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The ability to use quantitative information is thought to be adaptive in a wide

range of ecological contexts. For nearly a century, the numerical abilities of

mammals and birds have been extensively studied using a variety of

approaches. However, in the last two decades, there has been increasing inter-

est in investigating the numerical abilities of teleosts (i.e. a large group of

ray-finned fish), mainly due to the practical advantages of using fish species

as models in laboratory research. Here, we review the current state of the

art in this field. In the first part, we highlight some potential ecological func-

tions of numerical abilities in fish and summarize the existing literature that

demonstrates numerical abilities in different fish species. In many cases, sur-

prising similarities have been reported among the numerical performance

of mammals, birds and fish, raising the question as to whether vertebrates’

numerical systems have been inherited from a common ancestor. In the

second part, we will focus on what we still need to investigate, specifically

the research fields in which the use of fish would be particularly beneficial,

such as the genetic bases of numerical abilities, the development of these

abilities and the evolutionary foundation of vertebrate number sense.

This article is part of a discussion meeting issue ‘The origins of numerical

abilities’.
1. Introduction
The possibility that animals possess numerical abilities has attracted the attention

of philosophers, zoologists and psychologists for centuries. An example is the

enormous interest generated by the controversial story of Clever Hans, the

horse in the early 1900s that, according to his owner William Von Osten, was

able to solve complex arithmetical questions by tapping the results with his hoof.

However, it is only in the 1930s that Otto Koehler and his collaborators [1]

started a systematic investigation of numerical abilities in animals by studying

cardinal and ordinal numerical abilities in several species, including squirrels,

pigeons, budgerigars, jackdaws, ravens, magpies and African grey parrots.

The number of species that were investigated steadily increased, especially

after 1960 [2,3]. Towards the end of the century, the interest of ethologists

and comparative psychologists was progressively concentrated on investigating

monkeys and apes, and the focus of research progressively moved from asking

simple questions, such as whether animals could discriminate quantities, to

complex themes regarding the nature of the cognitive systems involved, the

nature of mental representation and the interactions among the cognitive

processes involved in temporal, spatial and numerical tasks [4].

In 2005, only a handful of studies had been published about vertebrates

other than mammals and birds. Uller et al. [5] had shown that salamanders can

spontaneously select the larger number of prey, suggesting the existence of quan-

titative abilities in amphibians. Hager & Helfman [6] systematically explored

shoal size preference in minnows exposed to the sight of a predator in an unfami-

liar environment. Since the mid-2000s, there has been increasing interest in

studying the quantification abilities of teleosts. Figure 1 shows the cumulative

number of studies published in the last 30 years on numerical cognition in pri-

mates, in the other mammalian orders, birds, fish, amphibians and reptiles.
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Figure 1. (a) Number of publications on numerical abilities in vertebrates since 1900. The graph shows the number of results returned from a search for (‘numerical
abilities’ þ animals) and a search for (‘numerical competence’ þ animals) on Google Scholar. The search was conducted on 19 March 2017. As can be seen, the last
decade was characterized by an increasing number of studies of fish. (b) In the fish literature, approximately half of the studies (23 out of 48) found evidence of use
of numerical information when non-numerical continuous cues are controlled for. Some species have been investigated only once or twice; most of our knowledge of
fish numerical abilities comes from studies on angelfish (Pterophyllum scalare), mosquitofish (Gambusia holbrooki) and, especially, guppies (Poecilia reticulata).
(Online version in colour.)
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Most studies have been done on primates and birds, but the

graph clearly shows that there has been a sharp increase in

fish studies in the last decade. Additionally, there has been

an almost total absence of studies performed on amphibians

and reptiles—a gap that is certainly necessary to fill.

A trend towards the progressive use of fish in research

can even be traced in other disciplines; above all, biomedical

and neuroscience research (e.g. [7]). This is due to the

multiple advantages of using fish as a model, including

their rapid development, them being fully independent at

birth—which facilitates early screenings—and their relatively

long lifespan. Also, in some species such as zebrafish, the

embryos and larvae are transparent, which permits the use

of a number of in vivo techniques, including whole-brain

imaging of neural activity. Cost- and space-effectiveness is a

further advantage of using fish in laboratory research.

However, other reasons underlie the increasing number

of fish studies that are conducted in comparative psychology,

particularly in numerical cognition research. In this review,

we will outline some of the reasons why the use of fish
offers unquestionable advantages for the study of number

sense. In the first part, we will summarize the main discov-

eries regarding numerical abilities in fish and compare the

performance of fish with that of other animals that are com-

monly investigated in this field. Also, we will remark on the

current limitations of fish studies that prevent a fine compari-

son between fish and other vertebrates. In the second part, we

will argue that fish can play an important role in addressing

some of the open issues in the numerical cognition literature

regarding non-symbolic numerical abilities.
2. Ecological functions of numerical abilities in
fish

Laboratory and field studies have shown a number of differ-

ent contexts in which the ability to discriminate and compare

quantities can be advantageous for an animal. Some of these

abilities are used for very general functions, and we may

predict that most species would benefit from possessing
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them; others are very specific and perhaps limited to one

or a few species.

A paradigmatic example of the first category is the ability

to estimate the amount of food items that are present in a

patch. For many species, food is distributed in patches that

usually vary in the number of items; for example, the number

of fruits on a branch for a monkey or the number of zebras in

a herd for a lion. Because profitability changes with set size,

assessing the numerosity of a set and comparing different

sets can be selectively advantageous. Striped field mice pre-

ferentially prey upon small groups of red ants because ants

in large groups may bite them [8]. On the other hand,

rhesus macaques finely discriminated between the numbers

of apple slices inserted into two containers [9]. Similar abil-

ities have also been demonstrated in fish, with guppies

showing a spontaneous ability to select the larger number

of food items [10].

Another function that characterizes the majority of social

species is estimating the number of conspecifics in a group.

