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ARTICLE INFO ABSTRACT

Keywords: The increasing use of zebrafish (Danio rerio) as a model for studying the neural bases of nu-
Quantity merical/quantity abilities pushes toward the development of fast and reliable behavioral tasks for
Numerousness

this species. Here, we investigated the spontaneous use of proto-arithmetic in quantity discrim-
ination in zebrafish taking advantage of their shoaling behavior. Male fish underwent preference
choice tests in which sets of live female conspecifics sequentially disappeared one by one behind
one of two opaque identical panels. Fish spontaneously approached the panel occluding the larger
set in a “1 vs. 2” comparison, but failed at “2 vs. 3” and “2 vs. 4”. Limited to an overall amount of
three elements in the two groups, zebrafish appeared to be able to deal with additions and
subtractions, also suggesting the implicit understanding of an “empty set” (zero) concept. The
velocity and the sequential/simultaneous presentation of the stimuli affected the spontaneous
preference towards the group with the largest quantity.

Number sense
Arithmetic
Zebrafish

1. Introduction

The ability to estimate and discriminate the number of objects in a scene is widespread in the animal kingdom. Such a sense of
number [1] is fundamental for humans and other animals to successfully face ecological needs such as food intake, sociality, and
reproduction (for a review see Refs. [2-5]). The non-symbolic ability to estimate the number of elements in a set seems to be supported
by an "Approximate Number System (ANS)", which is based on a numerical ratio dependence, thus obeying Weber’s law: as the nu-
merical ratio increases it gets more difficult to discriminate the numerosity of two sets [6,7]. Besides the ANS, evidence suggests that
small numerosities (<4) might be precisely tracked and processed in parallel by the so-called “Object File System (OFS)" [8,9].

Simple numerical abilities involve recognizing and comparing quantities (e.g., determining which set is larger) without performing
operations, mainly relying on the approximate number system (ANS). In contrast, proto-arithmetical abilities go further by incor-
porating basic arithmetic operations like addition and subtraction engaging intricate cognitive processes, as it requires dual-levels of
information processing. The initial level involves the representation of numerical attributes, while the subsequent level entails the
mental manipulation of these representations in working memory [10]. The ability to perform proto-arithmetic encompasses basic
cognitive skills related to numerical processing, while proper arithmetical cognition involves understanding the discrete, infinite
nature of natural numbers and progressing toward formal arithmetic, including theorem-proving about all natural numbers [11]. In
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infants, a pioneering study on the development of basic arithmetic skills was performed by Karen Wynn (1992) [12] with 5-month-old
children, who observed the ability to make arithmetic operations of objects (i.e., puppets hiding behind an opaque screen) involving
basic arithmetic operation (e.g., 1 + 1; 2 + 1; 2-1). Similar results have been obtained when both visual and auditory stimuli (e.g., 1
object 4+ 1 sound = 2 objects, or 1 object + 2 sounds = 3 objects) were used, suggesting that infants show some abstract reasoning
abilities. The evidence gathered also shows that the absence of language does not impair the ability to perform basic numerical cal-
culations (meta-analysis by Christodoulou and Moore (2017) [13]); this is further confirmed by evidence in non-human animals.

An ability to manipulate numerical quantities to solve arithmetic operations has been documented in non-human primates [14-16],
birds [17,18], spiders [19], dogs [20], bees [10], and fish [21]. Non-humans usually are tested in a sequential presentation of attractive
objects (e.g., food or social stimuli) with spontaneous choice motivated by reaching/rejoining the largest quantity. Such arithmetical
abilities might be present already at birth: 3-day-old chicks (Gallus gallus domesticus) can choose the larger group of imprinting objects
after seeing individual objects disappearing behind one of two panels, with two different sets forming and including addition and
subtraction of elements [18].

Bees and some fish (cichlid fish species Pseudotropheus zebra, Boulenger, 1899; freshwater rays Potamotrygon motoro, Miiller &
Henle, 1841) can be trained to use color as context-dependent information for addition and subtraction tasks [10,21]. In these studies,
animals were trained in two-alternative forced-choice in a delayed matching-to-sample procedure. Subjects were required to execute
either an addition or subtraction operation, based on the presentation of visual stimuli depicting a group of elements in two distinct
colors (i.e., blue or yellow), with the color signaling which specific arithmetic operation to be performed.

Despite the abovementioned evidence in cichlids and stingrays, the knowledge gathered so far regarding the ability to operate
arithmetical operations in fish species is quite limited. In particular, no evidence has been collected so far for the model species that
offers the best opportunity to study the neural and genetic origins of such abilities, namely the zebrafish (Danio rerio, Hamilton, 1822;
review by Messina et al. (2022) [5]). Zebrafish offer important advantages: their brain architecture is largely homologous to that of
mammals and their genome has been completely sequenced [22].

