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Abstract: Zebrafish (Danio rerio) is considered an experimental model organism with numerous applications in different
fields. The mechanisms underlying social and reproductive preferences are complex. Most of the literature on conspecific
interactions focus on the chemical communication mediated by scattered signals in the aquatic medium. The aim of this
research was to evaluate the behavioral responses induced in the tested animals by artificial social stimuli. We used 20
sexually mature individuals that underwent several non-invasive behavioral tests in a cross-maze. Artificial non-moving
2D images were created for this study, using photoshop graphics software. Ethological measurements were conducted using
video-tracking software (EthoVision XT). The findings showed significant sex-related differences in zebrafish responses
to fixed artificial stimuli. In particular, females shoaled more with 2D non-moving images representing conspecifics phenotypically more distant (i.e. color) from them. Integrating dimension and number of individual, one large stimulus was
preferred over three small stimuli in terms of cumulative and mean duration for males, and only in terms of cumulative
duration for females. We concluded that 2D images representing conspecifics, even without movements, can induce a
behavioral response in this species.
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INTRODUCTION
Zebrafish, Danio rerio [1], is a small tropical freshwater species belonging to the Cyprinidae family [2,3].
The actual geographical distribution of zebrafish has
not yet been fully determined [4]. Traditionally, it is
considered that the geographic range of this species
extends from Nepal to the Indian state of Karnataka,
from north to south, and from Pakistan to Myanmar
(Burma) [5].
For animal behavior study, numerous techniques
based on the behavioral response to non-invasive artificial stimulation in an experimental environment
(mainly computer-animated) have been developed
© 2020 by the Serbian Biological Society

[6,7]. Some of these include the use of virtual stimuli,
such as photos, animated images in 2D and 3D, videos,
models and robots. These methods have been applied
to many species, from mammals to birds, arachnids
and reptiles, without exclusion of aquatic species [8].
With the increasing use of zebrafish in the biomedical field, several studies have established effective methodologies, which involve the use of artificial
stimuli to limit the use of living animals in research
[9,10]. This is in agreement with the “principles of
3Rs” (replacement, reduction and refinement) aimed
at establishing alternative methodologies for performing more humane animal research.
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In the last decade, a series of studies have been
published, in particular by the research group led by
Gerlai et al. [9,12], on the behavioral responses induced
by artificial stimuli in zebrafish. It was observed that
tested individuals prefer to spend more time near compartments with animated 2D images representing conspecifics, similar to what has been documented using
true conspecific or video stimuli. The social response
to conspecifics is highlighted since this does not occur
if individuals of other species are presented as stimuli,
regardless of whether these species exhibit or do not
exhibit heterospecific shoaling in normal conditions.
These observations were reported by Polverino et al.
[13] who used some zebrafish-like animated 2D images.
The authors reported that zebrafish preferred conspecific representations independently of body coloration
and the presence of species-typical longitudinal strips.
The 2D images used as a stimulus were manipulated
by a graphics software to evaluate zebrafish preference
for a certain color and the presence or absence of the
stripes with respect to shape and body symmetry. The
authors noted that zebrafish did not show preferences
for an image of a wild-type individual and that of a
shorter and extended individual on the vertical axis
(especially in the abdominal region), but exhibited
avoidance behavior to the altered image representing
an elongated individual. Interestingly, when different
wild-type coloring images were compared with the yellow body-color image, a certain attraction of the individuals was observed, unlike the absence of preference
for images of individuals with red and normal coloring
[13]. Thus, zebrafish seem to discriminate between different social stimuli through visual cues represented
in a 2D image, despite the fact that movement was not
considered as a determining factor for the induction
of social responses. More recent experiments have attempted to study the behavioral response of zebrafish
in front of stylized models or robots. Initially, the occurrence of a social response towards a robotic stimulus
was demonstrated both for individuals and for a group
[14], but at a lower degree than that shown towards real
conspecifics. In addition, the swimming and movement
frequency of the posterior fin of the zebrafish robot
were shown to influence the behavioral response of the
individuals during the experimental phase [15].
In the present study we investigated the behavioral
responses of zebrafish to non-moving artificial stimuli. We describe a novel model that reduces the use of
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animals in research. We tested whether the presence
of 2D images of a female zebrafish (phenotypically altered by graphics software) could influence the social
behavior of this species.
