
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/358474333

Characterizing ontogeny of quantity discrimination in zebrafish

Article  in  Proceedings of the Royal Society B: Biological Sciences · February 2022

DOI: 10.1098/rspb.2021.2544

CITATIONS

0
READS

62

8 authors, including:

Some of the authors of this publication are also working on these related projects:

Structural and functional investigations of the avian hippocampal formation View project

Role of glutathione-S-transferase (GST) gene variation in susceptibility to methylmercury (MeHg) induced neurodevelopmental disorders (NDD) in zebrafish View

project

Jose Vicente Torres Pérez

University of Valencia

24 PUBLICATIONS   97 CITATIONS   

SEE PROFILE

Scott Fraser

University of Southern California

536 PUBLICATIONS   35,351 CITATIONS   

SEE PROFILE

Giorgio Vallortigara

Università degli Studi di Trento

485 PUBLICATIONS   21,516 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Jose Vicente Torres Pérez on 12 February 2022.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/358474333_Characterizing_ontogeny_of_quantity_discrimination_in_zebrafish?enrichId=rgreq-e9875ffffdec18c38c32f1dc73906a64-XXX&enrichSource=Y292ZXJQYWdlOzM1ODQ3NDMzMztBUzoxMTIyNjczOTI5MjY5MjU1QDE2NDQ2Nzc3MzE2MDk%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/358474333_Characterizing_ontogeny_of_quantity_discrimination_in_zebrafish?enrichId=rgreq-e9875ffffdec18c38c32f1dc73906a64-XXX&enrichSource=Y292ZXJQYWdlOzM1ODQ3NDMzMztBUzoxMTIyNjczOTI5MjY5MjU1QDE2NDQ2Nzc3MzE2MDk%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Structural-and-functional-investigations-of-the-avian-hippocampal-formation?enrichId=rgreq-e9875ffffdec18c38c32f1dc73906a64-XXX&enrichSource=Y292ZXJQYWdlOzM1ODQ3NDMzMztBUzoxMTIyNjczOTI5MjY5MjU1QDE2NDQ2Nzc3MzE2MDk%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Role-of-glutathione-S-transferase-GST-gene-variation-in-susceptibility-to-methylmercury-MeHg-induced-neurodevelopmental-disorders-NDD-in-zebrafish?enrichId=rgreq-e9875ffffdec18c38c32f1dc73906a64-XXX&enrichSource=Y292ZXJQYWdlOzM1ODQ3NDMzMztBUzoxMTIyNjczOTI5MjY5MjU1QDE2NDQ2Nzc3MzE2MDk%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-e9875ffffdec18c38c32f1dc73906a64-XXX&enrichSource=Y292ZXJQYWdlOzM1ODQ3NDMzMztBUzoxMTIyNjczOTI5MjY5MjU1QDE2NDQ2Nzc3MzE2MDk%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jose-Vicente-Torres-Perez?enrichId=rgreq-e9875ffffdec18c38c32f1dc73906a64-XXX&enrichSource=Y292ZXJQYWdlOzM1ODQ3NDMzMztBUzoxMTIyNjczOTI5MjY5MjU1QDE2NDQ2Nzc3MzE2MDk%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jose-Vicente-Torres-Perez?enrichId=rgreq-e9875ffffdec18c38c32f1dc73906a64-XXX&enrichSource=Y292ZXJQYWdlOzM1ODQ3NDMzMztBUzoxMTIyNjczOTI5MjY5MjU1QDE2NDQ2Nzc3MzE2MDk%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Valencia?enrichId=rgreq-e9875ffffdec18c38c32f1dc73906a64-XXX&enrichSource=Y292ZXJQYWdlOzM1ODQ3NDMzMztBUzoxMTIyNjczOTI5MjY5MjU1QDE2NDQ2Nzc3MzE2MDk%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jose-Vicente-Torres-Perez?enrichId=rgreq-e9875ffffdec18c38c32f1dc73906a64-XXX&enrichSource=Y292ZXJQYWdlOzM1ODQ3NDMzMztBUzoxMTIyNjczOTI5MjY5MjU1QDE2NDQ2Nzc3MzE2MDk%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Scott-Fraser-8?enrichId=rgreq-e9875ffffdec18c38c32f1dc73906a64-XXX&enrichSource=Y292ZXJQYWdlOzM1ODQ3NDMzMztBUzoxMTIyNjczOTI5MjY5MjU1QDE2NDQ2Nzc3MzE2MDk%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Scott-Fraser-8?enrichId=rgreq-e9875ffffdec18c38c32f1dc73906a64-XXX&enrichSource=Y292ZXJQYWdlOzM1ODQ3NDMzMztBUzoxMTIyNjczOTI5MjY5MjU1QDE2NDQ2Nzc3MzE2MDk%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Southern_California?enrichId=rgreq-e9875ffffdec18c38c32f1dc73906a64-XXX&enrichSource=Y292ZXJQYWdlOzM1ODQ3NDMzMztBUzoxMTIyNjczOTI5MjY5MjU1QDE2NDQ2Nzc3MzE2MDk%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Scott-Fraser-8?enrichId=rgreq-e9875ffffdec18c38c32f1dc73906a64-XXX&enrichSource=Y292ZXJQYWdlOzM1ODQ3NDMzMztBUzoxMTIyNjczOTI5MjY5MjU1QDE2NDQ2Nzc3MzE2MDk%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Giorgio-Vallortigara-2?enrichId=rgreq-e9875ffffdec18c38c32f1dc73906a64-XXX&enrichSource=Y292ZXJQYWdlOzM1ODQ3NDMzMztBUzoxMTIyNjczOTI5MjY5MjU1QDE2NDQ2Nzc3MzE2MDk%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Giorgio-Vallortigara-2?enrichId=rgreq-e9875ffffdec18c38c32f1dc73906a64-XXX&enrichSource=Y292ZXJQYWdlOzM1ODQ3NDMzMztBUzoxMTIyNjczOTI5MjY5MjU1QDE2NDQ2Nzc3MzE2MDk%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universita-degli-Studi-di-Trento?enrichId=rgreq-e9875ffffdec18c38c32f1dc73906a64-XXX&enrichSource=Y292ZXJQYWdlOzM1ODQ3NDMzMztBUzoxMTIyNjczOTI5MjY5MjU1QDE2NDQ2Nzc3MzE2MDk%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Giorgio-Vallortigara-2?enrichId=rgreq-e9875ffffdec18c38c32f1dc73906a64-XXX&enrichSource=Y292ZXJQYWdlOzM1ODQ3NDMzMztBUzoxMTIyNjczOTI5MjY5MjU1QDE2NDQ2Nzc3MzE2MDk%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jose-Vicente-Torres-Perez?enrichId=rgreq-e9875ffffdec18c38c32f1dc73906a64-XXX&enrichSource=Y292ZXJQYWdlOzM1ODQ3NDMzMztBUzoxMTIyNjczOTI5MjY5MjU1QDE2NDQ2Nzc3MzE2MDk%3D&el=1_x_10&_esc=publicationCoverPdf


 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

12
 F

eb
ru

ar
y 

20
22

 

royalsocietypublishing.org/journal/rspb
Research
Cite this article: Sheardown E, Torres-Perez
JV, Anagianni S, Fraser SE, Vallortigara G,

Butterworth B, Miletto-Petrazzini ME, Brennan

CH. 2022 Characterizing ontogeny of quantity

discrimination in zebrafish. Proc. R. Soc. B 289:
20212544.

https://doi.org/10.1098/rspb.2021.2544
Received: 22 November 2021

Accepted: 7 January 2022
Subject Category:
Behaviour

Subject Areas:
behaviour, cognition

Keywords:
zebrafish, numerical cognition, ontogeny,

quantity discrimination
Authors for correspondence:
Maria Elena Miletto-Petrazzini

e-mail: mariaelena.milettopetrazzini@gmail.

com

Caroline H. Brennan

e-mail: c.h.brennan@qmul.ac.uk
© 2022 The Author(s) Published by the Royal Society. All rights reserved.
Characterizing ontogeny of quantity
discrimination in zebrafish