The present study aims to expand comparative research on numerical abilities in zebrafish by exploring the presence of elementary
arithmetic using a spontaneous choice paradigm. This does not involve any form of learning and it is made possible in zebrafish by
exploiting their natural gregarious behavior shoaling [23]. In their natural habitat, zebrafish exhibit shoaling behavior, forming social
groups known as "shoals," which offer several adaptive benefits. Shoaling enhances foraging efficiency and predator avoidance by
increasing vigilance within the group, allowing for more effective predator detection and providing a higher likelihood of escape
during attacks, a phenomenon referred to as the dilution effect (see review in Ref. [24]). Shoaling behavior can be shaped by factors
like vegetation, water flow, temperature, age, location, shoal size, predation, early life experiences, and food availability [25-29].
Regarding the development of shoaling behavior in zebrafish, observable shoaling responses typically appear around 14-15 days
post-fertilization, while social preferences can start as early as 6-8 days [30,31]. Early experiences are crucial, as fish raised in isolation
show reduced social preferences in adulthood [29,32]. Previous studies, such as those of Potrich and colleagues (2015) [33] and
Seguin and Gerlai (2017) [34], have shown that zebrafish spontaneously approach the larger numerical of two simultaneous groups of
conspecifics, provided that the numerical ratio between the two groups does not exceed 0.67 (i.e., 2 vs. 3, 4 vs. 6).

In our study, we tested zebrafish motivation to join the larger group of live female conspecifics (not directly visible at the moment of
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Fig. 1. (a) Schematic representation of the experiment in the 1 vs. 2 condition with fish hidden at the time of choice: a conspecific is hidden behind
the left opaque panel; a second fish, moving along the same trajectory is placed behind the left panel; a third conspecific is placed behind the right
panel; all fish are in the final position, before releasing the experimental fish. Left-right sides and groups’ orders of presentation were counter-
balanced across trials. (b) Percentage of choice for the larger set (mean =+ standard error of the mean [SEM]). Colored dots represent the individual
performance of each fish.
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the choice) after watching and keeping track of sequential presentations of single fish (each fish stimulus confined into a transparent
box) hiding behind opaque panels and forming two different numerical groups. This task allows us to observe whether zebrafish can
represent numerical quantities and apply mental operations such as addition and subtraction retaining their outcomes in working
memory.

2. Results section
2.1. Experiment 1: Hidden conspecifics

The first experiment investigated whether zebrafish were capable of approaching the larger of two groups of conspecifics that were
presented sequentially, one at a time, and hidden behind two opaque panels, making them no longer visible at the time of the
experimental subject’s choice. The test subject (a male individual) was confined within a transparent cylinder placed in the center of a
rectangular tank, from where it could observe the sequential presentation of 3 social stimuli (individually placed inside small
transparent boxes) one at a time as follows: two conspecifics (1 + 1) were hidden behind one panel, and one behind the opposite panel
(see Fig. 1a). The speed of each individual’s movement was kept constant. Then the approach of the test fish towards one of the two
opaque panels was recorded (see Methods section for details).

2.1.1. Results and discussion

Choices were analyzed using a “generalized linear mixed model” (GLMM, see Methods section), employing a binomial distribution
with the response towards the larger/smaller group as the dependent variable. The last movement (whether the last stimulus
movement belonged to the larger or smaller group) was treated as a fixed effect, and subjects (FishID) as a random effect. The analyses
of random effects did not show any influence on the statistical model (random intercept variance of the best fit: 1.14 x 1072, and no
significant difference related to the order of stimulus movement (fixed effect) was found. This suggests adopting the simpler model,
which takes into account only choices towards the larger/smaller group. The final estimate of the best model (logarithmic odds ratio)
was 0.2355 + 0.126. The binomial test indicated a success probability of 55.9 %, p = 0.07 (95 % confidence intervals = 49.54-62.04),
suggesting a non-significant difference compared to the control case (Fig. 1b).

The results of this initial experiment suggested that zebrafish failed to choose the larger group in the 1 vs. 2 comparison. Never-
theless, a tendency to approach the set composed of more females was apparent, albeit not significant. This outcome may be open to
different explanations. First, animals might fail in the task of adding individual conspecifics (1 4+ 1 vs. 1) because monitoring and
adding elements could be too challenging and demanding. A second possibility, however, could be related to the lack of motivation to
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Fig. 2. (a) Schematic representation of the conspecifics’ positioning in the tested condition with the last conspecifics visible (from left to right: 1 vs.

2, 2vs. 3, and 2 vs. 4 comparisons). (b) Percentage of choice for the larger set (mean + standard error of the mean [SEM]). Colored dots represent
the individual performance of each fish. Significant departures from chance level (50 %) are shown by asterisks (*p < 0.05, **p < 0.01).
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approach one of the two groups at the time of choice, as no fish were actually visible. All previous studies with fish involving numerical
discrimination of groups of conspecifics were conducted with at least some conspecifics visible at the time of choice [33,35,36]. In the
absence of visual stimulation at the time of choice, animals may show no motivation to reach one or the other of the two groups. Thus,
in a second experiment, the procedure was modified by ending the last movement of each of the two groups near the occluding panel
without hiding, thus leaving one stimulus visible to the experimental fish at the time of choice.

2.2. Experiment 2: Conspecifics partially visible

This experiment was conducted to understand whether, through a variation of the procedure used in Experiment 1, zebrafish
showed an attraction towards the group with a greater number of conspecifics. The modification applied in this experiment consisted
of hiding all the conspecifics behind the panels except the last one. In detail, the last stimulus for each group (either larger or smaller),
once the movement trajectory was completed, was positioned near the opaque panel, without however any hiding, thus remaining
fully visible to the experimental fish confined in the cylinder. In this way, at the moment of choice, the experimental subject could see
one conspecific from both sides (Fig. 2a).

Three numerical comparisons were tested: “1vs. 2” (1 vs.1+1),“2vs. 3" (1 +1vs.1+1+1)and“2vs. 4”7 (1 +1vs.1+1+1+1).