This capacity can be used in different contexts. Chimpanzees,

lions and hyenas, for example, use this ability in social inter-

actions to decide whether to attack a group of conspecifics

(see [11] in this volume). In many species, especially in fish,

males strategically adjust their reproductive tactics, such as

their sperm quantity and quality, according to the number

of males and females that are present [12]. Male mosquitofish

prefer groups that contain a larger number of females, which

probably increases their mating opportunities [13]. Also,

many fish use this ability to choose the larger, safer social

group when exploring an unfamiliar and potentially danger-

ous environment [6,14]. Indeed, living in larger shoals makes

it more difficult for a predator to single out and attack an

individual prey animal (the confusion effect) and increases

the possibility of detecting predators (the many-eyes effect).

Also, the risk of an individual fish being caught statistically

diminishes as the quantity of individuals in the group

increases (the dilution effect, see [15]). The ability to discrimi-

nate the larger shoal probably provides advantages in

parental care, as convict cichlid parents allocate more effort

to larger groups when retrieving fry that have fled from the

nest [16].

Some other ecological functions of numerical abilities are

very specific and are expected to be present in only a few

species. For example, migratory pied flycatchers returning

from wintering areas must select the best breeding site,

a decision that deeply affects their reproductive success.

Loukola et al. [17] found that, upon arrival, flycatchers

inspect the nests of a resident species, the great tits, and

use the estimated fitness (clutch size) of great tits as an indi-

cation of the quality of that territory. Before mating, peahens

visit and compare several males, and their mate choice is

influenced by the number of eye-spots a peacock has in its

train [18]. Similarly, in the mouthbrooder cichlid Maylandia
aurora, males show egg spots in their tail that mimic the con-

specific eggs, and females spawn more frequently with males

showing more egg spots [19]. Female guppies also prefer

males that show more orange spots [20].

The examples that are mentioned here show that, similar

to land vertebrates, different ecological pressures probably

also shaped the ability to select the larger/smaller group

among fish. What is our current knowledge about quantitat-

ive abilities in fish? The next section summarizes the state

of the art.
3. Present knowledge about numerical abilities
in fish

(a) Fish have rather accurate relative numerosity
judgements

Given the relatively smaller brains of fish, one may expect

that they have poorer quantitative abilities than higher

vertebrates. On the contrary, laboratory studies based on

the observation of spontaneous behaviour and on operant

conditioning procedures have shown that the accuracy of

fish in relative numerosity judgements equals that of many

birds and mammals.

It was found that guppies are able to select the larger shoal

at a contrast of 4 versus 5 (0.80 ratio) [21], while three-spined

sticklebacks can even discriminate between 6 versus 7 (0.86)

conspecifics [22]. Training studies have found that guppies

can discriminate up to 4 versus 5 objects to obtain a food

reward [23]. On the whole, the numerical acuity of fish species

is considerably lower than that of humans and apes (up to 9

versus 10 discrimination [24]) and monkeys (7 versus 8 [25])

but it is similar to—or sometimes even exceeds—that reported

in other mammals (e.g. dogs, 6 versus 8 [26]; horses, 2 versus 3

[27]) and birds (pigeons, 6 versus 7 [28]; domestic chicks,

2 versus 3 [29]).

The above-mentioned studies on fish investigated their

ability to discriminate between quantities that differ by one

unit (e.g. 1 versus 2, 2 versus 3, 3 versus 4). In most of these

studies, the upper limit of quantity discrimination seems to

be close to 5 units [30]. Fish, however, can also discriminate

between quantities larger than 5. In this case, accuracy

increases in precision when the numerical ratio between the

smaller and the larger quantity decreases. For this reason, it

was suggested that, as in other vertebrates, large-quantity dis-

crimination follows ‘Weber’s Law’, according to which the

least notable difference is proportional to the magnitude of

the stimulus and is a function of the ratio between the two

quantities. Mosquitofish can discriminate up to a 0.67 ratio,

but not a 0.75 ratio (e.g. 8 versus 12, but not 9 versus 12,

[31,32]), while guppies can discriminate up to a 0.75 ratio

[33]. As different fish species can also discriminate between

very large quantities with a 0.50 ratio, no upper limit of

numerical discrimination has been hypothesized (e.g. 25

versus 50 [34]; 100 versus 200 [32]). The ratio dependence of

this performance in the presence of large numerosities aligns

with the previous literature on mammals [25,35] and birds

(e.g. [36]). Again, fish accuracy in the large number range is

lower in comparison with that of non-human primates (e.g.

0.83 ratio, rhesus and capuchin monkeys [37]), but is similar

to what has been reported for other mammals (0.67 ratio,

dogs [38]; sea lions [39]) and birds (0.67 ratio, crows [40]; 0.75

ratio, New Zealand robins [41]).
(b) Fish can use numerical information when
continuous quantities are controlled for

Numerical information covaries with several physical attributes

of the stimuli, which are commonly called continuous quan-

tities. For instance, the larger group of objects typically has a

larger cumulative surface area, is denser or has a larger

convex hull (the smallest contour that includes all objects).

When completing quantitative tasks, humans and non-human
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animals are known to use both numerical and continuous

information (see [42]). Evidence in the literature shows that

fish also tend to discriminate between quantities using both

continuous quantities and number.

For instance, when placed in the presence of two shoals,

mosquitofish are able to discriminate the larger shoal given

both small (1 versus 2, 2 versus 3 and 3 versus 4 conspecifics)

and large (4 versus 8 and 4 versus 10) numerical contrasts.

However, when the cumulative surface area of the two stimu-

lus-shoals was controlled for (e.g. by presenting larger

individuals in the numerically smaller stimulus-shoal and smal-

ler individuals in the larger stimulus-shoal), they were unable

to select the larger shoal [43]. The same result was also observed

in angelfish [44].

The total activity of the shoals is another continuous

quantity that plays an important role. One way to control

for this continuous quantity is to vary the water temperature

of the stimulus aquaria. In a 2-versus-4 contrast, zebrafish

ceased to select the larger shoal after the total activity of

the stimulus-shoals was equalized with this method [45].

A similar result was reported for mosquitofish (4 versus 8

fish, [43]) and angelfish (5 versus 10 fish, [46]).

The above-mentioned studies were useful to assess

the relative contribution of different continuous quantities.

However, when controlling for one continuous quantity at

a time, numerical information still covaries with the other

continuous quantities (for a review, see [30]). For instance,

when controlling for cumulative surface area, the convex

hull of the stimuli was not controlled for, nor was the density.