Eva Sheardown1,3, Jose Vicente Torres-Perez2,3, Sofia Anagianni3,
Scott E. Fraser4, Giorgio Vallortigara5, Brian Butterworth6,
Maria Elena Miletto-Petrazzini3,7 and Caroline H. Brennan3

1Centre for Developmental Neurobiology, Institute of Psychiatry, Psychology and Neuroscience, Kings College
London, New Hunt’s House, Guy’s Campus, London SE1 1UL, UK
2Departament de Biologia Cellular, Biologia Funcional i Antropologia física, Fac. de CC. Biològiques, Universitat
de València, C/ Dr. Moliner 50, 46100 Burjassot (València), Spain
3School of Biological and Behavioural Sciences, Queen Mary University of London, Mile End Road, London,
E1 4NS, UK
4Michelson Center for Convergent Bioscience, University of Southern California, Los Angeles, USA
5Center for Mind/Brain Sciences, University of Trento, Rovereto, Italy
6UCL Institute of Cognitive Neuroscience, 17 Queen Square, London WC1N 3AZ, UK
7Department of General Psychology, University of Padova, 35131 Padova, Italy

ES, 0000-0002-1801-7025; JVT-P, 0000-0001-6390-9690; SA, 0000-0001-5784-582X;
SEF, 0000-0002-5377-0223; GV, 0000-0001-8192-9062; BB, 0000-0001-8201-3347;
MEM-P, 0000-0002-5204-5863; CHB, 0000-0002-4169-4083

A sense of non-symbolic numerical magnitudes is widespread in the animal
kingdom and has been documented in adult zebrafish. Here, we investi-
gated the ontogeny of this ability using a group size preference (GSP) task
in juvenile zebrafish. Fish showed GSP from 21 days post-fertilization and
reliably chose the larger group when presented with discriminations of
between 1 versus 3, 2 versus 5 and 2 versus 3 conspecifics but not 2
versus 4 conspecifics. When the ratio between the number of conspecifics
in each group was maintained at 1 : 2, fish could discriminate between 1
versus 2 individuals and 3 versus 6, but again, not when given a choice
between 2 versus 4 individuals. These findings are in agreement with studies
in other species, suggesting the systems involved in quantity representation
do not operate separately from other cognitive mechanisms. Rather they
suggest quantity processing in fishes may be the result of an interplay
between attentional, cognitive and memory-related mechanisms as in
humans and other animals. Our results emphasize the potential of the use
of zebrafish to explore the genetic and neural processes underlying the onto-
geny and function of number cognition.
1. Introduction
One aspect of quantity discrimination is the evaluation of the number of items
in a group, the numerosity. Although quantitative abilities of many species
have been studied [1–3], research into the ontogeny of the ability to assess
numerosity has been restricted so far to humans [4,5], fish (Poecilia reticulata)
and domestic chicks (Gallus gallus) [6,7]. Typically, in species other than
chicks, which are a precocial species, the ability to assess numerosity changes
with age until individuals reach adulthood. However, 1-day-old guppies
(P. reticulata) can distinguish between a small number of conspecifics in a
similar way to 40-day-old guppies [8].

Interestingly, guppies show no ratio effect for contrasts between numeros-
ities 1 to 4, but the familiar ratio effect, Weber’s Law, for larger numerosities
[9]. Similar findings have been observed in human infants [10–14] suggesting
the existence of conserved mechanisms of numerosity discrimination, though
little is known about either the neural or genetic bases of these abilities (for a
recent review see Lorenzi et al. [15]).
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mailto:mariaelena.milettopetrazzini@gmail.com
mailto:mariaelena.milettopetrazzini@gmail.com
mailto:c.h.brennan@qmul.ac.uk
http://orcid.org/
http://orcid.org/0000-0002-1801-7025
http://orcid.org/0000-0001-6390-9690
http://orcid.org/0000-0001-5784-582X
http://orcid.org/0000-0002-5377-0223
http://orcid.org/0000-0001-8192-9062
http://orcid.org/0000-0001-8201-3347
http://orcid.org/0000-0002-5204-5863
http://orcid.org/0000-0002-4169-4083


stimuli stimulisubject

L R

(b)

(a) (c)

Figure 1. Screenshots (a,c) of apparatus and schematic representations of individual arenas (b). (a) The set-up consists of a single arena. ETHOVISION detects the
presence of a subject in the left or right zones (indicated by shaded boxes), which sit 1 cm in front of the stimulus windows. (b) The arena is divided into
three adjoining compartments. The central compartment is 8 cm long and 6 cm wide, with the 8 cm sides being clear for viewing the stimulus compartments.
Each stimulus compartment is divided into eight 1.5 cm long and 1 cm wide opaque sections. At the beginning of the trial, the subject is held in a removable
transparent cylinder with a 2 cm diameter. A removable opaque barrier was present between the stimulus fish and test fish. (c) Schematic of ‘controlled space’
conditions with the white dots representing the positions of the outermost zebrafish in a controlled 2 versus 4 contrast. (Online version in colour.)
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The observation that small number discrimination does
not show a ratio effect but larger numerosity discrimination
does has been taken as evidence for two mechanisms for
assessing number [16,17]: an object-tracking system (OTS)
or subitizing system with an upper limit of four items, and
an approximate number system (ANS) for numerosities
greater than four [18–21]. However, this has been challenged
in both humans and other species (e.g. Gallistel & Gelman
[9,22] have proposed an accumulator mechanism, following
Meck & Church [23], that operates across the numerical
range). Nonetheless, studies in both humans and animals
showed that continuous physical variables that covary with
number (e.g. overall space occupied, amount of motion, etc.),
rather than numerical information per se, may play a prominent
role in discrimination tasks [24–28]. However, whatever the
mechanism, either numerical or quantitative, it may interact
with other cognitive systems, such that the effects of ratio in a
discrimination task could be affected by, for example, working
memory or attention [29].

Although zebrafish has rapidly become a well-established
model in neuro-behavioural research [30], studies have
focused on visuo-motor behaviour [31], decision-making
mechanisms [32] and non-numerical discriminative abilities [33].
The ontogeny of quantitiy discrimination in this species has
not been studied. Here, as part of a larger project investi-
gating the genetic bases and neural circuitry of numerical
capacities [34–36], we examined the ontogeny of quantity
discrimination using a group size preference (GSP) assay
[37–39]. This procedure has been widely used to investigate
numerical competence in several fish species (e.g. guppy,
mosquitofish, stickleback and red-tail splitfin) [7,40,41]. As
previous studies [42] suggest adult zebrafish use an ANS to
represent both small and large numerosities, we presented
juvenile fish with a choice between sets of individuals
within the small (less than 4) number range as well as
contrasts that span both small and large numbers.
2. Methods
(a) Subjects
All subjects and stimuli were juvenile zebrafish bred in the fish
facility at Queen Mary University of London. The fish were
Tubingen (TU) wild-type laboratory strain [43,44]. In total,
approximately 2035 fish were used, approximately 1300 as stimu-
lus fish, 535 as test fish (see individual experiments for n’s). At
the time of the experiments, the fish were 21–33 days post-
fertilization (dpf), ages chosen on the basis of previous studies
suggesting zebrafish show GSP from three weeks post-fertiliza-
tion [45,46]. Prior to experiments, fish were kept in large
groups (40–50 fish per tank) of unknown sex in a recirculating
system under standard rearing conditions [47]. During rearing,
fish were kept at a constant temperature of 28 ± 2°C, with a
14 L : 10 D cycle and fed twice a day with paramecium and
Gemma 75/150 (Skretting, USA). Each subject was used only
once. After testing, all fish were returned to the facility and main-
tained as breeding stock.

(b) Procedure
The GSP assay was performed using experimental apparatus
that ensured equal spacing between stimuli fish as described in
Gómez-Laplaza & Gerlai [40,48] (figure 1a–c). Fish were fed an
hour before testing and all experiments were conducted between
10.00 and 13.00. Stimuli and test fish were matched for age and
size. Fish behaviour was recorded using an overhead camera in
the Daniovision larval tracking system (Noldus, UK). The video
recordingswere analysedusingETHOVISION software (Noldus,UK).

