org/10.1007/s10071-014-0759-7
https://doi.org/10.1007/s10071-014-0759-7
https://doi.org/10.1371/journal.pone.0015516
https://doi.org/10.1242/jeb.101683
https://doi.org/10.1111/1467-9280.00342
https://doi.org/10.1073/pnas.0806045105
https://doi.org/10.1073/pnas.0806045105
https://doi.org/10.1371/journal.pbio.0040125
https://doi.org/10.1016/j.cognition.2009.05.009
https://doi.org/10.1016/j.cognition.2009.05.009
https://doi.org/10.1037/0033-2909.92.3.547
https://doi.org/10.1017/S0140525X00053437
https://doi.org/10.1126/science.1156540
https://doi.org/10.3389/fpsyg.2014.00781
https://doi.org/10.1016/j.tics.2004.05.002
https://doi.org/10.3758/BF03206279
https://doi.org/10.1038/021252a0
https://doi.org/10.1007/s10071-016-1037-7
https://doi.org/10.1371/journal.pone.0037426
https://doi.org/10.1037/a0026218
https://doi.org/10.1007/s10071-011-0392-7
https://doi.org/10.1371/journal.pone.0083880
https://doi.org/10.1038/nature07246

Miletto Petrazzini et al.

Macphail’s Hypothesis and Fish Numerical Abilities

Hauser, M. D., MacNeilage, P., and Ware, M. (1996). Numerical representations
in primates. Proc. Natl. Acad. Sci. USA 93, 1514-1517.

Hope, T., Stoianov, I, and Zorzi, M. (2010). Through neural stimulation to
behavior manipulation: a novel method for analyzing dynamical cognitive
models. Cogn. Sci. 34, 406-433. doi: 10.1111/j.1551-6709.2009.01079.x

Hurewitz, F, Gelman, R., and Schnitzer, B. (2006). Sometimes area counts
more than number. Proc. Natl. Acad. Sci. USA 103, 19599-19604. doi:
10.1073/pnas.0609485103

Izard, V., Sann, C,, Spelke, E. S., and Streri, A. (2009). Newborn infants perceive
abstract numbers. Proc. Natl. Acad. Sci. USA 106, 10382-10385. doi: 10.1073/
pnas.0812142106

Koehler, O. (1941). Vom Erlernen unbenannter Anzahlen bei Végeln.
Naturwissenschaften 29, 201-218. doi: 10.1007/BF01481755

Krause, J., Ruxton, G. D., and Krause, S. (2010). Swarm intelligence in animals
and humans. Trends Ecol. Evol. 25, 28-34. doi: 10.1016/j.tree.2009.06.016

Leibovich, T, Katzin, N., Harel, M., and Henik, A. (2017). From ‘sense of
number’ to ‘sense ofmagnitude’: the role of continuous magnitudes in numerical
cognition. Behav. Brain Sci. 40:E164. doi: 10.1017/S0140525X16000960

Lucon-Xiccato, T., Dadda, M., Gatto, E., and Bisazza, A. (2017). Development
and testing of a rapid method for measuring shoal size discrimination.
Anim. Cogn. 20, 149-157. doi: 10.1007/s10071-016-1050-x

Lucon-Xiccato, T., Miletto Petrazzini, M. E., Agrillo, C., and Bisazza, A. (2015).
Guppies (Poecilia reticulata) discriminate among two quantities of food items
but prioritise item size over total amount. Anim. Behav. 107, 183-191. doi:
10.1016/j.anbehav.2015.06.019

Macphail, E. M. (1985). Vertebrate intelligence: the null hypothesis. Philos.
Trans. R. Soc. Lond. B 308, 37-51.

Mehlis, M., Thiinken, T., Bakker, T. C., and Frommen, J. G. (2015). Quantification
acuity in spontaneous shoaling decisions of three-spined sticklebacks. Anim.
Cogn. 18, 1125-1131. doi: 10.1007/s10071-015-0884-y

Miletto Petrazzini, M. E., Agrillo, C., Izard, V., and Bisazza, A. (2015a). Relative
versus absolute numericalrepresentation in fish: can guppies representfourness.
Anim. Cogn. 18, 1007-1017. doi: 10.1007/s10071-015-0868-y

Miletto Petrazzini, M. E., Lucon-Xiccato, T., Agrillo, C., and Bisazza, A. (2015b).
Use of ordinal information by fish. Sci.Rep. 5, 15497. doi: 10.1038/srep15497

Miletto Petrazzini, M. E., Agrillo, C., Izard, V., and Bisazza, A. (2016). Do
humans (Homo sapiens) and fish (Pterophyllum scalare) make similar
numerosity judgments? J. Comp. Psychol. 130, 380-390. doi: 10.1037/
com0000045

Miletto Petrazzini, M. E., Parrish, A. E., Beran, M. J., and Agrillo, C. (2018).
Exploring the solitaire illusion in guppies (Poecilia reticulata). J. Comp.
Psychol. 132, 48-57. doi: 10.1037/com0000092

Pahl, M., Si, A., and Zhang, S. (2013). Numerical cognition in bees and other
insects. Front. Psychol. 4:162. doi: 10.3389/fpsyg.2013.00162