MATERIALS AND METHODS
Ethics statement
The animals were maintained and treated according
to the EU Commission Recommendation of 18 June
2007 on the guidelines for the accommodation and
care of animals used for experimental and other scientific purposes, and [16] of the European Parliament
and Council of 22 September 2010 on the protection
of animals used for scientific purposes.
Animals and housing
Twenty sexually mature individuals (males and females)
of zebrafish “GloFish®” were randomly chosen from different breeding facilities in order to maintain, as far as
possible, a high genetic variability of the samples. The
animals were divided into two groups based on their
sex: a sample of 10 males and a sample of 10 females,
without any identifying labels. Sex identification was
performed by recognition of the more rounded and
pronounced abdominal region of female individuals.
Each group was kept for 48 h in a glass aquarium of
19.5 x 30 x 17 cm (width x height x depth), provided
with a special aerator, filled with 5 L of water maintained at 21.23°C, pH 7.95, salinity 277 mg/L TDS (total
dissolved solids) and a photoperiod of 14 h light/10 h
dark. All animals were fed twice a day with a tropical
species “Amtra Prima Flake” of Croci S.p.A; the water
inside the aquariums was changed daily to avoid alterations of salinity values. These conditions were monitored and maintained within a certain tolerance interval
(which varied according to the variable considered)
throughout the duration of the experiment.
Experimental design
After sexual isolation of the groups during the pretest phase, all individuals were subjected to behavioral
tests in an experimental maze. The observations were
made both in the morning and in the afternoon to
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avoid potential influences of circadian rhythms and/
or hormonal cycles on the experimental results. As
hypothesized previously [17], during the early hours
of the day, individuals tend to display greater sexual attraction that can influence performance on behavioral
tests. At present, there is no evidence about the influence of afternoon or night time on zebrafish sexual
behavior in the literature. For each behavioral test, only
one focal individual was studied. The fish was carefully
placed through a screen for aquariums in the start area
(defined as the start-point), and movements were recorded and measured throughout the duration of the
test. At the end of the experimental phase, all tested
individuals were evaluated for their physical and general well-being, and were relocated to the experimental
aquarium where they had been taken from.
For the present study, a multi-purpose cross-maze
adapted to a T-maze served as the experimental environment. Separating panels were used to delimit the
start-point zone and the stimulus areas. A digital camera centered above the maze was connected directly
to a computer supplied with the software, allowing
recording of all behavioral variables of the focal animal (Supplementary Figs. S1, S2, S3).
The behavioral response of the two experimental
groups of males (n=10) and females (n=10) was assessed with regard to stimuli consisting of fixed (nonmoving) 2D images representing zebrafish individuals
with an altered phenotype. To obtain the graphically
manipulated 2D images, a zebrafish female individual
was photographed using a digital camera and the photographic images were manipulated using the Adobe
Photoshop CC 2017 graphics processing software. For
the image of the individual, only the abdominal region was extended and accentuated, leaving the general
“morphometric” proportions unchanged. For images
with variations in body color, the same phenotypical
alteration (of the abdomen) was maintained and only
the basic shade and color were modified (Fig.1). In
order to avoid the so-called “tank effect” (i.e. habituation and an animal learning the position of a specific
experimental stimulus), in each behavioral test, the
position of the social stimuli was successively reversed
from one arm to the other for both males and females.
Depending on the type of behavioral test, several 2D
non-moving images representing zebrafish individuals
were used as stimuli. For each behavioral test, only one
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Fig. 1. The artificial stimuli used for the behavioral tests. Different 2D images were constructed from a photo, of an adult female,
that was manipulated by graphics software (Adobe Photoshop CC
2017). The non-moving stimuli were located in the choice areas of
the experimental apparatus, fixed to a Plexiglas panel.

trial was executed and the performance of the focal
individual (for both samples) was recorded for 4 min
with video-tracking software. Prior to the experimental measurements, each individual was left in the start
zone for about 1 min in order to acclimatize to the new
environment and to lower the stress following displacement from its environment.
Behavioral measurements and tests
All recordings of movements (and behavioral variables) were done by the video-tracking software,
EthoVision XT 11.5, produced by Noldus Information
Technology [18]. This type of system can completely
replace manual observations in behavioral experiments, allowing for the use of specific variables that
can accurately describe the performance of each individual [19]. The video-tracking system consists of
a video camera that can capture everything that takes
place within the experimental area of interest, and is
connected to a computer either directly or via a video
recorder. All recorded data are sent to the software,
where the selected behavioral variables can be measured and analyzed. The video signals arriving from
the camera to the software correspond to a series of
frames (25-30 per s), each with its own pixel grid. The
software analyzes the individual frames, distinguishing between a moving object and the experimental
background environment. After finding the moving
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object and its position in each frame, the software has
all the information necessary to carry out the measurements of the behavioral variables of interest [20].