(i) Ontogeny of group size discrimination
As previous work reports robust social preference for ages of
21 dpf and above, we investigated the ontogeny of GSP zebrafish
from 21 to 33 dpf. As slight variation in developmental rates
makes exact staging difficult, we pooled across days matching
for size (21–23, 24–26, 27–29, 30–33 dpf). Stimulus fish were
held in equal sized (1 × 1.5 × 1.5 cm) individual compartments
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as in figure 1a,c. Stimuli fish were introduced to their compart-
ment with an opaque barrier between the stimulus fish and
central compartment and allowed to habituate for 5 min. The
test fish was introduced into the central compartment and
allowed to explore the entire area for 5 min. After this time, the
fish was restricted to a central domain using a clear plastic cylin-
der (diameter 2 cm) that was manually placed over the fish and
used to usher it to the centre of the compartment (an etched
circle indicated the centre of the central compartment). Once
the test fish was in the centre, the barriers were lifted to reveal
the stimulus fish. The test fish was allowed to view the stimulus
fish for 1 min and then the holding cylinder was removed, and
the behaviour of the test fish was recorded over a 5 min
period. We assessed performance in 1 versus 3 (easiest), 2
versus 5, 2 versus 4, and 2 versus 3 (most difficult) (N = 129,
n = approximately 8 fish for each contrast and age group). The
position of the larger group was counterbalanced across trials
to control for any side bias. The output measure, the overall
index, was calculated using the formula:

time spent near larger group
time spent near larger groupþ time spent near smaller group

:

The overall index gives us a measure of the preference for the
larger group.

(ii) Controlling for overall space
To test the hypothesis that fish were using the overall space occu-
pied by the shoal as a discriminative cue rather than the number
of conspecifics [7,49], we ran a control experiment where distance
between the two most lateral fish was equal for both group sizes
in 2 versus 5, 2 versus 4 and 2 versus 3 discriminations. In this
way, the outer stimuli fish on either side of the central compart-
ment were positioned opposite each other (figure 1c). We tested
30–33 dpf fish (N = 87, n = 14–15 for each contrast) that were
matched for age and size to stimulus fish.

(iii) 1 : 2 ratio discrimination when crossing the small and large
number range

To test the hypothesis that proximity to the limits of the subitizing
range (3 items) influences number discrimination, we assessed the
ability of juvenile fish to discriminate a 1 : 2 ratio in the small
number range (1 versus 2) and when the numerical distance was
increased from 1 to 3 (1 : (1 versus 2), 2 : (2 versus 4) or 3 : (3
versus 6)) and the total number of items increased from 3 (1
versus 2) to 9 (3 versus 6). We included the contrast 2 versus 5 as
a positive control. We tested 30–33 dpf fish (N = 90, n = 20–25 for
each contrast) that were matched for age and size to stimulus fish.

(c) Statistics
All data significantly deviated from normality (Kolmogorov–
Smirnov test, p < 0.05). We therefore used non-parametric stat-
istics for all our datasets. Kruskal–Wallis tests followed by
pairwise comparisons with Bonferroni correction were carried
out to assess significant differences between groups. One
sample Wilcoxon signed ranks tests statistics were used to com-
pare preference for the larger group to chance level (0.50). All
statistical tests were two tailed. Analyses were carried out in
SPSS 27 and GRAPHPAD PRISM 9.
3. Results
(a) Ontogeny of group size discrimination
When we first analysed the ontogeny of the preference for the
larger group across all contrasts we found no overall differ-
ence in preference for the larger shoal between different
ages (x23 ¼ 2:835, p = 0.418). Analysis of difference in prefer-
ence between contrasts with all ages found there was a
significant preference between contrasts (x23 ¼ 10:060, p =
0.0158). Pairwise comparisons with Bonferroni correction,
however, found no significant differences. One sample Wil-
coxon signed-rank tests showed that for the 1 versus 3
contrast there was a significant preference for the larger
shoal across all age groups (21–23 dpf ( p < 0.01); 24–26 dpf
( p = 0.016); 27–29 dpf ( p < 0.01); 30–33 dpf ( p = 0.016)). This
was also found with the 2 versus 5 contrast, showing signifi-
cant preference for the larger shoal across all age groups (21–
23 dpf ( p < 0.01); 24–26 dpf ( p = 0.017); 27–29 dpf ( p < 0.01);
30–33 dpf ( p = 0.016)). There was no significant preference
for the larger group in the 2 versus 4 contrast at any age
( p > 0.05). There was no preference for 2 versus 3 at 21–
26 dpf ( p > 0.05); however, there was significant preference
at 27–29 dpf ( p = 0.016) and 30–33 dpf ( p = 0.016) (figure 2a).

(b) Controlling overall space
When the overall space occupied by the shoal was controlled,
a Kruskal–Wallis test (for ‘controlled space’ condition)
showed there was a main effect of space condition
(x21 ¼ 4:296, p = 0.038) such that when the overall space occu-
pied by the shoal was controlled fish spent significantly less
time with the larger group. One sample Wilcoxon signed-
rank tests showed a statistically significant preference for
the larger group when compared to chance only in the non-
controlled groups for 2 versus 5 ( p = 0.025) and 2 versus 3
( p = 0.013) but not 2 versus 4 ( p > 0.99) (figure 2b).

(c) 1 : 2 ratio discrimination when crossing the small
and large number range

A significant difference in preference between contrasts was
found (x23 ¼ 8:631, p = 0.035) (1 versus 2, 2 versus 4, 2
versus 5, 3 versus 6). Although in the contrasts 1 versus 2
and 3 versus 6 fish appeared to show a greater preference
for the larger group than in the 2 versus 4 contrast, post
hoc comparisons did not reveal a significant difference (1
versus 2 and 2 versus 4 ( p = 0.07) and 3 versus 6 and 2
versus 4 ( p = 0.07)). Juvenile fish showed a significant prefer-
ence for the larger group in the 1 versus 2 (p< 0.01), 3 versus 6
(p= 0.011) and 2 versus 5 (p= 0.025) but not 2 versus 4 contrasts
(figure 2c).
4. Discussion
Despite the adaptive value of quantitative abilities [50],
research has focused on adults with developmental studies
limited to a few species. Here, we investigated quantitative
skills of juvenile zebrafish using a ‘GSP’ task in which the
fish had to choose between two groups of conspecifics differ-
ing in number. Several fish species have been found to join
the larger shoal when exploring a novel and potentially
dangerous environment to reduce predation risk [41]. How-
ever, despite adult zebrafish forming tight multimember
groups, social preference only becomes robust at the third
week [51].

When assessing the ontogeny of GSP from three weeks of
age, the fish of all ages spontaneously preferred the larger
group of social companions at easier contrasts, 1 versus 3
and 2 versus 5 (respectively, 0.3 and 0.25 ratio), whereas a



21
–2

3 d
pf

24
–2

6 d
pf

27
–2

9 d
pf

30
–3

3 d
pf

21
–2

3 d
pf

24
–2

6 d
pf

27
–2

9 d
pf

30
–3

3 d
pf

21
–2

3 d
pf

24
–2

6 d
pf

27
–2

9 d
pf

30
–3

3 d
pf

21
–2

3 d
pf

24
–2

6 d
pf

27
–2

9 d
pf

30
–3

3 d
pf

1.0

0.8

0.6

0.4

0.2

0

* * * * * * * *

1.0

0.8

0.6

0.4

0.2

0

* * *

2 versus 5 2 versus 4 1 versus 2 3 versus 6
contrast

pr
ef

er
en

ce

pr
ef

er
en

ce

contrast

1.0

0.8

0.6

0.4

0.2

0

pr
ef

er
en

ce

2 versus 42 versus 5 2 versus 3 2 versus 42 versus 5 2 versus 3

contrast

* *

non-controlled
controlled

1 versus 3
2 versus 5
2 versus 4
2 versus 3

(b)(a)

(c)