Parrish, A. E., Beran, M. J., and Agrillo, C. (2019). Linear numerosity illusions
in capuchin monkeys (Sapajus apella), rhesus macaques (Macaca mulatta),

and humans (Homo sapiens). Anim. Cogn. 22, 883-889. doi: 10.1007/
§10071-019-01288-9

Pecunioso, A., and Agrillo, C. (2019). Do musicians perceive numerosity illusions
differently? Psychol. Music. doi: 10.1177/0305735619888804

Pica, P, Lemer, C,, Izard, V., and Dehaene, S. (2004). Exact and approximate
arithmetic in an Amazonian indigene group. Science 306, 499-503. doi:
10.1126/science.1102085

Price, G. R., Palmer, D., Battista, C., and Ansari, D. (2012). Nonsymbolic
numerical magnitude comparison: reliability and validity of different task
variants and outcome measures, and their relationship to arithmetic achievement
in adults. Acta Psychol. 140, 50-57. doi: 10.1016/j.actpsy.2012.02.008

Revkin, S. K., Piazza, M., Izard, V., Cohen, L., and Dehaene, S. (2008). Does
subitizing reflect numerical estimation? Psychol. Sci. 19, 607-614. doi: 10.1111/j.
1467-9280.2008.02130.x

Reznikova, Z. (2017). Studying animal languages without translation: An insight
from ants. Cham, Switzerland: Springer International Publishing.

Reznikova, Z., and Ryabko, B. (2011). Numerical competence in animals, with
an insight from ants. Behaviour 148, 405-434. doi: 10.1163/000579511X568562

Rugani, R., Regolin, L., and Vallortigara, G. (2008). Discrimination of small
numerosities in young chicks. J. Exp. Psychol. Anim. B 34, 388-399. doi:
10.1037/0097-7403.34.3.388

Rugani, R., Vallortigara, G., Priftis, K., and Regolin, L. (2015). Number-space
mapping in the newborn chick resembles humans’ mental number line.
Science 347, 534-536. doi: 10.1126/science.aaal379

Stoianov, I, and Zorzi, M. (2012). Emergence of a ‘visual number sense’ in
hierarchical generative models. Nat. Neurosci. 15, 194-196. doi: 10.1038/nn.2996

Tokita, M., Ashitani, Y., and Ishiguchi, A. (2013). Is approximate numerical judgment
truly modality-independent? Visual, auditory, and cross-modal comparisons.
Atten. Percept. Psychophysiol. 75, 1852-1861. doi: 10.3758/s13414-013-0526-x

Uller, C.,, Jaeger, R., Guidry, G., and Martin, C. (2003). Salamanders (Plethodon
cinereus) go for more: rudiments of number in an amphibian. Anim. Cogn.
6, 105-112. doi: 10.1007/s10071-003-0167-x

Zorzi, M., Priftis, K., and Umilta, C. (2002). Neglect disrupts the mental number
line. Nature 417:138. doi: 10.1038/417138a

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 Miletto Petrazzini, Pecunioso, Dadda and Agrillo. 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.

Frontiers in Psychology | www.frontiersin.org

January 2020 | Volume 11 | Article 55


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1111/j.1551-6709.2009.01079.x
https://doi.org/10.1073/pnas.0609485103
https://doi.org/10.1073/pnas.0812142106
https://doi.org/10.1073/pnas.0812142106
https://doi.org/10.1007/BF01481755
https://doi.org/10.1016/j.tree.2009.06.016
https://doi.org/10.1017/S0140525X16000960
https://doi.org/10.1007/s10071-016-1050-x
https://doi.org/10.1016/j.anbehav.2015.06.019
https://doi.org/10.1007/s10071-015-0884-y
https://doi.org/10.1007/s10071-015-0868-y
https://doi.org/10.1038/srep15497 
https://doi.org/10.1037/com0000045
https://doi.org/10.1037/com0000045
https://doi.org/10.1037/com0000092
https://doi.org/10.3389/fpsyg.2013.00162
https://doi.org/10.1007/s10071-019-01288-9
https://doi.org/10.1007/s10071-019-01288-9
https://doi.org/10.1177/0305735619888804
https://doi.org/10.1126/science.1102085
https://doi.org/10.1016/j.actpsy.2012.02.008
https://doi.org/10.1111/j.1467-9280.2008.02130.x
https://doi.org/10.1111/j.1467-9280.2008.02130.x
https://doi.org/10.1163/000579511X568562
https://doi.org/10.1037/0097-7403.34.3.388
https://doi.org/10.1126/science.aaa1379
https://doi.org/10.1038/nn.2996
https://doi.org/10.3758/s13414-013-0526-x
https://doi.org/10.1007/s10071-003-0167-x
https://doi.org/10.1038/417138a
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Searching for the Critical ﻿p﻿ of Macphail’s Null Hypothesis: The Contribution of Numerical Abilities 
of Fish
	Introduction
	Rejecting the Null Hypothesis (﻿p﻿ < 0.05)
	Neither Quantitative Nor Qualitative Differences Among Vertebrates
	Man’s Intellectual Superiority

	Failing to Reject the Null Hypothesis (﻿p﻿ > 0.05)
	Man’s Intellectual Superiority

	Conclusions and Future Remarks
	Author Contributions

	References