2.2.1. Results and discussion

A generalized linear mixed model (GLMM) was applied using a binomial distribution with the response towards the larger/smaller
group as a dependent variable, the test type (1 vs. 2, 2 vs. 3, and 2 vs. 4), and the last movement (performed by the major or minor
group) as fixed effects, while the subjects (FishID) as a random effect. The statistical analysis highlighted a significant difference
associated with the effect of the type of Test (X2 (2, N=48) = 6.5, p=0.039), but not with the last movement or its interaction with the
type of Test. Post-hoc analyses highlighted a significant difference between the “1 vs. 2 — 2 vs. 3” conditions (Z = 2.531, p = 0.0305),
but not between the “2vs. 3—-2vs. 4” (Z=—1.061, p = 0.5384) and between “1 vs. 2 - 2vs. 4” (Z = 1.495, p = 0.2931). The distributions
of the animals’ choices were therefore considered and analyzed via binomial tests separately, depending on the discrimination per-
formed (Fig. 2b). The binomial tests highlighted a significant difference compared to chance in the 1 vs. 2 condition (probability of
success: 60.17 %, p = 0.0019, 95 % confidence intervals = 53.68-66.35), but not in the 2 vs. 3 condition (probability of success: 48.83
%, p=0.7547, 95 % confidence intervals: 42.6-55.1) and 2 vs. 4 (probability of success: 53.52 %, p = 0.288, 95 % confidence intervals:
47.2-59.8).

When exposed to groups of conspecifics where the last stimulus remained visible to the test subject, zebrafish showed a preference
for the larger numerical group in the “1 + 1 vs. 1” comparison, but not when exposed tothe 2vs.3(1 +1vs.1+1+1)and2vs. 4 (1 +1
vs. 1 + 1 + 1 + 1) conditions. The inability to choose the larger group in the 2 vs. 3 comparison compared to the success in
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Fig. 3. (a) Schematic representation of conspecific positioning in condition 1 vs. 2 in Experiment 3a. After being positioned one at a time with
constant speed, one fish on each side of the apparatus becomes visible again. This presentation includes both addition and subtraction of elements.
(b) Percentage of choice for the larger set (mean =+ standard error of the mean [SEM]). Colored dots represent the individual performance of each
fish. Significant departures from chance level (50 %) are shown by asterisks (**p < 0.01).
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discriminating between 1 vs. 2 could be due to the unfavorable numerical ratio (respectively, 0.67 and 0.5). However, fish also fail in
the comparison between 2 vs. 4 conspecifics, despite the numerical ratio being identical to the 1 vs. 2 condition (0.5). A possible
explanation could concern the growing cognitive load, which requires paying attention to a large number of elements presented
individually and for a total amount of time that is probably too long. In the 1 vs. 2 discrimination, in fact, the overall time elapsed
between the entry into the apparatus of the first conspecific and the release of the experimental fish was equal to approximately 40
seconds, while it could extend up to 1 minute in the case of the 2 vs. 4 comparison. However, it should be noted that, although not
significant, the trend in the 2 vs. 4 condition was in the direction of the larger group, which was not observed for the 2 vs. 3
discrimination.

The results obtained in this second experiment thus confirmed the importance of leaving stimuli visible at the moment of choice to
guarantee motivation and guide the experimental subject’s attention towards conspecifics. However, an interpretative limit that can be
found in these results concerns the actual use of a proto-arithmetic in the 1 vs. 2 discrimination. In this condition, a conspecific is
hidden behind the opaque barrier leaving the two remaining stimuli visible, one on each side. The animal could therefore join the
larger group using only a concept of object permanence, knowing that "something" was hidden behind only one of the two panels
(which coincides with the location of the larger group). This does not allow us to state that fish based their judgment on the numerical
addition of quantities. The aim of the subsequent experiment was to evaluate whether the discriminative success in the 1 vs. 2 condition
was actually attributable to arithmetic competence or not.

2.3. Experiment 3a: Addition and subtraction of conspecifics

This experiment tested whether the discriminative ability in the 1 vs. 2 condition (Experiment 2) was actually attributable to a
proto-arithmetic ability rather than to a simpler object permanence of the stimulus hidden behind the panel. To do so, the 1 vs. 2
condition was carried out initially by hiding all the stimuli behind the opaque barriers (as in Experiment 1) and, before releasing the
experimental animal, one conspecific from each hidden group was made visible again (ensuring a motivation in the subject’s response,
as shown in Experiment 2; see Fig. 3a).

2.3.1. Results and discussion

The GLMM analyses of the random effects did not show any influence on the statistical model (random intercept variance of the best
fit equal to zero) and the order of movement of the stimuli (larger/smaller group moves as last), suggesting adopting the most suitable
model that only considers the choices towards the major/minor group. The final best model estimate (logarithmic odds ratio) was
0.3957 + 0.1275. The binomial test showed a probability of success equal to 59.8 %, p = 0.00213 (95 % confidence intervals:
53.48-65.82), indicating a strong significant difference compared to chance towards the group with larger numbers (Fig. 3b).