Hence, the sequential control of continuous quantities per-

mits us, at best, to assess which continuous information

plays an important role, but it is inadequate to determine

whether animals can use numerical information only.

One of the most common procedures used to control for all

continuous quantities at the same time in mammals and birds is

the item-by-item procedure [47]. The subjects see the exper-

imenter introduce biologically relevant objects (e.g. food

items) one at a time into each of two opaque containers and is

then allowed to select one of the two containers. The subjects

do not have a global view of the contents of the groups, thus

preventing them from using cumulative surface area, convex

hull or density. On the contrary, they are supposed to build a

representation of the contents on the sole basis of numerical

information. This procedure was recently adapted to the

shoal-choice task [48], which was modified so that a subject

could never see more than one stimulus at a time from any pos-

ition in the tank. Mosquitofish and guppies were able to select

the larger shoal in both 2-versus-3 and 4-versus-8 tasks,

suggesting that fish use numerical information when prevented

from accessing continuous quantities. The same capacity was

found in newly born guppies [49], proving the existence of

innate numerical abilities in this species, as previously reported

in domestic chicks [50] and human babies [51].

Studies using operant conditioning procedures have

provided further evidence that continuous quantities are pri-

marily processed in quantity discriminations by fish. In one

study, mosquitofish were trained to discriminate between

different numbers of two-dimensional figures using access to

conspecifics as a reward [52]. In this experiment, mosquitofish

were trained to discriminate between 2 and 3 figures, with no

control for continuous quantity. The subjects were then

retested while controlling for one continuous quantity at a

time: their performance dropped to the chance level when
stimuli were matched for the cumulative surface area or for

the convex hull, showing that the subjects had primarily

used these continuous quantities during the learning process.

On the contrary, the contour length and total brightness did

not affect the performance of the fish. However, when trained

in a condition in which all continuous quantities had been con-

trolled for since the beginning of the training, mosquitofish

proved to be able to solve the task, showing that fish can dis-

criminate between bi-dimensional inanimate objects using

solely numerical information [52].

The fact that fish primarily use continuous quantities in

both spontaneous-choice and discrimination-learning exper-

iments suggests that mosquitofish may use number only as a

‘last resort’ strategy, when no other continuous quantity is

available [53]. One reason could be that processing numerical

information is more cognitively demanding than processing

continuous quantities. If so, fish should exhibit a lower learn-

ing rate when required to use numerical information only,

instead of continuous quantities only. To directly test this

hypothesis, Agrillo et al. [54] trained mosquitofish to discrimi-

nate a 0.67 ratio in three different conditions: one in which they

could discriminate 2 from 3 figures using only numerical infor-

mation, one in which they could only use continuous quantities

(1 versus 1 figures, ratio between areas equal to two-thirds) and

one in which both numerical and continuous information were

available. Learning was faster when the subjects could use both

number and continuous quantities together, suggesting that

the presence of multiple cues was the easiest condition. With

very few exceptions, in nature, more food items or more

social companions occupy more space and have a larger cumu-

lative surface. Therefore, animals have unsurprisingly evolved

mechanisms that use multiple cues to improve their estimation.

Furthermore, when involved in experiments, animals using

more cues exhibit better performance than those using only

number or only continuous quantities.

Interestingly, in this experiment, no difference was found in

the capacity to learn discrimination based on numerical or con-

tinuous information, suggesting that, at least for mosquitofish,

processing number is not more complex than processing non-

numerical continuous information. We can only speculate

about why mosquitofish and other animals prefer to use con-

tinuous quantities. The possibility exists that—even though

they can process the two types of information with the same

cognitive effort—continuous quantities are more salient in

their natural environment than numerical information. For

instance, in addition to indirect cues on shoal size, the total

activity in a shoal could provide information about the pres-

ence or absence of predators. Alternatively, the total activity

could provide a better estimate of shoal size when the sight

of the group is partly occluded by vegetation.

Continuous quantities are not universally preferred to

numerical information. Recently, Miletto Petrazzini et al.
[55] studied ordinal abilities in guppies and found that they

can rapidly learn to select the third position in a row of 8

alternative feeders, even when the distance and position of

the feeders are systematically varied to prevent the use of

non-ordinal cues. In a second experiment, they trained fish

with evenly spaced feeders so that both numerical and con-

tinuous information (e.g. the overall distance from the

starting point) were simultaneously available. In the test

phase, the two types of information were contrasted to

assess which strategy they had spontaneously used in the

previous training phase. Subjects appeared to use both
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numerical and continuous information, although they relied

more on numerical information. There is evidence that the

relative salience of numerical over continuous quantities

might be context-dependent (see [56]).

Apart from mosquitofish (e.g. [52,54]) and guppies (e.g.

[23,57]), the number of species that proved to be able to use

numerical information in discrimination learning tasks has

been recently expanded to include zebrafish, redtail splitfins

and Siamese fighting fish [34]; angelfish [58]; goldfish [59]

and Somalian blind cavefish [60].

When dealing with small numerosities, there is another

potential confounding factor, besides continuous variables,

that can mimic a true numerical estimation: the possibility

that fish use canonical pattern recognition to solve the task

[61]. For example, in a 2-versus-3 discrimination task, which

was often used in early studies, 2 objects are always in a line,

while 3 objects usually form a triangle; although there have

been attempts to control this variable, perfect control of it is dif-

ficult. However, in a more recent study [23] in which guppies

were successfully trained in a 4-versus-5 discrimination task,

the use of canonical pattern recognition became extremely dif-

ficult and it seems unlikely that the fish use this strategy. Also,

guppies have proved to be able to discriminate between 3 and 4

items in motion [33]. As the general configuration of items in

motion is continuously dynamic and no stable pattern can be

recognized, canonical pattern recognition does not seem to

be a primary cue in their relative numerosity judgements.

(c) Fish exhibit inter-individual differences in numerical
tasks

Inter-individual differences in numerical abilities are a promi-

nent research field in human studies (e.g. [62]), but very little

about this topic is known for most species. Part of the problem

is due to the fact that sample size in most studies is generally

too small to permit any conclusion on inter-individual variabil-

ity in the population. In addition, until recently, researchers

primarily addressed whether a given species had the cognitive

ability to process numerical information and have only recently

begun to pay attention to differences within the same species.