Figure 2. Investigating quantity discrimination. (a) Ontogeny and limit of discrimination abilities. The fish of all ages showed discrimination of easier contrasts, 1
versus 3 and 2 versus 5 (respectively, 0.3 and 0.25 ratio), whereas a developmental change was observed when the most difficult comparison was presented: 2
versus 3 (0.67 ratio). (b) Controlling for overall group space. Without controlling for overall area (light grey columns), the fish show a significant preference for the
larger group in both the 2 versus 5 and 2 versus 3 controls. Controlling for overall area results in absence of preference in all the contrasts. (c) Investigating 1 : 2
ratio. Fish successfully discriminate 2 versus 5, 1 versus 2 and 3 versus 6 but not 2 versus 4. Dashed lines indicate chance level, asterisks indicate significant
difference to chance with p < 0.05.
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developmental change was observed when the most difficult
comparison was presented: 2 versus 3 (0.67 ratio). Indeed,
zebrafish consistently selected 3 social companions over 2
only from the fourth week of life. These results are consistent
with findings in humans, guppies, tadpoles and dogs where,
although possessing some number sense at birth, numerical
acuity increases across development [1,7,8,52,53]. Hence, zeb-
rafish possess some quantitative skills at an early age, but
they are not mature enough to discriminate comparisons of
increased difficulty. However, when a comparison of inter-
mediate difficulty was used, 2 versus 4 (0.5 ratio), none of
the ages tested chose the larger shoal, which is surprising
as fish ranging from 27 to 33 dpf were expected be able to
select it based on their preference observed in the 2 versus
3 contrast. Although at this stage of the study, no clear expla-
nation could be provided for this result, the lack of preference
observed at all ages could not simply be accounted for by a
methodological flaw. For this reason, in the following exper-
iments, we included the 2 versus 4 contrast to further
examine the performance of fish in this contrast.

It is known that the numerosity of a set covaries with sev-
eral continuous quantities, such as the amount of motion and
the overall space occupied by the shoals, that can be used as a
proxy to estimate which set is larger/smaller [54]. Previous
studies showed that fish can rely on non-numerical cues,
including motion, to discriminate shoal size [55,56]. In
order to exclude this possibility, we used an established
experimental set-up that has been successfully used to
study numerosity abilities in fish. The set-up ensures that
all stimulus fish are individually visible to the test fish,
which is essential for optimal quantity discrimination
[40,48]: the stimulus fish were held in individual
compartments that allowed little movement so that the sub-
ject fish could look at both groups from an equidistant
position before making a choice. This set-up not only let
the subject have a global view of the two groups [40,48]
but also limited fish movement and orientation, thus mini-
mizing differences in stimulus fish activity. However, we
cannot exclude the possibility that slight differences in overall
motion may have affected quantity discrimination.

In relation to the covariable of overall space, when we
controlled for this cue juvenile zebrafish did not choose the
larger group of conspecifics. However, successful discrimi-
nation was observed in 2 versus 3 and 2 versus 5 but not in
2 versus 4 when overall space was not controlled for. These
results seem to suggest that the overall space occupied may
have driven the choice for the larger group. Such a finding
suggests that juvenile fish are unable to perform the discrimi-
nation based on numerical information alone. However, other
non-numerical cues such as overall size of the fish and degree
of movement were not controlled for and may have influ-
enced the results. Further, we cannot exclude the possibility
that specifics of the apparatus, for example, the visual separ-
ation of stimulus fish, influenced the outcome. Nonetheless,
the fact that fish consistently failed to select the larger
group when presented with a choice between 2 and 4 individ-
uals, whether controlled for space occupied or not, suggests
the use of overall space is not the whole story, as 4 fish
occupy twice the space. Further, even though other continu-
ous variables may also contribute to fish numerosity
discrimination (e.g. occupancy), use of continuous variables
alone would not predict the failure of the 2 versus 4 contrast
and success at 2 versus 3, as any other non-numerical vari-
able should equally apply to all contrasts making the



royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

289:20212544

5

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

12
 F

eb
ru

ar
y 

20
22

 

discrimination of 2 versus 4 easier than 2 versus 3. These data
therefore support the hypothesis that zebrafish may use
numerical as well as non-numerical information to represent
number as in other species including humans [24,57]. In
respect to this issue, a theory of magnitude (ATOM) proposes
there is a common magnitude system for space, time and
number [58]. This theory is supported by Webers’ Law,
which is seen in space, time and number across a range of
species highlighting the similarity in cognitive processes for
the three concepts with journals citing this previously [59–
61]. ATOM seems to suggest that if the zebrafish are using
overall space as a quantitative cue, in theory they will be
using the same system as for numerical discrimination, there-
fore they can be using both modalities, space and number.
ATOM along with our evidence that the zebrafish perform
5 versus 2 and 3 versus 2 but fail with 4 versus 2 confirms
that they are not using only spatial cues, as if that was the
case, they should successfully discriminate 4 versus 2. Our
results, where fish did not choose the larger group of 2
versus 4 even when multiple visual cues were available,
suggest there is some aspect of the underlying mechanisms
that renders this specific comparison challenging. However,
as we have not run extensive continuous controls, further
experiments are needed to rule out other non-numerical
explanations.

Previous behavioural, neuroimaging and electrophysio-
logical studies provided evidence of the existence of two
distinct systems for processing numerosities in humans, the
OTS and ANS [16,29,62]. Some argue that the ANS alone is
recruited for processing discriminations over the whole
numerical range. Others, instead, argue that representations
of small numbers (less than 4) are carried out by the OTS
whereas the ANS is activated solely for representation of
large numbers (greater than 4) [16,62].

In animals, despite most of the studies suggesting that
a single mechanism such as the ANS is involved in proces-
sing both small and large numbers [61,63,64], there is
also evidence of two different systems [7,42,65–68]. How-
ever, contrasting results in both humans and animals on
the ability to discriminate quantities that crossed the
small/large boundary (1 versus 4) led to the suggestion
that numerical processing may be context-dependent
[9,10,14,49,69–74].

In our study, when zebrafish were presented with three
comparisons with the same ratio (0.5), they discriminated 1
versus 2, 3 versus 6 but not 2 versus 4, thus violating
Weber’s Law, which states that magnitude discriminations
are based on the ratio between the represented magnitudes
[22]. Hence, accuracy should decrease as the ratio increases,
but not when the ratio is constant. Furthermore, discrimi-
nation did not follow the distance effect as successful
discrimination was observed for a distance of 1 or 3 units
but not 2. Finally, according to magnitude/distance effects,
accuracy should decrease when the numerical distance is
held constant but the numerical size of the contrasts
increases, a condition we did not observe here as there was
no difference in performance between 2 versus 5 and 3
versus 6. All together, these findings suggest that magnitude
representation in juvenile zebrafish did not adhere to the
principles of the ANS. However, juvenile zebrafishes’ ability
to distinguish groups containing a large number of conspeci-
fics (i.e. 6) suggests that they are equipped with a mechanism
for processing them.
Cordes & Brannon [74] proposed two hypotheses to
explain infants’ ability to discriminate small (less than 4)
versus large (greater than 4) numbers only when a suffi-
ciently large ratio is given [74]. According to the ‘noise
hypothesis’, infants may first represent small sets through
the OTS and large sets through the ANS and then convert
object files into approximate magnitudes to compare the
two quantities. In this scenario, the conversion from one rep-
resentation to the other generates noise which increases with
the number of items in the small set and necessitates a greater
ratio for successful discrimination. Alternatively, according to
the ‘threshold hypothesis’, infants may represent both small
and large sets through the ANS, but below a ratio threshold,
and within the small number range, the representations
through the OTS trump the ANS because they are more pre-
cise and reliable. However, when the ratio between small and
large numbers exceeds a threshold, small/large comparisons
can be performed solely using the ANS. In this case, success
should be consistently predicted by the same ratio and would
not change as a function of the number of items in the small
or large array. Neither of these hypotheses can explain our
finding that juvenile fish can discriminate 2 versus 5 and 3
versus 6 but not 2 versus 4 items, as the noise hypothesis pre-
dicts that 3 versus 6 creates more noise than 2 versus 4 and
hence a larger ratio would be required for successful discirmi-
nation, and the threshold hypothesis predicts that as 2 versus
4 and 3 versus 6 has the same ratio, there would be no differ-
ence in performance.