The results obtained confirm that zebrafish can identify the largest group in the "1 vs. 1 + 1 = 2" condition, even if the stimuli were
initially hidden behind the panel and then become partially visible again (one stimulus per group). The success of zebrafish in this
condition is important, not only because it shows that the 1 vs. 2 discrimination is actually based on the ability to add single elements,
but because it might suggest that fish can also manipulate subtractions in such a way of representing a concept of "empty” or “zero” set.
Indeed, after observing "1 + 1” vs. "1” elements disappearing behind the panels, the reappearance of a conspecific from each screen
would lead the zebrafish to elaborate that only behind one panel there is a conspecific left (i.e., the major group: 2 - 1 = 1; the minor
group: 1-1 = 0). This hypothesis, however, remains to be validated. An alternative explanation could be that in the choice of the largest
group, the animals did not consider how many fish actually remained behind the panel after the addition and subtraction of stimuli,
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Fig. 4. (a) Schematic representation of conspecific positioning in the condition 1 vs. 1. Two conspecifics are hidden behind one of the two screens;
then, a fish becomes visible again and is moved to the opposite screen. Finally, both fish are simultaneously moved becoming visible to the test
subject. (b) Percentage of choice for the initially larger set (mean + standard error of the mean [SEM]). Colored dots represent the individual
performance of each fish.
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being instead based their choice on the number of “path movements” made during the presentation of the stimuli (i.e., 2 movements for
the larger group and only one for the smaller group). In order to evaluate which strategy was used by zebrafish, a control condition was
carried out trying to create a conflict between the number of movements of conspecifics and the number of animals hidden behind the
panels.

2.4. Experiment 3b: Control condition 1 vs. 1

This experiment represented a control of the Experiment 3 in order to evaluate whether zebrafish discrimination 1 vs. 2 involving
additions and subtractions was based on the number of animals hidden behind the two panels instead of the number of path move-
ments presented (ignoring what is actually behind the screens). The control condition steps were as follows: two sequential conspe-
cifics were hidden behind one screen (creating a "1 + 1 = 2" scenario on one side), while on the other side, nothing happened; then,
from the hidden group, a conspecific became visible again and was moved, retracing the initial path backward, behind the opaque
screen on the opposite side (thus creating the scenario “2 - 1 = 1” vs. “1”, both not visible); finally, the stimuli were simultaneously
made visible on both sides of the apparatus, effectively leaving two panels without hidden conspecifics (see Fig. 4a) and a discrimi-
nation condition 1 vs. 1.

From this condition three different outcomes could be predicted: 1) If the fish’s choice was based only on the number of episodes
(number of presented movements) that occur on each of the two sides of the tank, then we should expect a preference for choosing the
side on which the movements of the initial conspecifics take place; 2) if fish paid attention to what remained behind both screens, then
they would have to choose the two sides randomly, given that on both sides there is the same number of conspecifics; 3) in the event
that the final movement of the last animal from one screen to the other was particularly attractive for the experimental subject, we
should predict an approach preference towards the side where the last movement has occurred.

2.4.1. Results and discussion

The GLMM did not show any interaction (random intercept variance of the best fit: 4 x 1014, The final best model estimate
(logarithmic odds ratio) was 0.3125 + 0.125. The binomial test showed a random choice towards the two groups, with a probability of
success equal to 50.8 %, p = 0.85 (95 % confidence intervals: 44.5-57.1) (Fig. 4b). To compare this control condition with the 1 vs. 2
condition in Experiment 3a, a novel model was created considering the two test conditions as a fixed effect. Results highlighted a
significant relative difference between the tests (y2(1, N = 32) = 4.19, p = 0.041). Post-hoc analyses highlighted a significant dif-
ference between the 1 vs. 1 control condition and the 1 vs. 2 condition (Z = —2.041, p = 0.041).

The outcome from this control condition shows that zebrafish have no preference for either group, suggesting that fish did not base
their choice on the amount of movement observed on one side versus the other, but rather on the actual number of conspecifics present
in the scene and hidden behind the screens. This hypothesis is supported by a significant difference between the present control
condition and the previous 1 vs. 2 discriminative condition where (with the same number of movements and presentation of the
stimuli) fish show a significant preference for the larger group. Overall, the results show not only that fish use proto-arithmetic on
numerical quantities but also suggest a possible rudimentary knowledge of “empty or zero” set and subtraction (see also General
Discussion section).

2.5. Experiment 4: Non-numerical variables control: total exposure time of individual conspecifics

This experiment includes a series of control conditions aiming at checking whether the preference for the larger group observed in
the previous experiments could be influenced by the different amounts of time spent in moving the different groups of social stimuli.
Since in all the previous experiments the motion of the conspecifics occurred at the same speed, we consequently had a greater total
presentation time near the group with the largest numerosity. In this experiment, two experimental conditions were carried out, with
the aim of controlling the overall time of moving the stimuli: in the first control experiment, the overall times presentation was
balanced by moving the elements of the two groups with different speeds; in the second control experiment, the total number of
movements was equalized by moving the conspecifics of the larger group in pairs (i.e., for each single movement of the minor group,
two elements were moved simultaneously in the major group).

2.5.1. Experiment 4a: Time equalized by changing conspecifics velocity

Conditions and procedures were the same as in Experiment 2 (i.e., 1 vs. 2, 2 vs. 3, and 2 vs. 4), with the only difference of balancing
the total movement time overall. The social stimuli, which were part of the smaller group, moved slower than those of the larger group.
In this way, the sum of the individual time displacements for the major and minor groups was balanced. Since the movement was
manually performed by the experimenter, a statistical analysis was conducted for each fish to ensure that any minimal differences

16 16
. time_bigger— time_smaller.
between the movement times of the two groups (At = 2 1621

chance level (p > 0.05).