No study has directly investigated this issue in fish, but

mounting indirect evidence supports the existence of inter-

individual variability in quantitative tasks. A recent study

used a semi-naturalistic procedure that allowed long training

to be performed on fish [23]. The fish underwent a series of

discrimination tasks of increasing difficulty. They started

with a very easy 2-versus-3 task and, if successful, continued

until reaching a 5-versus-6 task; they were admitted to the

successive discrimination task upon reaching the learning cri-

terion in the previous task. Out of the 8 fish that were tested,

1 could discriminate only 2 versus 3 items, 2 fish learned a

3-versus-4 discrimination task and 5 subjects learned to

discriminate 4 versus 5 items.

More evidence comes from experiments to measure indi-

vidual consistency by correlating different measures in the

same individual. Miletto Petrazzini & Agrillo [63] tested

female guppies twice in a shoal-choice discrimination task,

with 2 versus 3 and 6 versus 10 fish in a randomized order.

They found a significant correlation between the two measures,

suggesting that some guppies were better than others in

this task. Lucon-Xiccato & Dadda [64] found a negative corre-

lation between quantitative tasks testing guppies in two

different contexts. Some guppies were particularly accurate at
discriminating the larger social group, but very poor at select-

ing the larger quantity of food; others were accurate in selecting

the larger quantity of food, but not in selecting the larger shoal.

Other evidence of inter-individual differences comes from

studies on cerebral lateralization. Several studies have shown

that strongly and poorly lateralized fish differ in perform-

ing cognitive tasks (reviewed in [65]). A recent study sorted

guppies into left, right and non-lateralized groups using a

standard test that measures the laterality of social functions

and, hence, compared the three groups in two numerical

tasks. Left- and right-lateralized guppies did not differ, but

on the whole, lateralized fish were significantly more accurate

than non-lateralized individuals, both in discriminating the

larger shoal and in learning to discriminate between different

quantities of bi-dimensional figures [66].

Inter-individual variability was also found in the kind of

continuous variables that were preferentially used during dis-

crimination learning in the previously described experiment

on mosquitofish [52]. Although two continuous variables

were found to be relevant at the population level (cumulative

surface area and convex hull), upon closer examination, we

found that some mosquitofish were using the cumulative sur-

face area (and not the convex hull), while others were doing

the opposite.

Sex differences in cognition are an emerging field (see [67],

for a review of fish studies). Even though there is a complete

lack of studies specifically addressing sex differences in

numerical cognition among non-human species, a few fish

studies have used both sexes and can be used for a first analy-

sis. No sex differences were found in guppies that had to learn

to use ordinal information to find the correct feeder in a row of

identical ones [55] or when they were required to select the

larger quantity of food items [10]. However, a potential sex

difference was found in another task: shoal size discrimination

[68]. Male and female guppies were tested in a choice of 4

versus 6 fish – close to the upper limit of numerical discrimi-

nation. Both sexes significantly discriminated between the

two quantities and their overall performance was similar.

However, an analysis of the temporal trend showed that

females were faster than males at selecting the larger shoal.

In their habitat, predators preferentially prey on females and

females tend to occupy deep, open waters that lack cover to

hide from predators. Females are expected to rely on shoaling

as an anti-predator strategy more than males do, and selection

could have favoured a more rapid assessment of the number of

conspecifics among females.
(d) What we still need to investigate in fish
As we saw before, a variety of different methods have been

apparently used with fish. Regarding the spontaneous pre-

ference paradigm, fish have been tested for their ability to

discriminate among different numbers of companions, in

foraging contexts for their preference for quantities of food

items, in parental contexts while retrieving different quan-

tities of fry and in assessments of the numbers of potential

mates and rivals [6,10,13,16]. Also, extremely heterogeneous

training procedures have been used with fish [30]. In spite

of this huge diversity of paradigms, upon closer examination,

these experiments are all variants of the same task: a discrimi-

nation task between two simultaneously visible quantities of

objects. This poses the problem of whether fish possess the

same type of mental representation of number that has
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been hypothesized for some mammals and birds. In fact, for

all of these situations, numerosity comparison might be

based on summary statistic representations computed by

the visual system (see [69], for a computational model).

Indeed, data from other species suggest that this kind of

numerical representation is extracted by our perceptual

system, as is other visual properties such as shape, colour

and orientation [70].

In other words, none of the tasks described above inevita-

bly implies that fish are equipped with an abstract long-term

representation of the two quantities involved. Moreover, we

now have direct evidence that when we train fish to discrimi-

nate between two numerosities, they do not encode precise

information about the two numbers involved; instead, they

solve the task by learning a relational rule [57].

For this experiment, guppies were trained on a 6-versus-12

discrimination task. Half of the subjects were reinforced on the

smaller number and half were reinforced on the larger one.

Does a fish trained on 12 being positive learn that 12 is correct

and six is incorrect? Or does it learn that the larger numerosity

is correct and the smaller is incorrect? To answer this question,

after reaching the learning criterion, we tested the fish in

probe trials with a new numerical contrast: 12 versus 24. The

predictions were opposite, depending on whether the fish

learned an absolute or a relative rule. Guppies in this condition

significantly selected the larger number, 24, instead of

the number previously reinforced, 12. Similarly, the guppies

initially trained on 6 as positive selected the novel numerosity

in a 3-versus-6 discrimination task. This clearly indicates that,

during the training phase, guppies had extracted a relational

rule rather than associating rewards with a given numerosity.

Recently, an identical result was obtained in angelfish [58].

This is obviously not a demonstration that fish cannot form a

long-term representation of a specific quantity, because we

showed that even adult humans use the same strategy to

solve this task when placed in the same experimental

conditions as fish [58].

There have been attempts to overcome the limitations of the

simultaneous presentation paradigm. One study presented

two groups of females (e.g. 2 versus 3) to a male redtail splitfin;

when the choice was offered, researchers placed an opaque

barrier so that the same number of females (e.g. 2) was visible

in both sectors. The males proved to be able to select the larger

number of females in 1-versus-2, 2-versus-3 and 3-versus-4

comparisons [71]. A similar result was obtained in zebrafish

[72] and angelfish [73].