However, a third hypothesis suggests that the two sys-
tems are not differently specialized for small and large
numbers but rather that attentional constraints and working
memory determine if a set of items is represented as discrete
individuals by the OTS or as an approximate numerical mag-
nitude by the ANS [29]. Here, the OTS would not be a
mechanism specific for numerosity processing, rather it
would be a more general system that allows parallel indivi-
duation of multiple objects that are stored in the working
memory. Numerosity would then be indirectly inferred due
to one-to-one correspondence between each real item and
its mental representation [21]. This mechanism seems to
depend on attention as the number of items we can store in
memory is related to the ability we have to attend to them,
as observed in studies showing that the capacity to precisely
enumerate items is compromised in dual-task and attentional
blink paradigms [75–77] suggesting that the ANS, that oper-
ates over the entire range of numerosity, is supplemented by
an attention-based system, the OTS, specific for small
number, that does not operate under demanding attentional
load conditions [29,76,78]. Our data are consistent with this
latter hypothesis. The breakdown of performance at 2
versus 4 in all the experiments suggests that the maximum
number of items juvenile zebrafish can attend and retain in
memory is 5. When the groups exceed this limit, fish
appear able to represent numbers as quantities through the
ANS, provided that a minimum numerical distance is held,
which seems to be 3 (2 versus 5 and 3 versus 6). However,
when a contrast is close to the upper limit, we speculate
that the fish may still try to focus on each item but then fail
to keep track of them and be unable to activate the ANS as
the difference between the two shoals is too small, thus lead-
ing to a failure to discriminate. Hence, here we suggest that
the systems involved in quantity representation may not
operate separately from other cognitive mechanisms, rather,
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that quantity processing may be the result of an interplay
among attentional, cognitive and memory-related mechan-
isms that orchestrate numerical competence in zebrafish, as
is hypothesized in both humans and other animals [29,79].
The findings that adult zebrafish can memorize and discrimi-
nate 2 versus 4 conspecifics [42] indicate that the mechanisms
underlying quantity representation change over development
as is the case for humans. Future research investigating when
this ability develops, and if changes in attentional capacity
and working memory allow such comparison to be made
effectively, can provide new insight into the complex mechan-
isms at the basis of quantitative and numerical competence.

Despite the zebrafish being a powerful model in the field of
translational neuroscience research to investigate molecular
mechanisms underlying neuropsychiatric disorders [80–83], a
limited number of behavioural assays are available to investi-
gate related cognitive deficits. In humans, impairments of non-
numerical abilities have been widely described in dyscalculia
(a number and arithmetic learning disorder) [17,84,85] and evi-
dence of familial aggregation suggests a genetic component in
the evolution of this disorder [86,87]. In recent years, the exist-
ence of an evolutionarily conserved non-verbal numerical
system among vertebrates with a possible shared genetic
basis has been suggested [16,41]. In this context, the high
degree of genetic homology with humans [88] makes zebrafish
extremely useful to investigate the genetic mechanisms of
numerical competence and their role in dyscalculia. Our
study contributes to this aim as we provide, to our knowledge,
a first behavioural tool for the assessment of quantitative abil-
ities at an early age that can be employed for rapid screening
of mutant lines for candidate genes potentially associated with
poor numeracy. Further experiments finely controlling for
continuous quantities will be essential to assess the extent to
which zebrafish can purely rely on numerical information.

Ethics. All animal procedures in this study were reviewed by the
QMUL ethics committee (AWERB) and conducted in accordance
with the Animals (Scientific Procedures) Act, 1986 and Home
Office Licences.
Data accessibility. Supporting data files are available from the Dryad
Digital Repository: https://doi.org/10.5061/dryad.1vhhmgqs9 [89].
Authors’ contributions. E.S.: data curation, formal analysis, investigation,
methodology, visualization,writing—original draft; J.V.T.-P.: data cura-
tion, investigation, methodology, writing—review and editing; S.A.:
data curation, formal analysis, investigation, methodology, visualiza-
tion, writing—review and editing; S.E.F.: conceptualization and
funding acquisition; G.V.: conceptualization, formal analysis, funding
acquisition, methodology, writing—review and editing; B.B.: conceptu-
alization, formal analysis, funding acquisition, methodology, writing—
review and editing; M.E.M.-P.: conceptualization, data curation, formal
analysis, funding acquisition, investigation,methodology, visualization
and writing—original draft; C.H.B.: conceptualization, data curation,
formal analysis, funding acquisition, investigation, methodology,
resources, supervision, visualization and writing—original draft.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

Competing interests. Authors report no conflict of interest.
Funding. This project has received funding from a Human Frontiers
Research Grant to C.H.B., S.E.F. and G.V. (HFSP Research grant no.
RGP0008/2017), from the Leverhulme Trust to C.H.B., B.B. and
G.V. (RPG-2016-143), from STARS@UNIPD-2019 (MetaZeb) and
Marie Skłodowska-Curie Individual Fellowship (grant no. 750200)
from the European Union’s Horizon 2020 to M.E.M.-P. and from
the European Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation programme (grant agreement
no. 833504-SPANUMBRA) to G.V.

Acknowledgements. We thank Luca Galantini and members of the fish
facility for technical support and Dr Riva Riley for contributions to
group discussions.
References
1. Miletto Petrazzini ME, Mantese F, Prato-Previde E.
2020 Food quantity discrimination in puppies (Canis
lupus familiaris). Anim. Cogn. 23, 703–710. (doi:10.
1007/s10071-020-01378-z)

2. Abramson JZ, Hernández-Lloreda V, Call J,
Colmenares F. 2011 Relative quantity judgments in
South American sea lions (Otaria flavescens). Anim.
Cogn. 14, 695–706. (doi:10.1007/s10071-011-0404-7)

3. Bogale BA, Aoyama M, Sugita S. 2014 Spontaneous
discrimination of food quantities in the jungle crow,
Corvus macrorhynchos. Anim. Behav. 94, 73–78.
(doi:10.1016/j.anbehav.2014.05.012)

4. Geary DC, Berch DB, Koepke KM. 2014 Evolutionary
origins and early development of number processing.
Amsterdam, The Netherlands: Elsevier Academic Press.

5. Cantrell L, Smith LB. 2014 Open questions and a
proposal: a critical review of the evidence on infant
numerical abilities. Cognition 128, 331–352.
(doi:10.1016/j.cognition.2013.04.008)

6. Rugani R, Vallortigara G, Regolin L. 2014 From
small to large: numerical discrimination by young
domestic chicks (Gallus gallus). J. Comp. Psychol.
128, 163–171. (doi:10.1037/a0034513)

7. Bisazza A, Piffer L, Serena G, Agrillo C. 2010
Ontogeny of numerical abilities in fish. PLoS ONE 5,
e15516. (doi:10.1371/journal.pone.0015516)
8. Agrillo C, Piffer L, Bisazza A, Butterworth B. 2012
Evidence for two numerical systems that are similar
in humans and guppies. PLoS ONE 7, e31923.
(doi:10.1371/journal.pone.0031923)

9. Gallistel CR, Gelman R. 1992 Preverbal and verbal
counting and computation. Cognition 44, 43–74.
(doi:10.1016/0010-0277(92)90050-R)

10. Feigenson L, Carey S. 2003 Tracking individuals via
object-files: evidence from infants’ manual search.
Dev. Sci. 6, 568–584. (doi:10.1111/1467-7687.
00313)

11. Xu F, Spelke ES, Goddard S. 2005 Number sense in
human infants. Dev. Sci. 8, 88–101. (doi:10.1111/j.
1467-7687.2005.00395.x)

12. Xu F. 2003 Numerosity discrimination in infants:
evidence for two systems of representations.
Cognition 89, 15–25. (doi:10.1016/S0010-
0277(03)00050-7)

13. Izard VR, Sann C, Spelke ES, Streri A. 2009 Newborn
infants perceive abstract numbers. Proc. Natl Acad.
Sci. USA 106, 10 382–10 385. (doi:10.1073/pnas.
0812142106)

14. Feigenson L, Carey S, Hauser M. 2002 The
representations underlying infants’ choice of more:
object files versus analog magnitudes. Psychol. Sci.
13, 150–156. (doi:10.1111/1467-9280.00427)
15. Lorenzi E, Perrino M, Vallortigara G. 2021
Numerosities and other magnitudes in the brains: a
comparative view. Front. Psychol. 12, 1104. (doi:10.
3389/fpsyg.2021.641994)