) among all the session trials did not differ from

2.5.1.1. Results and discussion. The GLMM analyses of the random effects (Fish ID) showed that they did not influence the statistical
model (random intercept variance of the best fit: 4 x 104, just as no significant difference was found relating to the type of Test, the
order of movement of the stimuli and the interactions between the two factors, suggesting adopting the simplest model which takes
into consideration only the choices towards the larger/smaller group, collapsing the test conditions together. The final best model
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estimate (logarithmic odds ratio) was 0.2038 + 0.073. The binomial test, considering all test conditions together, showed a probability
of success equal to 55.1 %, p = 0.005 (95 % confidence intervals: 49.54-62.04), indicating an overall significant difference compared
to the chance level (Fig. 5).

When the overall stimuli movement’ time was balanced between the two groups (i.e., slowing down the speed of the group with the
smaller number of conspecifics), zebrafish showed a general preference for the larger group, independently from the numerical
condition (no difference between the 1 vs. 2, 2 vs. 3 and 2 vs. 4 conditions). This does not match with what was obtained in Experiment
2, where fish showed a spontaneous preference for the larger group only in the “1 vs. 2” condition and not in “2 vs. 3 and 2 vs. 4. This
might suggest that the conspecifics movement’ speed might turn out to be a strong attractive component that could even overcome the
numerical information. However, given that the fastest movements always occur in the largest group, this might be tricky in the
interpretation of what zebrafish are paying attention to (number or velocity). To better understand the role of numerical information
and conspecifics’ velocity, it became necessary to run a further control condition aimed at creating a conflict between the two in-
formation, namely a decrease of speed occurring for the conspecifics forming the larger numerical group in order to disentangle which
information did matter for zebrafish.

2.5.2. Experiment 4b: Quantity or velocity: what matters most?

The attempt to balance the overall conspecifics’ time exposure between the two groups revealed a side preference for the velocity in
zebrafish. To understand how much velocity actually matters, a specific control condition relative to the 1 vs. 2 comparison was
performed by proposing the opposite situation as done in Experiment 4a: the group in the smaller numerical group was moved at
normal speed (movement duration: 9 seconds), while the larger numerical group was moved at half the speed. As a consequence, we
end up with a conflict between numerical information and velocity (i.e., the smaller group is faster than the larger group). A missing
preference for the larger group “1 + 1 would confirm a strong bias towards the velocity. This control was limited to the 1 vs. 2
comparison, given that the other higher numerical comparisons would have required a too-long overall presentation time.

2.5.2.1. Results and discussion. The GLMM did not show any interaction and the final best model estimate (logarithmic odds ratio) was
—0.1566 £ 0.1254. The binomial test showed a random choice towards the larger/smaller group, with a probability of success equal to
46.09 %, p = 0.235 (95 % confidence intervals: 39.87-52.41; Fig. 6).

This result showed that velocity attracted the attention and motivation to approach conspecifics with fast motility, probably due to
the detriment of the effective attention towards the numerousness of the compared groups. However, the 1 vs. 2 condition does not
differ from the chance level, suggesting that numerical information is not ignored.

Taken together, these series of control conditions show that, in a social context, the velocity of movement is an attracting factor that
can distract zebrafish from the spontaneous use of quantity information. When the two pieces of information (i.e., magnitude and
velocity) correlate positively, fish show increased general performance. Conversely, when magnitude nd velocity do not correlate, fish
perform at a chance level, meaning that they are influenced by both aspects. Summing up, from these experiments and particularly this
last one, we can exclude that the overall exposure time is an important factor for zebrafish when performing a general spontaneous
quantity discrimination of social companions. Even if the largest group’ movement employed more time, there was no preference
towards it, namely the correlation between number and overall time exposure did not matter in fish’ choice.

2.5.3. Experiment 4c: Balance of the number of movements by presenting conspecifics of the larger group in pairs

This second control experiment was done to control whether zebrafish maintained a preference towards the larger group even when
the number of presentations (i.e., the actual number of movements required to move the stimuli) was equalized. In order to do so,
female conspecifics from the larger stimulus set were moved within the apparatus in pairs. In this way, the amount of movement
performed by the experimenter was controlled and equalized in the two groups (Fig. 7a). Two control condition were performed here:
1vs. 2 and 2vs. 4.
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Fig. 5. Percentage of choice for the larger set (mean =+ standard error of the mean [SEM]) in each discrimination condition (1 vs. 2, 2 vs. 3 and 2 vs.
4). Colored dots represent the individual performance of each fish. Significant departures from chance level (50 %) are shown by asterisks (**p
< 0.01).
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Fig. 6. Percentage of choice for the larger set (mean + standard error of the mean [SEM]). Colored dots represent the individual performance of
each fish.

2.5.3.1. Results and discussion. No significant difference was found related to the type of Test, the order of movement of the stimuli,
and the interactions between the two factors, suggesting adopting the simplest model, which takes into consideration only the choices
towards the major/minor group, collapsing the test conditions together. The analysis of random effects showed a higher value (random
intercept variance of the best fit: 0.035 + 0.19) compared to all previous experimental conditions, suggesting that some animals may
have different behavior compared to the other subjects in the sample (as can be seen from the distribution of points in the graphs in
Fig. 7b). The binomial test showed no difference from chance (probability of success = 50.78 %, p = 0.76 (95 % confidence intervals:
46.36-55.19), confirming that zebrafish show no preference for one of the groups of conspecifics.