Female mosquitofish were able to discriminate shoals of

different numerosities, even when they were visible in separ-

ate compartments of the apparatus and could not be seen

simultaneously [74]. However, these tasks are not much

different from the original one, and the presence of an

iconic memory or some form of place learning can account

for the observed results.

For higher vertebrates, the notion that a species is capable

of an abstract representation of number has been traditionally

associated with three types of experimental evidence. The first

is the capacity to generalize numerical information across

significant variations in non-numerical physical parameters.

Typically, this capacity is assessed though cross-modal numer-

osity matching. Rats trained to press a lever in the presence of a

given number of visual objects (e.g. 2 dots) then showed the

ability to generalize the numerical rule in the presence of audi-

tory stimuli (2 tones). As the two sets of stimuli cannot be
matched for any physical property, the most parsimonious

explanation is that this species is endowed with a long-term

abstract representation of number [75].

The capacity to perform a delayed matching to sample task

is also thought to require some abstract long-term represen-

tation of a given numerical value. In its classical version, a

set of objects (e.g. 4 items) is initially shown on the monitor.

The subject is required to memorize the numerosity and

select it in a second presentation that contains a new set pre-

senting this numerosity and one or more distractors with

different numerosities. Ditz & Nieder [76], for example,

found that crows can manage such a task and that their per-

formance is ratio dependent, thus suggesting a capacity in

this bird species to represent and store in memory numerical

values that is similar to that of primates. As memory in fish

is known to last for days [77,78], this procedure appears to

be feasible in numerical cognition studies of fish.

Another crucial piece of evidence comes from studies in

which a species performs simple arithmetic operations. This

ability has been investigated in newborn chicks, for example.

It is known that chicks are attracted to larger numbers of

imprinting objects. In a study by Rugani et al. [79], chicks

could see two sets of imprinting objects—for instance, one

composed of three objects and the other made up of two.

Each set was hidden sequentially behind one of two

opaque screens (1 þ 1 þ 1 versus 1 þ 1). Only after the sets

disappeared were the subjects free to search for their imprint-

ing objects. The chicks chose the larger numerosity and

proved to be able to add the numbers of objects in the two

sets and then compare the two numerical values.

None of these experiments have yet been tried on fish, and

we currently lack any evidence in favour or against the fact

that fish have a representation of number similar to the represen-

tation that birds and mammals are supposed to have. In fact, two

recent studies performed in our laboratory suggest that fish

might possess more complex forms of number representation

and that this possibility is worth investigating.

As we already mentioned, guppies can rapidly learn to

select the third position in an array of 8 or 12 feeders with

great precision [55]. As feeders are systematically moved in

space and the distance between adjacent feeders varies in

any trial, guppies must have some representation of the

number ‘3’ that can allow them to find the correct feeder inde-

pendent of the spatial arrangement of the feeders. Interestingly,

guppies are still able to locate the correct feeder when trained

on the fifth of 12 feeders; however, in this case, their perform-

ance is just above chance and they make numerous incorrect

choices in the nearby feeders. Hence, 5 seems close to the

upper limit of guppies in this task, which matches the limit

of 4 versus 5 elements found in shoal-choice experiments [21]

and in discrimination-learning experiments [23].

The second example is perhaps more interesting. Upon dis-

covering that fish tend to learn a relational rule in a numerical

discrimination task, we asked whether they could be trained to

always choose a specific number [57]. For this experiment, we

chose the number 4 and trained guppies to select this quantity

against any other number, whether smaller or larger. Each fish

was initially trained in the discrimination tasks 1 versus 4, 2

versus 4, 4 versus 8 and 4 versus 10. Once the fish reached

the learning criterion, we tested them in two series of probe

trials. In the first, we presented the same numerical contrasts,

but in totally new configurations, to ensure that they had not

learned canonical shapes or all of the configurations they saw
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before. In the second, we tested the fish in two completely new

contrasts—3 versus 4 and 4 versus 6—which were more diffi-

cult than the ones they saw during the training phase.

Guppies showed a significant preference for the number 4 in

both cases. While the capacity to learn to discriminate one par-

ticular number from the others could be explained by a simple

associative learning process, it is more difficult to explain the

generalization to totally new and more difficult contrasts with-

out assuming some abstract representation by guppies of the

number ‘4’.

In a way, even the item-by-item presentation we described

above [48] seems to imply some representation of the number

of items at the two sides of the apparatus and the ability to

compare them because, in this experiment, fish could never

have a global view of the contents of these groups.
Soc.B
373:20160511
4. Areas of investigation that can benefit from
future fish studies

Fish have several features that make them ideal and, in some

cases, unique for investigating important aspects of numeri-

cal cognition. To start with, fish show an extreme diversity.

They comprise more than half of all extant vertebrate species

(approx. 33 000 described species out of 64 000 vertebrate

species). They have colonized a large variety of habitats,

from open oceans to coastal rocks, from abyssal depths to ter-

restrial environments. They also show a very wide range of

behavioural, physiological and ecological adaptations. For

example, many species lay eggs, some are viviparous and

others show paternal care of eggs and fry. Many fish live in

large social aggregates, a few form stable pair bonds and

others are solitary. Numerical cognition may have specific

adaptive values in all of these adaptations. Interspecific

differences in numerical cognition, associated with the diver-

sity of species and adaptations, will provide a valuable tool to

test evolutionary hypotheses.

Fish are ideal research animals for logistical reasons. Fish

adapt to captivity more easily than any other vertebrate.

Approximately 5400 species are available from the aquarium

industry and from amateur breeders and nearly 80% of all

freshwater species are currently bred in captivity. Several

species have very short generation times, allowing quantitat-

ive genetic studies and cross-generation effects. Finally, some

fish species, such as the zebrafish, are model organisms for

genetics, physiology and development research. This will

allow researchers to link the results from behavioural studies

to physiology and genetics.