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

17. Piazza M, Facoetti A, Trussardi AN, Berteletti I, Conte S,
Lucangeli D, Dehaene S, Zorzi M. 2010 Developmental
trajectory of number acuity reveals a severe
impairment in developmental dyscalculia. Cognition
116, 33–41. (doi:10.1016/j.cognition.2010.03.012)

18. Gallistel CR. 1990 The organization of learning.
Cambridge, MA: Bradford Books/MIT Press.

19. Dehaene S. 2011 The number sense: how the mind
creates mathematics. New York, NY: Oxford
University Press.

20. Carey S. 2009 The origin of concepts. New York, NY:
Oxford University Press.

21. Trick LM, Pylyshyn ZW. 1994 Why are small and
large numbers enumerated differently? A limited-
capacity preattentive stage. Psy. Rev. 101, 80–102.
(doi:10.1037/0033-295X.101.1.80)

22. Gallistel CR, Gelman R. 2000 Non-verbal numerical
cognition: from reals to integers. Trends Cogn. Sci. 4,
59–65. (doi:10.1016/S1364-6613(99)01424-2)

https://doi.org/10.5061/dryad.1vhhmgqs9
https://doi.org/10.5061/dryad.1vhhmgqs9
http://dx.doi.org/10.1007/s10071-020-01378-z
http://dx.doi.org/10.1007/s10071-020-01378-z
http://dx.doi.org/10.1007/s10071-011-0404-7
https://doi.org/10.1016/j.anbehav.2014.05.012
http://dx.doi.org/10.1016/j.cognition.2013.04.008
http://dx.doi.org/10.1037/a0034513
http://dx.doi.org/10.1371/journal.pone.0015516
http://dx.doi.org/10.1371/journal.pone.0031923
http://dx.doi.org/10.1016/0010-0277(92)90050-R
http://dx.doi.org/10.1111/1467-7687.00313
http://dx.doi.org/10.1111/1467-7687.00313
http://dx.doi.org/10.1111/j.1467-7687.2005.00395.x
http://dx.doi.org/10.1111/j.1467-7687.2005.00395.x
http://dx.doi.org/10.1016/S0010-0277(03)00050-7
http://dx.doi.org/10.1016/S0010-0277(03)00050-7
http://dx.doi.org/10.1073/pnas.0812142106
http://dx.doi.org/10.1073/pnas.0812142106
http://dx.doi.org/10.1111/1467-9280.00427
http://dx.doi.org/10.3389/fpsyg.2021.641994
http://dx.doi.org/10.3389/fpsyg.2021.641994
http://dx.doi.org/10.1016/j.tics.2004.05.002
http://dx.doi.org/10.1016/j.cognition.2010.03.012
http://dx.doi.org/10.1037/0033-295X.101.1.80
http://dx.doi.org/10.1016/S1364-6613(99)01424-2


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

289:20212544

7

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

12
 F

eb
ru

ar
y 

20
22

 

23. Meck WH, Church RM. 1983 A mode control model
of counting and timing processes. J. Exp. Psychol.
Anim. Behav. Process 9, 320–334. (doi:10.1037/
0097-7403.9.3.320)

24. Gebuis T, Reynvoet B. 2012 The role of visual
information in numerosity estimation. PLoS ONE 7,
e37426. (doi:10.1371/journal.pone.0037426)

25. Allïk J, Tuulmets T. 1991 Occupancy model of
perceived numerosity. Percept. Psychophys. 49,
303–314. (doi:10.3758/BF03205986)

26. Zimmermann E. 2018 Small numbers are sensed
directly, high numbers constructed from size and
density. Cognition 173, 1–7. (doi:10.1016/j.
cognition.2017.12.003)

27. Rugani R, Regolin L, Vallortigara G. 2011
Summation of large numerousness by newborn
chicks. Front. Psychol. 2, 179. (doi:10.3389/fpsyg.
2011.00179)

28. Lucon-Xiccato T, Miletto Petrazzini ME, Agrillo C,
Bisazza A. 2015 Guppies discriminate between two
quantities of food items but prioritize item size over
total amount. Anim. Behav. 107, 183–191. (doi:10.
1016/j.anbehav.2015.06.019)

29. Hyde DC. 2011 Two systems of non-symbolic
numerical cognition. Front. Hum. Neurosci. 5, 1–8.
(doi:10.3389/fnhum.2011.00150)

30. Kalueff AV, Stewart AM, Gerlai R. 2014 Zebrafish as
an emerging model for studying complex brain
disorders. Trends Pharmacol. Sci. 35, 63–75. (doi:10.
1016/j.tips.2013.12.002)

31. Bollmann JH. 2019 The zebrafish visual system:
from circuits to behavior. Annu. Rev. Vis. Sci. 5,
269–293. (doi:10.1146/annurev-vision-091718-
014723)

32. Bahl A, Engert F. 2020 Neural circuits for evidence
accumulation and decision making in larval
zebrafish. Nat. Neurosci. 23, 94–102. (doi:10.1038/
s41593-019-0534-9)

33. Santacà M, Dadda M, Miletto Petrazzini ME, Bisazza
A. 2021 Stimulus characteristics, learning bias and
visual discrimination in zebrafish (Danio rerio).
Behav. Processes 192, 104499. (doi:10.1016/j.
beproc.2021.104499)

34. Messina A, Potrich D, Schiona I, Sovrano VA, Fraser
SE, Brennan CH Vallortigara G. 2020 Response to
change in the number of visual stimuli in zebrafish:
a behavioural and molecular study. Sci. Rep. 10,
1–11. (doi:10.1038/s41598-020-62608-5)

35. Messina A, Potrich D, Schiona I, Sovrano VA, Fraser
SE, Brennan CH, Vallortigara G. 2021 Neurons in the
dorso-central division of zebrafish pallium respond
to change in visual numerosity. Cereb. Cortex 32,
418–428. (doi:10.1093/cercor/bhab218)

36. Messina A, Potrich D, Schiona I, Sovrano VA,
Vallortigara G. 2021 The sense of number in fish,
with particular reference to its neurobiological
bases. Animals 11, 3072. (doi:10.3390/
ani11113072)

37. Magurran AE, Pitcher TJ. 1987 Provenance, shoal
size and the sociobiology of predator-evasion
behaviour in minnow shoals. Proc. R. Soc. Lond. B
229, 439–465. (doi:10.1098/rspb.1987.0004)
38. Hager MC, Helfman GS. 1991 Safety in numbers:
shoal size choice by minnows under predatory
threat. Behav. Ecol. Sociobiol. 29, 271–276. (doi:10.
1007/BF00163984)

39. Hoare DJ, Couzin ID, Godin JGJ, Krause J. 2004
Context-dependent group size choice in fish. Anim.
Behav. 67, 155–164. (doi:10.1016/j.anbehav.2003.
04.004)

40. Gómez-Laplaza LM, Gerlai R. 2012 Activity counts:
the effect of swimming activity on quantity
discrimination in fish. Front. Psychol. 3, 1–12.
(doi:10.3389/fpsyg.2012.00484)

41. Agrillo C, Bisazza A. 2018 Understanding the origin
of number sense: a review of fish studies. Phil.
Trans. R. Soc. B 373, 20160511. (doi:10.1098/rstb.
2016.0511)

42. Potrich D, Sovrano VA, Stancher G, Vallortigara G.
2015 Quantity discrimination by zebrafish (Danio
rerio). J. Comp. Psychol. 129, 388–393. (doi:10.
1037/com0000012)

43. Holden LA, Brown KH. 2018 Baseline mRNA
expression differs widely between common
laboratory strains of zebrafish. Sci. Rep. 8, 1–10.
(doi:10.1038/s41598-018-23129-4)

44. Mullins MC, Hammerschmidt M, Haffter P, Nüsslein-
Volhard C. 1994 Large-scale mutagenesis in the
zebrafish: in search of genes controlling
development in a vertebrate. Curr. Biol. 4, 189–202.
(doi:10.1016/S0960-9822(00)00048-8)

45. Engeszer RE, Alberici Da Barbiano L, Ryan MJ,
Parichy DM. 2007 Timing and plasticity of shoaling
behaviour in the zebrafish, Danio rerio. Anim. Behav.
74, 1269–1275. (doi:10.1016/j.anbehav.2007.01.
032)

46. Miller NY, Gerlai R. 2008 Oscillations in shoal
cohesion in zebrafish (Danio rerio). Behav. Brain Res.
193, 148–151. (doi:10.1016/j.bbr.2008.05.004)

47. Westerfield M. 1995 The zebrafish book. A guide for
the laboratory use of zebrafish (Danio rerio),
3rd edn. Eugene, OR: University of Oregan Press.