From the second control experiment, it has been clarified that in order to be able to observe an effective discriminative ability in
zebrafish it is mandatory to have a single different number of movements/episodes. Indeed, when the total number of movements was
equalized by moving the conspecifics of the larger group in pairs, fish showed a clear decline in performance, choosing randomly
between the two groups. However, it is important to note that in both discriminative conditions (1 vs. 2 and 2 vs. 4) there are some
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Fig. 7. (a) Schematic representation of the sequence of movements for pairwise positioning in the discrimination between 1 and 2 conspecifics.
Conspecifics forming the larger and smaller groups were respectively moved in pairs and individually. (b) Percentage of choice for the larger set
(mean + standard error of the mean [SEM]). Colored dots represent the individual performance of each fish.
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animals with a clear preference for the smaller group; this tendency was not found in previous experiments and could lead to the
hypothesis that pairwise movement could lead in some subjects an avoidance behavior.

3. Conclusions

This study explored zebrafish’s use of proto-arithmetic in quantity discrimination by leveraging their shoaling behavior. Male
zebrafish’s ability to distinguish between groups of female conspecifics was observed, with varying numbers presented sequentially
and hidden behind opaque panels. In the first experiment, zebrafish failed to reliably choose the larger group in a “1 vs. 2” comparison,
possibly due to a lack of visual cues. A second experiment modified the procedure by leaving one stimulus visible for each group, which
led to success in the "1 vs. 2" comparison but not in “2 vs. 3” or “2 vs. 4.” This suggested that cognitive load and elapsed time between
presentations might affect performance.

The third experiment confirmed that zebrafish could manage not only quantity addition but also subtraction in the “1 vs. 2~
comparison and may have some understanding of the "empty set" or zero concept. A control experiment ruled out the possibility that
the fish were simply tracking movement paths rather than actual group sizes. The fourth experiment adjusted for total presentation
time by varying the speed of stimulus movement, revealing that faster-moving stimuli could override numerical information, with fish
showing a general preference for velocity. However, when the number of movements was equalized, zebrafish performed at random,
indicating that both numerical quantity and movement speed influence their choices.

The study suggests zebrafish might grasp rudimentary arithmetic concepts like addition, subtraction, and possibly the idea of zero
or empty set.

4. General discussion

This study contributed to a better understanding of the numerical abilities of animals in proto-arithmetic tasks using zebrafish as a
model. A primary result of our experiments is that zebrafish can distinguish between two groups of conspecifics with different nu-
merical quantities, presented one by one in sequence and hidden behind occluding panels. This is the first evidence in zebrafish of
proto-arithmetic abilities in a spontaneous choice paradigm and using biologically relevant stimuli. Schluessel and colleagues (2022)
[21] demonstrated that two other species of cichlid and cartilaginous fish (Pseudotropheus zebra and Potamotrygon motoro) can learn
numerical rules like "add 1” or "subtract 1" from a set of stimuli using extensive operant conditioning. It is important to note that in our
study, fish exhibited their behavior without any learning procedure. The ability shown was based on their spontaneous tendency to
aggregate in groups of conspecifics (shoaling behavior) and sexual competition.

In our study, the presentation of female conspecifics occurred one at a time, preventing the experimental male from having a
simultaneous global view of social stimuli. This allowed us to conclude that any preference for the larger of the two groups was dictated
by the ability to add individual events. Additionally, zebrafish’ choice implies a memory recall of hidden objects and their positions,
assessing not only discriminative quantity abilities but also working memory skills ranging from 9 to at least 40 s. Learning and
remembering spatial information are essential for individual survival [37].

The results of the first experiment suggested that zebrafish might not be able to discriminate the larger of two groups of conspecifics
sequentially presented and hidden behind opaque panels (not visible at the moment of choice) in the numerical condition "1 + 1 = 2 vs.
1". This could indicate a difficulty related to an overload of information for working memory. However, the results of the subsequent
experiments contradicted this hypothesis, suggesting a lack of motivation to approach one of the two groups due to the absence of any
visible conspecific at the moment of choice.

Results from Experiment 3 confirmed that the discriminative ability observed in the 1 vs. 2 condition was indeed attributable to
proto-arithmetic capacity. This experiment introduced not only the addition of conspecifics (1 + 1 vs. 1) completely hidden behind the
screens but also subtraction through the subsequent synchronized movement of two conspecifics (one per group), becoming visible to
the test animal. This ruled out the possibility that the observed ability referred solely to the representation of a single non-visible object
(an object permanence concept, which has been demonstrated in zebrafish by Sovrano and colleagues (2018) [38].

Moreover, Experiment 3 indicated that fish based their choice not so much on the quantity of movement of individuals observed
during the presentation but rather on the actual numerosity of conspecifics present in the scene. Even when there was a conflict
between the number of movements of conspecifics (greater on one side than the other) and the number of animals hidden behind the
panels, the fish showed no preference, suggesting reliance not on the number of events proposed but actual knowledge of what was
behind the panels. This leads us to hypothesize that zebrafish, through the ability to perform basic arithmetic operations (limited to "1
+1,""1-1,"and "2 - 1"), may also possess knowledge of the concept of an "empty set" or "zero".

The results obtained in this study suggest that zebrafish can spontaneously perform basic arithmetic operations, adding and
subtracting individual quantities of conspecifics, limited to a few elements (maximum 2 elements per group in the discriminative
condition 1 vs. 2). Zebrafish seem to have an actual numerical perception of elements hidden behind screens. However, to observe this
ability, it is essential to have a sequential presentation of individual elements at a constant speed (Experiment 4).