In this section, we will examine three areas of investigation

in which the use of fish would be particularly fruitful; that is,

the study of the genetic basis of number sense, the investigation

of its development and the reconstruction of its evolution.

(a) Genetic bases of numerical abilities
As for other developmental disorders and dysfunctional

behaviours, there is an obvious interest for developing

animal models of human dyscalculia. Some fish, zebrafish

in particular, are rapidly replacing more traditional model

species in biomedical research and have been successfully

employed as a model for psychiatric diseases [80].

Why should we use fish instead of other more traditional

model species, such as rodents for example, to investigate
cognition? Fish testing can be advantageous in light of the

possibility to easily test large samples of animals [7]. Fish have

at least three other features that make them ideal for this kind

of study. As we discussed above, fish show inter-individual

variation in numerical abilities, a pre-requisite for many behav-

ioural genetic techniques. In most species, newborns are

extremely precocial and can be tested within a few hours follow-

ing birth (see below). This attribute is especially useful, for

example, for early screening of mutant phenotypes and to

control for environmental effects during development.

Finally, most species have short generation times, a feature

that is particularly useful for performing studies of artificial

selection and experimental evolution. Artificial selection was

a very popular method early in the history of quantitative gen-

etics and contributed to the early development of the discipline

of behaviour genetics; yet, it was almost forgotten in the era of

genomics because of the relatively longer time required to per-

form several generations of directional selection, in comparison

with next-generation sequencing techniques. However, in

recent years there has been a renewed interest in this method

by evolutionary biologists because artificial selection allows

researchers to simulate the action of natural selection. Alterna-

tively, experimental evolution studies allow researchers to link

specific social or environmental factors to the evolutionary

change in the trait of interest. Altogether, these approaches

can provide information about standing genetic variation for

a trait, the rate of a trait’s evolution, the costs and benefits

associated with expressing certain phenotypes and the genetic

correlation with other traits that evolve together with traits tar-

geted by selection. Among the traits selected in fish that

directly or indirectly affect behaviour and cognition, it is

worth mentioning aggression [81], behavioural lateralization

[82], personality [83], food preferences [84] and brain size [85].

This last study is particularly relevant for the topics that

are discussed here. Kotrschal and collaborators selected gup-

pies for large and small brain size. After only two generations

of selection, significant correlated effects emerged. For

example, large-brained fish paid a cost as they had smaller

guts, produced fewer offspring and showed an impaired

immune response. However, there was a positive effect on

cognition because large-brained females outperformed

small-brained ones in a numerical discrimination task. This

result indirectly suggests that numerical ability would prob-

ably quickly respond to selection if directly selected for.

In sum, fish seem to represent a promising model to

investigate the genetic bases of numerical abilities, although

the problem remains of how to control for concurrent factors

(e.g. personality, general learning abilities) that can poten-

tially affect performance in a numerical task [67,86] and can

complicate the interpretation of genetic analysis [87].

(b) Development of numerical abilities
Studying the development of numerical abilities can provide

fundamental information about the cognitive systems that

underlie these functions and can answer questions such

as whether numerical abilities are innate or influenced by

the environment.

(i) In fish, newborn and adult fish can be compared in the
same tasks

In theory, these issues can be studied in any species, but in

practice this work is constrained by the possibility of testing
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individuals in the early stage of their lives. Most mammals and

birds are altricial and there are practical and ethical issues

related to the possibility of testing young individuals. Develop-

mental psychologists have devised clever experimental

protocols to circumvent such problems in humans, particularly

habituation procedures and violation-of-expectation para-

digms. However, this poses a further problem: the fact that

studies done at different ages may not be fully comparable

because of the different methods used. In fairness, there are a

few warm-blooded precocial species that could be investigated

at an early age; for example, guinea pigs, hares and wildebeests

among mammals, and ostriches, quails and ducks among

birds. To date, numerical abilities have been systematically

investigated in just one of these precocial species: the domestic

chick (see [88]).

By contrast, the vast majority of fish are fully independent

at birth. The same test can often be used in young and adults.

Manipulation of experience is generally easier in fish than in

other vertebrates. In our laboratory, we have started to use

the guppy as a model for developmental studies. As with

many other fish, newborn guppies are miniatures of the

adults and perform almost all functions shown by adults

(shoaling, agonistic behaviour, predation, antipredator be-

haviour, etc.). Bisazza et al. [49] used a small-scale version

of the experimental apparatuses that are typically adopted

to study shoal choice in adult fish to test quantitative abilities

in newborn guppies. At birth, the capacity of guppies to dis-

criminate between shoals differing by one individual

included all numerical contrasts in the range 1–4 (1 versus

2, 2 versus 3 and 3 versus 4). Guppies proved to be able to

make this discrimination even when they are prevented

from using continuous variables [49].

Guppies can also be trained to discriminate between two

sets of geometric figures in the first week of life [89]. In one

experiment, for example, we trained 4-day-old guppies for

5 consecutive days. The procedure was the same that was

used with adult guppies. We introduced two stimuli in

the tank and released food near the reinforced numerosity.

There were three experimental groups. One was trained with

non-controlled stimuli so they could use both number and

continuous quantities (7 versus 14). Another was tested with

a set of stimuli controlled for continuous quantities and the

third one was presented with the same amount of dots

(e.g. 10 versus 10), but with a 0.5 ratio in areas (so dots were,

on average, twice as large on one side). Contrary to what we

expected, very young guppies were found to discriminate

among stimuli that differ in number (with no difference

between controlled and non-controlled conditions), although

they were unable to solve the task based on continuous

quantities even if the ratio was the same. So it seems that, onto-

genetically, the numerical system appears earlier (or is more

accurate) than the system that is in charge of discriminating

continuous quantities, such as areas.
(ii) Ontogenetic experience can be easily manipulated
A second issue is that sometimes we would benefit from

manipulating early experience. If one species does not display

a cognitive ability in an early stage of life, this could happen

because some maturation of the nervous system is required

or because the ability requires some learning during ontogeny.

Finally, neural circuits might be already in place, but not

expressed, simply because that particular function is not
necessary at this stage of life. For example, many components

of social and sexual behaviour, including the cognitive ones

(such as mate selection algorithms or sex ratio estimation)

may already be in place during early stages, but they need acti-

vation from sex hormones to be revealed [90]. For both practical

and ethical reasons, it is difficult to manipulate experience in

most animal species.