48. Gómez-Laplaza LM, Gerlai R. 2013 Quantification
abilities in angelfish (Pterophyllum scalare): the
influence of continuous variables. Anim. Cogn. 16,
373–383. (doi:10.1007/s10071-012-0578-7)

49. Gómez-Laplaza LM, Caicoya ÁL, Gerlai R. 2017
Quantity discrimination in angelfish (Pterophyllum
scalare) is maintained after a 30-s retention interval
in the large but not in the small number range.
Anim. Cogn. 20, 829–840. (doi:10.1007/s10071-
017-1104-8)

50. Nieder A, Wagener L, Rinnert P. 2020 A neural
correlate of sensory consciousness in a corvid bird.
Science 369, 1–5. (doi:10.1126/science.abb1447)

51. Dreosti E, Lopes G, Kampff AR, Wilson SW. 2015
Development of social behavior in young zebrafish.
Front. Neural Circuits 9, 1–9. (doi:10.3389/fncir.
2015.00039)

52. Balestrieri A, Gazzola A, Pellitteri-Rosa D,
Vallortigara G. 2019 Discrimination of group
numerousness under predation risk in anuran
tadpoles. Anim. Cogn. 22, 223–230. (doi:10.1007/
s10071-019-01238-5)
53. de Hevia MD. 2016 Core mathematical abilities in
infants: number and much more, 1st edn.
Amsterdam, The Netherlands: Elsevier B.V.

54. Henik A. 2016 Continuous issues in numerical
cognition: how many or how much. London, UK:
Academic Press.

55. Pritchard VL, Lawrence J, Butlin RK, Krause J. 2001
Shoal choice in zebrafish, Danio rerio: the influence
of shoal size and activity. Anim. Behav. 62,
1085–1088. (doi:10.1006/anbe.2001.1858)

56. Agrillo C, Dadda M, Serena G, Bisazza A. 2009 Use
of number by fish. PLoS ONE 4, e4786. (doi:10.
1371/journal.pone.0004786)

57. Agrillo C, Petrazzini MEM, Tagliapietra C, Bisazza A.
2012 Inter-specific differences in numerical abilities
among teleost fish. Front. Psychol. 3, 1–9. (doi:10.
3389/fpsyg.2012.00483)

58. Walsh V. 2003 A theory of magnitude: common cortical
metrics of time, space and quantity. Trends Cogn. Sci. 7,
483–488. (doi:10.1016/j.tics.2003.09.002)

59. Gibbon J. 1977 Scalar expectancy theory and
Weber’s Law in animal timing. Psychol. Rev. 84,
279–325. (doi:10.1037/0033-295X.84.3.279)

60. Cheng K. 1990 More psychophysics of the pigeon’s
use of landmarks. J. Comp. Physiol. A 166,
857–863. (doi:10.1007/BF00187333)

61. Perdue BM, Talbot CF, Stone AM, Beran MJ. 2012
Putting the elephant back in the herd: elephant
relative quantity judgments match those of other
species. Anim. Cogn. 15, 955–961. (doi:10.1007/
s10071-012-0521-y)

62. Carey S. 2009 Where our number concepts come
from. J. Phil. 106, 220–254. (doi:10.5840/
jphil2009106418)

63. Cantlon JF, Brannon EM. 2006 Shared system for
ordering small and large numbers in monkeys and
humans. Psychol. Sci. 17, 401–406. (doi:10.1111/j.
1467-9280.2006.01719.x)

64. Rugani R, Cavazzana A, Vallortigara G, Regolin L.
2013 One, two, three, four, or is there something
more? Numerical discrimination in day-old domestic
chicks. Anim. Cogn. 16, 557–564. (doi:10.1007/
s10071-012-0593-8)

65. Tomonaga M, Matsuzawa T. 2002 Enumeration of
briefly presented items by the chimpanzee
(Pan troglodytes) and humans (Homo sapiens).
Anim. Learn. Behav. 30, 143–157. (doi:10.3758/
BF03192916)

66. Hauser MD, Carey S, Hauser LB. 2000 Spontaneous
number representation in semi-free-ranging rhesus
monkeys. Proc. R. Soc. Lond. B 267, 829–833.
(doi:10.1098/rspb.2000.1078)

67. Gómez-Laplaza LM, Gerlai R. 2011 Can angelfish
(Pterophyllum scalare) count? Discrimination
between different shoal sizes follows Weber’s Law.
Anim. Cogn. 14, 1–9. (doi:10.1007/s10071-010-
0337-6)

68. Piffer L, Agrillo C, Hyde DC. 2012 Small and large
number discrimination in guppies. Anim. Cogn. 15,
215–221. (doi:10.1007/s10071-011-0447-9)

69. Gómez-Laplaza LM, Gerlai R. 2015 Angelfish
(Pterophyllum scalare) discriminate between small

http://dx.doi.org/10.1037/0097-7403.9.3.320
http://dx.doi.org/10.1037/0097-7403.9.3.320
http://dx.doi.org/10.1371/journal.pone.0037426
http://dx.doi.org/10.3758/BF03205986
http://dx.doi.org/10.1016/j.cognition.2017.12.003
http://dx.doi.org/10.1016/j.cognition.2017.12.003
http://dx.doi.org/10.3389/fpsyg.2011.00179
http://dx.doi.org/10.3389/fpsyg.2011.00179
http://dx.doi.org/10.1016/j.anbehav.2015.06.019
http://dx.doi.org/10.1016/j.anbehav.2015.06.019
http://dx.doi.org/10.3389/fnhum.2011.00150
http://dx.doi.org/10.1016/j.tips.2013.12.002
http://dx.doi.org/10.1016/j.tips.2013.12.002
http://dx.doi.org/10.1146/annurev-vision-091718-014723
http://dx.doi.org/10.1146/annurev-vision-091718-014723
http://dx.doi.org/10.1038/s41593-019-0534-9
http://dx.doi.org/10.1038/s41593-019-0534-9
https://doi.org/10.1016/j.beproc.2021.104499
https://doi.org/10.1016/j.beproc.2021.104499
http://dx.doi.org/10.1038/s41598-020-62608-5
http://dx.doi.org/10.1093/cercor/bhab218
http://dx.doi.org/10.3390/ani11113072
http://dx.doi.org/10.3390/ani11113072
http://dx.doi.org/10.1098/rspb.1987.0004
http://dx.doi.org/10.1007/BF00163984
http://dx.doi.org/10.1007/BF00163984
http://dx.doi.org/10.1016/j.anbehav.2003.04.004
http://dx.doi.org/10.1016/j.anbehav.2003.04.004
http://dx.doi.org/10.3389/fpsyg.2012.00484
http://dx.doi.org/10.1098/rstb.2016.0511
http://dx.doi.org/10.1098/rstb.2016.0511
http://dx.doi.org/10.1037/com0000012
http://dx.doi.org/10.1037/com0000012
http://dx.doi.org/10.1038/s41598-018-23129-4
http://dx.doi.org/10.1016/S0960-9822(00)00048-8
http://dx.doi.org/10.1016/j.anbehav.2007.01.032
http://dx.doi.org/10.1016/j.anbehav.2007.01.032
http://dx.doi.org/10.1016/j.bbr.2008.05.004
http://dx.doi.org/10.1007/s10071-012-0578-7
http://dx.doi.org/10.1007/s10071-017-1104-8
http://dx.doi.org/10.1007/s10071-017-1104-8
http://dx.doi.org/10.1126/science.abb1447
http://dx.doi.org/10.3389/fncir.2015.00039
http://dx.doi.org/10.3389/fncir.2015.00039
http://dx.doi.org/10.1007/s10071-019-01238-5
http://dx.doi.org/10.1007/s10071-019-01238-5
https://doi.org/10.1006/anbe.2001.1858
http://dx.doi.org/10.1371/journal.pone.0004786
http://dx.doi.org/10.1371/journal.pone.0004786
http://dx.doi.org/10.3389/fpsyg.2012.00483
http://dx.doi.org/10.3389/fpsyg.2012.00483
http://dx.doi.org/10.1016/j.tics.2003.09.002
https://doi.org/10.1037/0033-295X.84.3.279
http://dx.doi.org/10.1007/BF00187333
http://dx.doi.org/10.1007/s10071-012-0521-y
http://dx.doi.org/10.1007/s10071-012-0521-y
http://dx.doi.org/10.5840/jphil2009106418
http://dx.doi.org/10.5840/jphil2009106418
http://dx.doi.org/10.1111/j.1467-9280.2006.01719.x
http://dx.doi.org/10.1111/j.1467-9280.2006.01719.x
http://dx.doi.org/10.1007/s10071-012-0593-8
http://dx.doi.org/10.1007/s10071-012-0593-8
http://dx.doi.org/10.3758/BF03192916
http://dx.doi.org/10.3758/BF03192916
http://dx.doi.org/10.1098/rspb.2000.1078
https://doi.org/10.1007/s10071-010-0337-6
https://doi.org/10.1007/s10071-010-0337-6
http://dx.doi.org/10.1007/s10071-011-0447-9