In the first behavioral test, “big female vs. empty
compartment”, the possible preference between the
image of the “big female” and the absence of a stimulus (“empty compartment”) was assessed for each individual of both sexes. The objective was to test the
reaction of the focal individual to the image displayed
(avoidance, disinterest or attraction) and whether the
image was recognized as a social stimulus and thus
preferred to the empty compartment.
In the second behavioral test, “big female vs. big
red female”, the aim was to identify whether a more
intense color (consistent with the phenotype of the
animals chosen for the experiment) could trigger a
particular response in the examined animal.
In the third behavioral test, “big female - red vs.
blue vs. green”, we investigated the possible preference
for a specific body color of the “big female” 2D image
stimulus. Three stimuli were arranged as follows: “big
red female”, “big green female” in the lateral sides of
the cross maze, and the “big blue female” in the central
corridor (at the start-point height). This was the only
behavioral test in which three social stimuli were used
at the same time for measuring the performance and
temporal variables (cumulative duration and average)
within each zone. In this particular case, the operator
inserted the individual directly in the decision-point area,
which was equidistant from the three-stimulus zones.
In the fourth behavioral test, “big female vs. 3
small females”, the possible preference between one
“big female” and “3 small females” was studied. In
this test, the size and shoal number of the stimuli were
considered simultaneously.
Statistical analysis
All data obtained from both experimental groups of
males and females subjected to the four behavioral
tests were collected using the OriginPro 2016 statistical software. The variables studied for each group (the
performance and the response to the stimuli) were:
the acceleration (maximum and minimum) (cm/s2),
cumulative duration (i.e. the total time spent in a specific area of the cross-maze) expressed as a percent-
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age (%), the average duration (i.e. the average time
spent in a specific area of the cross-maze, expressed
in seconds (s), the average speed (cm/s), the activity
index (i.e. the total time individual moved) (s), the
inactivity index (i.e. the total time that the software
did not detect any movements of the individual) (s),
the rotation (in reference to the individual’s centerpoint), (i.e. the circular motion near the area where
a stimulus was presented, expressed as the frequency
and the total distance traveled (cm).
For all behavioral tests, the normal data distribution was evaluated (Kolmogorov-Smirnov test). We
used the Student’s t-test for normal distributed samples, and the Mann-Whitney U test and the Wilcoxon
rankings test for samples not normally distributed.
Homoscedasticity (Levene’s test) was analyzed and
post hoc analyses were performed to compare the averages (Bonferroni and Tukey tests).
In the first behavioral test, “big female vs. empty
compartment”, the Mann-Whitney U test was used to
analyze the averages of both samples for maximum acceleration and minimum acceleration. The Student’s ttest for dependent and independent samples was used
to compare the remaining variables in the comparison
between the two samples and within them, on the performance and on the duration in the stimulus areas:
cumulative duration, average duration, average speed,
activity index, inactivity index, rotation frequency,
and total distance traveled.
In the second behavioral test, “big female vs. big
red female”, the Mann-Whitney U test was used to
verify whether there were any significant differences
between the two samples for the averages of maximum
and minimum acceleration, the average duration in
the “big female” and in the “big red female” areas.
The Wilcoxon rankings test was used to compare the
averages within the male sample for the average duration in the two-stimulus zones. The student’s t-test
for dependent and independent samples was used to
study the remaining variables, both those for performance and those for time duration between and
within samples near the two stimuli: cumulative duration, duration average of females in the two zones,
average speed, activity index, inactivity index, rotation
frequency and the total distance traveled.
In the third behavioral test, “big female, red vs.
green vs. blue”, the Mann-Whitney U test was used to
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compare the averages of the two samples
for maximum and minimum acceleration.
Student’s t-test for dependent and independent samples was used for all the other
variables of performance (average speed,
activity, inactivity, rotation frequency,
and total distance traveled) and for all
time intervals (cumulative duration and
duration), both within and without the
samples, with the exception of the average
duration for the males sample (for which
the Wilcoxon sign-by-row test was used).