As said before, newborn guppies are totally independent

and, in a study, we were able to manipulate their experience

[49]. The starting point of this research is the observation that

newborn guppies cannot discriminate 4 versus 8 fish. We

asked when this ability first appears and whether the environ-

ment can modulate its development. We measured fish at birth,

at 20 days and at 40 days of age. We also had two treatments. In

the first treatment, fish lived in a large social group so that

during their ontogeny they could experience groups of various

numerosities. In the second treatment, they lived in pairs and,

therefore, had social experience, but could see only one fish at

time. Fish reared in a pair discriminated the larger shoal at day

40, while fish reared in a group showed this ability at day 20.

Hence, it seems that social experience can speed up the

maturation of quantitative abilities.
(c) Testing hypotheses about the evolution of numerical
abilities

As studies on numerical abilities accumulate and new species

and different contexts are investigated, we become increasingly

aware of how numerical abilities are distributed in vertebrates.

Similarities even among distantly related species are often

striking, but large interspecific differences also emerged. Cog-

nitive scientists have often wondered how numerical abilities

evolved in the vertebrate lineage. Similarities in the numerical

abilities of living vertebrates might have been inherited from a

common ancestor; alternatively, such abilities might have

evolved independently along the different vertebrate lineages

as a result of similar selective pressures and convergent evol-

ution. Instead, where interspecific differences in other aspects

of numerical abilities have been revealed, the obvious question

is which factors may be responsible for the observed differ-

ences between species or even within the same species in

different contexts and whether these differences represent

specific adaptations.
(i) Similarities among species: shared ancestry or convergence?
Based on shared cognitive abilities, it has been suggested that

numerical systems in extant vertebrates were inherited from a

common ancestor [91]. Similarities in numerical abilities in

human and non-human primates appear unquestionable,

but what about more distant-related species? Recently, the

issue has been tackled by testing humans and fish in similar

numerical tasks. For instance, Agrillo et al. [92] compared the

numerical abilities of guppies with adult humans tested non-

verbally. In particular, subjects were tested with five numeri-

cal ratios for both small (less than or equal to 4) and large

(greater than 4) numerical contrasts. Fish were tested in a

classical shoal-choice test. Students were tested with a pro-

cedure commonly used to measure non-symbolic numerical

abilities in adults, a computerized task requiring participants

to estimate which group of dots is more numerous. Interest-

ingly, the results of fish aligned with those of humans; in

both species, the ability to discriminate between large
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numbers (greater than 4) was approximate and strongly

depended on the ratio between the numerosities. Conversely,

in both fish and humans, discrimination in the small number

range was not ratio dependent (i.e. discriminating 3 from 4

was as easy as discriminating 1 from 4). In this study, however,

different types of stimuli were used for the two species (dots for

humans and social companions for fish), so the results were not

directly comparable. In another study, humans and fish were

presented with the same stimuli (groups of figures differing

in numerosity): Humans were required to estimate the larger

of two groups of figures in a computerized task, and mosquito-

fish were trained (using a social reward) to discriminate

between the same stimuli used for the human test [32].

Again, the performance of fish was consistent with that of

humans, with accuracy decreasing as ratio increased and

with no influence of total set size in either humans or mosqui-

tofish (i.e. 4 versus 8 and 100 versus 200 items were

discriminated with a similar accuracy).

As stated in section 3d, humans and fish also seem to

share a cognitive system for making decisions about quan-

tities. When required to discriminate between 5 and 10

objects, both species showed that they favoured the use of a

relational rule, such as ‘select the larger group’ instead of

using an absolute numerosity rule, such as ‘select the group

containing 10 items’ [58].

One intrinsic problem with inter-specific comparisons of

cognitive capabilities is that experimental paradigms are

often necessarily different, especially when dealing with

distant-related species. For instance, even though the use of

training procedures in fish permits the employment of the

same visual arrays adopted in primates, the comparison

remains problematic. Small differences in procedure can

greatly affect the performance in a numerical task, even

within the same species [93]; hence, methodological variability

must be taken into account in comparative studies. Even when

animals are tested in identical conditions, other concurrent fac-

tors intrinsically related to the tested species may prevent a

reliable comparison. Comparing monkeys and dogs in a com-

puter task with visual stimuli, for example, may be affected by

the fact that dogs are typically less reliant on vision than pri-

mates. Interspecific differences in personality and motivation

can also be critical factors when comparing different species

in the same task. For example, the different metabolic require-

ments of warm- and cold-blooded vertebrates could have

significant effects on motivation and, therefore, affect perform-

ance in both food quantity discrimination tests and training

experiments that use food as a reward. These problems can

be, to some extent, overcome using multiple tests for assessing

the cognitive abilities of the species that are being compared

[94,95]. Notwithstanding the inherent limits of interspecific

comparison highlighted above, studies comparing humans

and fish suggest that similarities are greater than differences,

indirectly supporting the ‘common ancestor’ hypothesis.

Before accepting this hypothesis, however, further investi-

gation will be necessary. For example, as mentioned above,

most fish studies involved the same type of task—discrimination

between two simultaneously visible quantities of objects—and it

is necessary to test fish with different paradigms. Even if future

studies will confirm similar performances between humans

and fish in numerical tasks, the possibility exists that such simi-

larities reflect convergent evolution. To date, besides vertebrates,

numerical abilities have also been reported in some arthropods,

such as honeybees and spiders (for a review, see [96]). It appears
unlikely that vertebrates and arthropods inherited numerical

abilities from a common ancestor. The common ancestors of ver-

tebrates and arthropods were organisms with a very simple

nervous system, no visual system and poor locomotion,

so they were unlikely to be able to display any rudimental

numerical ability [97].

Although teleosts and land vertebrates derive from a primi-

tive fish that might already have had some proto-numerical

abilities, this does not automatically mean that their actual cog-

nitive abilities resulted from their common ancestor. There are

several examples of behavioural and cognitive traits that

appeared several times independently in the course of evol-

ution. Mirror self-recognition appeared independently at least

3–4 times in vertebrates [98] and parental care independently

emerged more than 20 times among fish [99].