The discriminative failure observed in some numerical conditions might be stated due to some biases rather than the measured
variable [39]. Here, in each experiment, the stimuli presentation between the left-right sides of the apparatus was counterbalanced
using a semi-random sequence, as was the order of stimulus presentation. Moreover, in half of the trials, the larger quantity was
presented first, followed by the smaller quantity, and vice versa. This design ensures that any fish exhibiting a bias (such as a spon-
taneous preference for one side or a tendency to favor the first or last object presented) would perform at chance levels, preventing us
from mistakenly interpreting a preference for one of the numerical groups. Therefore, we can conclude that any spontaneous
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preference for one of the two numerical groups is solely due to the quantity or number of stimuli, rather than other biases.
Furthermore, since we observe a significant preference in some experimental conditions (specifically in the 1 vs. 2 range), we can rule
out the possibility that failures in other numerical conditions are due to biases affecting performance. Instead, these failures are likely
attributable to limitations in quantitative discrimination.

As for the underlying system for performing arithmetic operations, be it an "Approximate Number System (ANS)" or "Object File
System (OFS)", we do not have enough information to state which one they use. In this basic arithmetic, the representation of small
numerical attributes and the mental manipulation of these representations in working memory might suggest that a precise object-
tracking system is involved. However, this remains a hypothesis that needs to be validated, since we cannot exclude that an
approximate system might be engaged.

The results provided for the first time evidence concerning the spontaneous use of proto-arithmetic abilities in numerical quantities
in male zebrafish. In this study, the use of only males was preferred because of the strong attraction and competition among males for
females that increases the test fish focus towards the stimuli. Moreover, data available in the literature on discrimination between
different numerical groups of conspecifics is typically focused on males, giving us a baseline on the numerical ratios discriminated to
interpret our results. Females show similar preferences for larger shoals though differences between sexes may be present related to
boldness [40] and aggressive behavior [41]. The use of males in our study leaves open the possibility for future studies to investigate
potential sex differences in numerical performance.

The zebrafish is a widespread model in developmental biology and genetics and is one of the best available models for studying the
ontogenetic development of numerical cognition [42]. Thanks to the development of neurobiological techniques and the evidence
collected on the neural basis of number in this species (see Messina et al. (2022) [5]), our results may provide behavioral techniques
useful for studying the neural circuitry underpinning proto-arithmetic abilities in zebrafish.

5. Experimental model and subject details

A total of 192 adult male zebrafish were used for the spontaneous choice experiments involving 16 male fish for each condition as
test subjects. To determine the required number of experimental subjects for the study, we conducted an a priori power analysis using R
Software. Considering that each subject would participate in 16 binomial trials (a dichotomous choice between a larger group = 1 and
a smaller group = 0), we calculated the sample size for a z-test for proportion with continuity correction (two-tailed), a statistical
significance level (a) of 0.05, a power (1—f) of 0.80 and a Cohen’s h effect size of 0.5 (moderate), which showed a required sample size
of 16 subjects per experimental group. Female zebrafish were used as target stimuli. The fish’s total length was between 4 cm and 5 cm
for both males and females. Males and females were distinguished through morphological characteristics, double-checked by the
supplier and by expert laboratory personnel of the Animal House in order to guarantee high accuracy and safety.

Subjects were reared in an automated aquarium system (ZebTEC Benchtop, Tecniplast) specific for zebrafish housing, in 3.5L
plastic tanks in isolated sex groups of 10 individuals each. Before the experiment, fish were transferred in groups of 10-15 subjects in
40 L tanks, and kept separated in groups based on sex. Each tank was enriched with gravel and vegetation and each aquarium con-
tained a pump and filter system (Sera fil 60). Zebrafish were reared in standard conditions (26 °C, light/dark cycle of 14 h/10 h);
feeding was provided two times per day using dry food (GVGMix SERA).

6. Method details
6.1. Apparatus

The experimental apparatus consisted of a rectangular plastic tank (36x23 x 20 cm) with white walls. Near the shorter sides of the
tank, two white vertical Poliplak® panels (11x8.5 x 0.4 cm) were located. Each panel was placed 4.5 cm from the short side of the tank
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Fig. 8. (a) Photograph of the apparatus (b) Transparent box housing the female conspecific.
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and was perpendicularly and adjacent to the same long side of the apparatus. These panels had the function of hiding two sectors of the
apparatus, making it impossible to see behind them from the center (Fig. 8a). At the beginning of each trial, the test male was inserted
into a transparent plastic cylinder (6.5 cm in diameter and 14.5 cm in height, 250 ml in water volume) and placed in the center of the
apparatus in the neutral area. The cylinder was hooked to a pulley mechanism, through an invisible nylon thread. On the bottom of the
tank, two lines were drawn to delineate a central neutral area (7 x 23 cm) and two choice areas (14.5 x 23 cm). These lines permit to
have an objective assessment of the choices made by the subject during the test.

The water temperature was maintained at 26 °C and the water was purified by a pump and filter system. Water physicochemical
parameters were monitored and kept constant throughout all the experiments (pH = 8; Nitrite NOy < 0.2 mg/L; Ammonia NH3/NH4 <
0.1 mg/L Conductivity = 400-500 pS). The same conditions were maintained both for the test and housing tank. During the exper-
iment, the pump and filter system were removed and the water level in the experimental apparatus was kept at a height of 7.5 cm.