In the fourth behavioral test, “big female vs. 3 small females”, the Student’s
t-test was used for dependent and independent samples for all performance
variables: maximum and minimum acFig. 2. Main results of the first behavioral test: acceleration (mean±SD) (a) –
celeration, average speed, activity, intotal distance moved (mean±SD) (b); cumulative duration of activity in the arm
activity, frequency of rotation and total
with stimuli (mean±SD) (c); time spent in the arm with stimuli per entrance
distance traveled. The Student’s t-test was
(mean±SD) (d); (*p<0.05).
also used for temporal variables (cumulative duration and average duration) both
within the individual samples and for comparison
Test: big female vs. big red female
between them. The only exception was the average
duration of the male sample, where the Wilcoxon
In the second behavioral test, females showed greatsign-by-row test was used.
er cumulative duration for the “big red female” area
In order to avoid confusion with similar notation
(Student’s t-test, t=-2.267, N1=10, N2=10, p=0.049),
often found in the literature for the standard error
while there were no statistically significant differenc[21], the average of the behavioral variables is reported
es for the mean duration (Student’s t-test, t=-1.625,
as the “mean (SD, standard deviation)”.
N1=10, N2=10, p=0.138). For males, no statistically
significant differences were found either for the cumulative duration (Student’s t-test, t=-0.376, N1=10,
RESULTS
N2=10, p=0.716) or for the average duration (sign
test by ranks of Wilcoxon, W=17.5, Z=-0.969, N1=10,
Test: big female vs. empty compartment
N2=10, p=0.332), (Fig. 3).
In the first behavioral test there were no statistically
significant differences between the two-stimulus areas in terms of cumulative duration, in either males
(Student’s t-test, t=-0.817, N1=10, N2=10, p=0.435)
or females (Student’s t-test, t=-1.928, N1=10, N2=10,
p=0.086). The same was found for the mean duration (males: Student’s t-test t=0.227, N1=10, N2=10,
p=0.825; females: Student’s t-test, t=-1.943, N1=10,
N2=10, p=0.084). Males showed a higher maximum
acceleration than females (Mann-Whitney U test,
N1=10, N2=10, U=79, Z=1.56, p=0.031), (Fig. 2).

Test: big female – red vs. blue vs. green
In the third behavioral test, in terms of cumulative
duration the females preferred a “big blue female” vs.
a “big red female” (Student’s t-test, t=-4.595, N1=10,
N2=10, p=0.001), while for the same variable no statistically significant differences were found between
“big blue female” vs. “big green female” (Student’s ttest, t=1.243, N1=10, N2=10, p=0.245). Also, females
preferred the “big green female” stimulus over the “big
red female” for the cumulative duration (Student’s t-
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Fig. 3. Results of the second behavioral test: cumulative duration of activity in the arm with stimuli
(mean±SD) (a) and time spent in the arm with stimuli
per entrance (mean±SD) (b); (*p<0.05).

Fig. 4. Results of the third behavioral
test: maximum and minimum acceleration (mean±SD) (a); cumulative duration of activity in the arm with stimuli
(mean±SD), same letter means “not statistically significant differences” (b); time
spent in the arm with stimuli per entrance
(mean±SD) (c); (*p<0.05).

Fig. 5. Results of the fourth behavioral test: cumulative duration of activity in the arm with stimuli (mean±SD), same letter means “not statistically
significant differences” (a); time spent in the arm with stimuli per entrance
(mean±SD) (b); (*p<0.05).

test, t=-3.616, N1=10, N2=10, p=0.005). For males, no
statistically significant differences were found for the
cumulative duration related to the three stimuli, but
compared to females they spent more time close to the
“big red female” area (Student’s t-test, t=1.007, N1=10,
N2=10, p=0.009). Males showed a greater maximum
acceleration than females (Mann-Whitney U test,
U=81, Z=2.305, N1=10, N2=10, p=0.021), (Fig. 4).
Test: big female vs. 3 small females
In the fourth behavioral test, a statistically significant
preference was found for the “big female” stimulus,
in terms of cumulative duration, both for males

(Student’s t-test, t=-2.279, N1=10, N2=10,
p=0.048) and females (Student’s t-test, t=2.304, N1=10, N2=10, p=0.046). In terms of
mean duration, again the males preferred the
“big female” area compared to the “3 small
females” (Wilcoxon sign-by-row test, W=2,
Z=-2.369, N1=10, N2=10, p=0.012), while
no statistically significant differences were
found for females (Student’s t-test, t=-1.142,
N1=10, N2=10, p=0.283), (Fig. 5).