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

289:20212544

8

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

12
 F

eb
ru

ar
y 

20
22

 

quantities: a role of memory. J. Comp. Psychol. 129,
78–83. (doi:10.1037/a0038228)

70. Gómez-Laplaza LM, Gerlai R. 2016 Short-term
memory effects on crossing the boundary:
discrimination between large and small quantities
in angelfish (Pterophyllum scalare). PLoS ONE 11,
1–14. (doi:10.1371/journal.pone.0162923)

71. Wood JN, Spelke ES. 2005 Infants’ enumeration of
actions: numerical discrimination and its signature
limits. Dev. Sci. 8, 173–181. (doi:10.1111/j.1467-
7687.2005.00404.x)

72. Feigenson L, Carey S. 2005 On the limits of infants’
quantification of small object arrays. Cognition 97,
295–313. (doi:10.1016/j.cognition.2004.09.010)

73. vanMarle K. 2013 Infants use different mechanisms
to make small and large number ordinal
judgments. J. Exp. Child Psychol. 114, 102–110.
(doi:10.1016/j.jecp.2012.04.007)

74. Cordes S, Brannon EM. 2009 Crossing the divide:
infants discriminate small from large numerosities.
Dev. Psychol. 45, 1583–1594. (doi:10.1037/a0015666)

75. Drew T, Vogel EK. 2008 Neural measures of
individual differences in selecting and tracking
multiple moving objects. J. Neurosci. 28,
4183–4191. (doi:10.1523/JNEUROSCI.0556-08.2008)

76. Burr DC, Turi M, Anobile G. 2010 Subitizing but not
estimation of numerosity requires attentional
resources. J. Vis. 10, 1–10. (doi:10.1167/10.6.20)
View publication statsView publication stats
77. Egeth HE, Leonard CJ, Palomares M. 2008 The role
of attention in subitizing: is the magical number 1?
Vis. Cogn. 16, 463–473. (doi:10.1080/
13506280801937939)

78. Hyde DC, Wood JN. 2011 Spatial attention
determines the nature of nonverbal number
representation. J. Cogn. Neurosci. 23, 2336–2351.
(doi:10.1162/jocn.2010.21581)

79. Inoue S, Matsuzawa T. 2007 Working memory of
numerals in chimpanzees. Curr. Biol. 17,
R1004–R1005. (doi:10.1016/j.cub.2007.10.027)

80. Michael Stewart A, Kalueff AV. 2012 The developing
utility of zebrafish models for cognitive enhancers
research. Curr. Neuropharmacol. 10, 263–271.
(doi:10.2174/157015912803217323)

81. Kalueff AV, Kaluyeva A, Mailet EL. 2017 Anxiolytic-
like effects of noribogaine in zebrafish. Behav. Brain
Res. 330, 63–67. (doi:10.1016/j.bbr.2017.05.008)

82. Khan FR, Alhewairini S. 2018 Zebrafish (Danio rerio)
as a model organism. In Current trends in cancer
management (eds L Streba, DI Gheonea, M
Schenker), pp. 3-19. London, UK: IntechOpen.

83. Stewart AM, Ullmann JFP, Norton WHJ, Parker MO,
Brennan CH, Gerlai R Kalueff AV. 2015 Molecular
psychiatry of zebrafish. Mol. Psychiatry 20, 2–17.
(doi:10.1038/mp.2014.128)

84. Andersson U, Östergren R. 2012 Number magnitude
processing and basic cognitive functions in children
with mathematical learning disabilities. Learn.
Individ Differ. 22, 701–714. (doi:10.1016/j.lindif.
2012.05.004)

85. Mazzocco MMM. 2011 Impaired acuity of the
approximate number system underlies
mathematical learning disability (dyscalculia). Child
Dev. 82, 1224–1237. (doi:10.1111/j.1467-8624.
2011.01608.x)

86. Shalev RS, Manor O, Kerem B, Ayali M, Badichi N,
Friedlander Y, Gross-Tsur V. 2001 Developmental
dyscalculia is a familial learning disability. J. Learn.
Disabil. 34, 59–65. (doi:10.1177/
002221940103400105)

87. Tosto MG et al. 2014 Why do we differ in number
sense? Evidence from a genetically sensitive
investigation. Intelligence 43, 35–46. (doi:10.1016/j.
intell.2013.12.007)

88. Howe K et al. 2013 The zebrafish reference genome
sequence and its relationship to the human
genome. Nature 496, 498–503. (doi:10.1038/
nature12111)

89. Sheardown E, Torres-Perez JV, Anagianni S,
Fraser SE, Vallortigara G, Butterworth B,
Miletto-Petrazzini ME, Brennan CH. 2022
Data from: Characterizing ontogeny of
quantity discrimination in zebrafish.
Dryad Digital Repository. (doi:10.5061/dryad.
1vhhmgqs9)

http://dx.doi.org/10.1037/a0038228
http://dx.doi.org/10.1371/journal.pone.0162923
http://dx.doi.org/10.1111/j.1467-7687.2005.00404.x
http://dx.doi.org/10.1111/j.1467-7687.2005.00404.x
http://dx.doi.org/10.1016/j.cognition.2004.09.010
http://dx.doi.org/10.1016/j.jecp.2012.04.007
http://dx.doi.org/10.1037/a0015666
http://dx.doi.org/10.1523/JNEUROSCI.0556-08.2008
http://dx.doi.org/10.1167/10.6.20
https://doi.org/10.1080/13506280801937939
https://doi.org/10.1080/13506280801937939
http://dx.doi.org/10.1162/jocn.2010.21581
http://dx.doi.org/10.1016/j.cub.2007.10.027
http://dx.doi.org/10.2174/157015912803217323
http://dx.doi.org/10.1016/j.bbr.2017.05.008
http://dx.doi.org/10.1038/mp.2014.128
http://dx.doi.org/10.1016/j.lindif.2012.05.004
http://dx.doi.org/10.1016/j.lindif.2012.05.004
http://dx.doi.org/10.1111/j.1467-8624.2011.01608.x
http://dx.doi.org/10.1111/j.1467-8624.2011.01608.x
http://dx.doi.org/10.1177/002221940103400105
http://dx.doi.org/10.1177/002221940103400105
http://dx.doi.org/10.1016/j.intell.2013.12.007
http://dx.doi.org/10.1016/j.intell.2013.12.007
http://dx.doi.org/10.1038/nature12111
http://dx.doi.org/10.1038/nature12111
http://dx.doi.org/10.5061/dryad.1vhhmgqs9
http://dx.doi.org/10.5061/dryad.1vhhmgqs9
https://www.researchgate.net/publication/358474333

	Characterizing ontogeny of quantity discrimination in zebrafish
	Introduction
	Methods
	Subjects
	Procedure
	Ontogeny of group size discrimination
	Controlling for overall space
	1 : 2 ratio discrimination when crossing the small and large number range

	Statistics

	Results
	Ontogeny of group size discrimination
	Controlling overall space
	1 : 2 ratio discrimination when crossing the small and large number range

	Discussion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