The divergence between the modern ray-finned fishes (to

which teleosts belong) and land vertebrates dates back approxi-

mately 450 million years. After the separation, a major

evolutionary event occurred in the line leading to modern

fish, a whole-genome duplication that coincided with the vast

radiation of modern teleosts. Gene duplication is recognized

as a major force in evolution because the duplicated copy,

released from its original function, can give origin to a new

function. The duplication of the entire genome offered to teleost

fish an enormous evolutionary and adaptive potential early in

their evolutionary history. Recent analysis found that, in

modern fish, the retention rate of genes implicated in cognitive

processes is much higher than the average retention rate of the

rest of the genome, suggesting that ‘cognition genes’ have been

the target of selection early in the history of fish and that new

cognitive abilities may have played a role in the evolutionary

success of this group [100]. It is worth noting that the limited

data available on amphibians and reptiles suggest that, on

average, they have less sophisticated numerical abilities than

teleosts [5,101,102], another hint that perhaps the numerical

abilities we observe today in fish were not present in the

common ancestors and may have evolved, in large part,

independently in teleosts and in land vertebrates.
(ii) Evolutionary explanations of interspecific differences in
numerical abilities

Is a large brain a prerequisite for sophisticated numerical abil-

ities? In some cognitive domains, phylogenetic analyses show

a clear positive correlation between brain size and cognitive

skills [103,104]. A trend of this type also appears to exist for

numerical abilities, in terms of both numerical acuity and

numerical functions. However, the relation between brain

size and numerical abilities is far from being as regular as it

appears for other cognitive abilities and many small-brained

species often appear to be better at solving numerical tasks

than species with larger brains [105]. Too few data points

are currently available to perform a phylogenetic analysis

on numerical ability. Furthermore, there are no studies in

which the same test was applied to different species, as was

done in the two examples cited above [103,104]. Currently, no

firm conclusion can be reached in the relationship between

brain size and numerical abilities.

A second question is to what extent ecological conditions

are important in the evolution of cognitive abilities. In other

words, we may ask whether the specific ecological demands

of the environment in which a species evolved can promote

interspecific diversification in numerical abilities. For example,
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animals that live in large social communities may be selected

for enhanced cognitive abilities, including numerical cognition,

compared with species that are solitary and encounter conspe-

cifics just one or two times in their lives [106]. Similarly, species

exhibiting complex parental care might benefit from higher

cognitive abilities than species in which parental care is

absent. Testing these hypotheses requires contrasting several

social versus solitary species and species with and without par-

ental care. This is a particularly interesting question that cannot

be properly addressed in warm-blooded species such as

mammals and birds, which all have parental care.

A third question is whether there are different numerical

systems for different functions. Many authors seem to implicitly

assume that both human and non-human species are endowed

with a single (or two at the most; see below) multipurpose

numerical system that is used across different functions. This

system would, therefore, function for estimating numbers

of conspecifics, potential mates, rivals, prey, predators, land-

marks, etc. However, there are examples indicating that

within the same species, selection can promote specialized cog-

nitive mechanisms for different functions. The most striking

cases are related to memory and learning. For example, food-

storing birds can remember several thousands of different

spatial locations in which they have hidden food in the previous

months, but in other tasks their memory abilities are similar to

those of non-food-storing birds [107]. As we discussed above,

data from the few species that have been tested in multiple con-

texts, such as the guppy [55,93], suggest substantial differences

in numerical performances across different contexts.

A related question is whether there are distinct numerical

systems operating over different portion of the numerical

range. Humans are supposed to have two distinct systems

of non-symbolic numerical representation, one for small

numbers (typically � 4) and one for larger numbers. Small

numbers would be processed by an object tracking system

(OTS), which is used for representing and tracking individual

objects; large numbers would be instead processed by an

approximate number system (ANS). Other authors argue

that it is not necessary to invoke two numerical systems

and that ANS suffices to account for discrimination in the

whole numerical range [108,109]. According to a third

view, the ANS can operate in the whole numerical range

and the activation of OTS or ANS with small numbers is con-

text-dependent, according to, for example, task demands (for

a review of these views, see [110]). At present, most evidence

supports the existence in fish of two distinct numerical sys-

tems [111–113], although results supporting a single ANS

system over the whole numerical range have been reported

[71]. This inconsistency might be due to a context-dependent

activation of different systems, as hypothesized in humans.

Future studies are necessary to test this hypothesis and to
determine which factors favour OTS or ANS activation in

fish.
5. Conclusion
In the last 10 years, the numerical capabilities of fish (particu-

larly some species) have been the subject of intense scientific

investigation. However, what clearly emerges from this

review is that, despite this effort, we still know little about

many important aspects of numerical capabilities in compari-

son with other vertebrates. There are various explanations for

this knowledge gap. For many species of mammals and birds,

sophisticated behavioural-testing methods and experimental

paradigms, such as Skinner boxes, had been already developed

many years before research on numerical cognition com-

menced. These methods could not be readily employed in

experiments with fish and had to be adapted to their specific

requirements. Only now have these methods begun to be devel-

oped, in many cases with the purpose of studying number

sense [30,114].

A second reason is that fish live in water, which makes it

more complicated to perform certain types of behavioural

tests or to take advantage of technologies originally developed

for human use. For example, nowadays much of the research

on cognitive capabilities in mammals and birds is based on

touchscreen technology. However, the development of a

touchscreen that works efficiently underwater is still in the

early stages. Even simple experimental paradigms based on

food rewards require specific designs to accommodate an

aquatic environment.

A third reason is that, on average, we have much better

knowledge of the behaviour and the ecology of mammals

and birds in comparison with fish. Some of these species

are also subject to long-term field studies. Logistically, in

these species it is easier to investigate number sense (or at

least some aspects of it) directly in their natural environment.

Long-term field studies on fish have only recently started,

and species such as the guppy, which is also intensely

studied in its natural habitat, are still rare examples.

These gaps will certainly be filled very quickly, providing

an opportunity to take full advantage of the benefits offered

by the use of fish in numerical cognition research.
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