The data of all variables for each behavioral tests are given in Supplementary Table
S1.

DISCUSSION
In the present study we aimed to investigate zebrafish
behavioral responses to non-moving artificial stimuli
and to establish a new model for reducing the use of
animals in research. We tested whether the presence
of 2D images of a female zebrafish (phenotypically
altered by graphics software) could influence the social behavior of this species. We examined whether
in the absence of movement, the 2D images used as
stimuli could generate a social response in zebrafish
equivalent to that already documented for animated
or real stimuli, since the actual effect has not been
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fully clarified. Regarding previous studies from this
area of research, it was shown [22] that when an artificial stimulus of a transparent plastic material with
the shape and size of zebrafish, connected to a mechanical instrument capable of generating coherent
movements resembling the ethological characteristics of zebrafish, was used, no social responses were
displayed. Although the movement alone cannot act
as a “social attractor”, the question remains open and
should be further explored.
In the first behavioral test, “big female vs. empty
compartment” it was observed that there were no
significant preferences, for both males and females,
between the two-stimulus zones. The males, however,
showed better performance in terms of maximum acceleration, as compared to females. This result is in
disagreement with some results from the literature that
previously showed the avoidance of an empty compartment and preference for a compartment with real
conspecifics [17,23,24] or artificial stimuli [11,12,14].
According to one study [22], it seems that the absence
of movement can diminish (or compromise) the social
response induced by artificial stimulation.
In the second behavioral test, “big female vs. big
red female”, females preferred the “big red female” area
(for the cumulative duration) when compared to the
other stimulus area, while males did not show significant preferences. In agreement with the hypothesis
formulated by Delaney et al. [25], this result could be
explained by the females attempt to avoid conspecifics
of the same sex. Thus, individuals could have recognized the stimulus “big red female” as an individual
belonging to another species. In addition, they could
have been socially attracted to a female stimulus with
a particularly intense coloration. In this way, according to the study of Saverino and Gerlai [13], males
do not show significant preferences between the twostimulus zones, unlike what we observed for females.
In the third behavioral test, “big female - red vs.
blue vs. green”, the females preferred the “big blue female” and “big green female” stimuli to the “big red
female”. Also, no significant preferences were observed
in males even though, in comparison with the female
sample, the males spent a significantly higher percentage of time in the “big red female” area. These
results are in agreement with the reported correlation
between a stimulus with red and a wild-type color
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[13]. Also, with regards to the sample of females, we
could again hypothesize the choice for individuals
with a phenotype (i.e. body color) as different as possible from them, since female zebrafish will avoid the
stimulus with the color red (although a different shade
from the natural red color was used).
In the fourth behavioral test, “big female vs. 3
small females”, both males (cumulative duration and
average) and females (cumulative duration) preferred
the “big female” area. This result can be explained
by the possible preference of the females for shoaling with larger female individuals (with potentially
greater availability of resources, which could provide
greater protection) as compared to the smaller ones.
For males, however, we can hypothesize a choice for a
larger and potentially more attractive partner.
CONCLUSION
The idea behind the experiment was to test the behavioral responses of males and females to an immobile
artificial stimulus that represents a “super female” (a
female individual with a very evident and pronounced
abdominal region). Significant sex-related differences were noted regarding the time spent near certain
stimuli. We also showed that both females (cumulative
duration) and males (cumulative and mean duration)
preferred the stimulus with one big female vs. 3 small
females. This is probably because shoaling with individuals with certain characteristics could be “evolutionarily attractive” because potentially, in a group, it
could lead to greater protection or greater availability
of resources. For males, the possibility that the presence of an evident and expanded abdomen may have a
sexually-attractive effect remains, as has already been
documented previously in other fish species. Zebrafish females preferred to shoal with 2D non-moving
images representing female individuals that differed
phenotypically from them. The role of movement in
the attraction to artificial stimuli remains open for
zebrafish, but as documented in the present research,
it is also possible that non-moving objects with certain
characteristics can stimulate a social or mate response.
Ultimately it would be useful and interesting if the
topics covered in this work could be further explored
and verified. In the ethology of the zebrafish (especially reproductive behaviors), there are aspects that
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have not been studied or that remain to be clarified.
In this sense, the planning of studies and observations
in the natural habitat of species could lead to a more
complete and effective knowledge.
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