The test tank was in a darkened room, illuminated by a 60 W fluorescent lamp placed 80 cm above the tank. A webcam (Microsoft
LifeCam Studio) was placed next to the lamp, to record the experiment from above.

6.2. Target stimuli

Adult female zebrafish were used as social stimuli for the behavioral procedure (we randomly selected 2 to 6 females for each
session). Females were reared in a 40 L aquarium with gravel and vegetation.

The social stimuli were chosen since the attraction towards conspecifics is very strong and resistant to extinction. Furthermore, the
motivation to reach the larger group of conspecifics remains stable for long periods and after many trials [22]. Several fish species,
including zebrafish, show a typical gregarious behavior (shoaling) to receive protection from predators. Moreover, zebrafish females
are very attractive to male subjects [43].

Female conspecifics were individually placed in transparent plastic boxes (4.5x8.5 x 2 cm; water volume 67 ml), which were
equipped with a plexiglass handle (28 cm), that allowed them to move them easily without being seen by the experimental fish (see
Fig. 8b). In this way, it was possible to present single conspecifics one at a time and to follow a defined trajectory. Each box was closed
by a lid with a small opening, which allowed the flow of water, but prevented the animal from coming out. Each female was constantly
monitored during the experiment and immediately replaced in case it showed stress-related behaviour (i.e., freezing, erratic move-
ment, gasping, or rapid gill movement). Moreover, the water in each box was partially changed among trials maintaining an optimum
quality level.

6.3. Familiarization phase

Prior to testing, two male fish were inserted in the experimental setup for approximately 1 h. During this time, they were free to
move and feed to get familiar with the new environment. Subsequently, they were collected and placed in the aquarium from which
they were kept separated from the other conspecifics.

6.4. General procedure

Before starting the test, a single fish was placed in the apparatus for 10 min to acclimate and food was provided. The food served to
encourage shoaling behavior and to avoid competition between the animals. Thereafter, the female conspecifics used as attractive
stimuli were randomly selected, making sure they were the same size as the test fish, and gently inserted into the small plastic box.

At the beginning of each trial, the test male was confined in a transparent plastic cylinder in the center of the apparatus, for 2 min.
Subsequently, one female was introduced in the apparatus in front of the subject into the neutral area and was moved close to the
cylinder to capture the attention of the test fish (i.e., the test fish must orient itself towards the moving stimulus), and then moved
towards one of the two panels on the left or the right side. The same sequence was repeated one after another until all the female
conspecifics were placed in the experimental setup, forming two groups. The order of presentation and the presentation procedure
could undergo variations, depending on the experimental condition carried out, described in detail in each section.

Once all social stimuli were displaced, after 5 s the transparent cylinder was gently lifted from above. The fish was free to move and
approach one of the two groups of conspecifics in the two opposite sectors for 2 min. A choice was considered valid when the fish
entered with the entire body in one of the two areas identified by the black lines drawn on the floor. Once the trial was completed, the
experimental subject was again confined into the cylinder, the conspecifics were removed from the apparatus, and, after a latency of 2
min, the next trial began.

If the experimental subject showed signs of stress and fear (freezing behavior) at the beginning of the procedure, the fish was
excluded from the experiment and was replaced. Each animal performed a daily session of 16 consecutive trials. The position of the
larger group of females was changed among trials and balanced between the right and left sides of the tank, following a semi-random
sequence (e.g., dx-sx-dx-sx-dx-dx-sx-sx) [44]. In this way, the largest group of female conspecifics was equally placed on the right and
on the left during the 16 trials. Moreover, the order of entry of the two groups was also balanced in the session: in half of the trials, the
larger group was first presented, followed by the smaller; for the other half vice-versa.

Regarding the amount of time required for moving each stimulus, the standard movement time for each conspecific was 9 s, except
for the conditions in which the overall amount of exposure time between the two groups was balanced, thus requiring a different
presentation time, according to the ratio between the numerosities proposed (e.g., in the 1 vs. 2 comparisons in Experiment 4a, the
movements in the larger group required 9 + 9 s, while in the smaller group there was a single movement lasting 18 s).
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All tests were video recorded using a video camera placed above the apparatus, using Open Broadcaster Software (OBS) Studio.
6.5. Coding of behavior and statistical analyses

The coding of the animals’ behavior took place during the session and was subsequently controlled by the video recordings;
initially, the number of choices for the bigger and smaller groups of conspecifics was recorded. These lines permit to have an objective
assessment of the choices made by the subject during the test. Thereafter, data were analyzed using R software (R-4.2.0), and choices
for the larger and smaller numerosity were analyzed using a “generalized mixed model” (GLMM) fit by maximum likelihood (Laplace
Approximation), binomial GLMM with a logit link. The best model was selected after a back-elimination procedure, removing in-
teractions and factors iteratively, and comparing the different models based on AIC (Akaike information criterion) and BIC (Bayesian
information criterion) information criteria which provide a measure of the distance between the model and the theoretical distribution
of the data in relation to the number of parameters estimated. With reference to the model adopted, the probability ratio (Log odds
ratio) was reported. A final binomial test was used to compare the distribution of the choices for the smaller and bigger groups of
conspecifics when no factors were significantly contributing to the results.

In Experiment 4a, since the shift was manual, we additionally conducted a statistical analysis for each fish to ensure that any

Z:s time,bigger—X:i6 time_smaller.
16

minimal differences between the movement times of the two groups (At = ) within the 16 trials, did not

differ by chance (p > 0.05), using a paired-sample t-test.
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