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shoaling behavior in many fishes. This study tests whether the => 2>
conspecific identity influences shoal performance (shoal area, Femaleonly| = ! | -
interactive distances, distance traveled, and thigmotaxis) of
zebrafish (Danio rerio) via group tracking. We conducted a two- == _
dimensional analysis of shoals with different sex ratios (male onl Femalerich | gm 1 |

WA Vs
female only, male rich, and female rich) of a five-membered shoal.
Parameters describing the shoal structure and individual behavior - o odile 1 l 1 Lf"sodmmm
were derived using video tracking and a custom-made program. => ) § oscone
We found that mixed-sex shoals had significantly lesser shoal area A e
and interactive distance compared to single-sex shoals (approx- e only o odile d | | - R Female
imate difference of 80% for shoal area and 50% for interactive oo ] e Mae

distance). Our findings shed light on complex interactive behaviors
of zebrafish in a shoal that are affected by differences in sex ratios of interacting individuals. The outcomes from this study can be
used to design better zebrafish shoaling experiments for clinically relevant research like human nerve disorders and social deficits.

B INTRODUCTION

Grouping behavior is exhibited by organisms across diverse
taxa." Animals gain a variety of benefits from grouping such as
reduced risk from predators and parasites.””* Among the diverse

Fish in shoals make active decisions on which shoal to join
based on various factors, and they can vary among different
species. In general, fish tend to choose shoal members who are
conspecifics,"’ phenotypically similar, have a similar body size'"

organisms that exhibit grouping behavior, fishes are convenient
model organisms to study this behavior under laboratory
conditions. This is because they are a good compromise between
the convenience afforded by smaller invertebrate models (like
short generation times, easy and cost-effective breeding, and
maintenance) and behavioral and physiological similarities with
“higher” vertebrates.’

In the wild, many fishes exhibit aggregatory behaviors known
as shoaling and schooling.’ Shoals are small and loose
aggregations of fish with less polarized organization, whereas
schools are dense, highly polarized, and have some synchronized
swimming patterns.” In this paper, we have used the term
shoaling to refer to all types of grouping behavior exhibited by
fish.

Shoaling confers fish with similar advantages as other animals
which show grouping behavior. A large shoal is believed to
detect predators more easily than lone individuals and can
transmit that information soon among the shoal mates (many-
eyes hypothesis).” Odd preys in a group are more likely to be
spotted by predators (oddity effect).’ Hence, fish tend to form a
homogeneous group to deceive predators (confusion effect).”
Shoaling is also thought to increase a fish’s foraging capability
and reproductive success.
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and coloration,'? are familiar,"* and have low parasitic loads."*
There are passive sorting mechanisms as well, mechanisms that
do not involve decisions taken by the fish—that restrict
membership in shoals.'* For example, the active swimming
capacity of an individual is positively correlated with body length
and negatively correlated with parasitic load and parasite-
induced phenotypic changes."® This reduces the chances of fish
joining shoals of dissimilar sizes and parasite loads.

Studies on shoal choices of female and male fish show that
shoal choices differ based on the sexual and species identities of
the individual and the shoal members. In guppies, it was shown
that the females spent more time shoaling and had greater shoal
cohesion than male guppies.'® On the other hand, non-
reproductive male three-spined sticklebacks were found to be
more active in shoaling than females.'”
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Previous shoaling studies on the effect of sex have largely dealt
with a dichotomous shoal-choice experimental setup. In this
type of study design, preference for an empty compartment of
the tank and a compartment with stimulus fish shoals was
inferred from the amount of time spent by the fish near each
compartment.'® But there are very few studies that look at how
individuals of different sex freely interact in a shoal and affect the
shoal structure as a whole. These types of studies are important
because they create shoaling conditions that are closer to natural
conditions, with the fish having access to social cues other than
just visual."

Zebrafish (Danio rerio, Hamilton, 1822) are model organisms
widely used in various biological research fields. Their known
genome, ease of genetic manipulation, and cost-effective
breeding and maintenance make them attractive for laboratory
experiments.””’ Zebrafish exhibit sexual dimorphism after
reaching adulthood,*' with male zebrafish being smaller and
thinner than females and with yellowish color patterns on their
bodies. Female zebrafish are more bluish and have a character-
istic enlarged belly.”” The ease of identifying the sexes along with
the rising popularity of zebrafish in a variety of laboratory
research across diverse biological fields makes them a suitable
organism for investigating how fish of different sex affect the
shoal structure and the general activity patterns in the shoal.

Our study looks at how shoal structure and the activity levels
of individuals in them vary with differing sex ratios. We used
zebrafish shoals with varying numbers of male and female fish
and derived shoal-level and individual-level parameters. We used
interfish distance (IFD), farthest neighbor distance (END),
nearest neighbor distance (NND), and shoal area as parameters
that would describe the structure of the shoal as a whole. Total
distance traveled (TDT) and thigmotaxis (wall-hugging) were
used as parameters describing individual activity patterns within

the shoal.

B MATERIALS AND METHODS

Ethical Statement. All research involving animals was in
accordance with the Ethics committee of the University of
Calicut. All efforts were made to minimize the number of
animals used and their suffering.

Experimental Setup. A custom-made experimental tank
with a measurement of 50 cm X 50 cm X 15 cm (length X width
X height) was made to analyze the zebrafish shoaling behavior
(Scheme 1). A high-resolution camera (30 fps) was placed 60
cm (focal length) perpendicular to the arena. The tank was

Scheme 1. Experimental Setup
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designed to have two dimensions with a length that was ten-
times the average body length of an individual fish. This allowed
the fish to freely explore two dimensions. The experimental
shoal size was kept at five fish.”® Adult zebrafish having a body
length of approximately 4—S5 cm were taken for the behavioral
experiments.

Experimental Protocol. Before starting all behavioral
experiments, the male and female fish were separated and put
into separate preholding tanks. Preholding tanks had a capacity
of 16 L, which could hold around 20—25 fish at a time. To
reduce observer error, male and female zebrafish were identified
based on a consensus arrived at by multiple researchers working
on zebrafish. Five zebrafish were randomly selected at the time
of the experiment from the preholding tanks and transferred to
the pretreatment tank having a measurement of 30 cm X 20 cm
X 20 cm and allowed to acclimatize for 5 min. The fish were then
transferred to the experimental tank and allowed 3 min for
acclimatization. The system water was used and maintained at a
level of 6 cm from the bottom of the experimental tank. The
water was changed after every experiment to avoid the
subsequent subjects from being affected by the olfactory cues
from the previous subjects.

The experiments were divided into four treatments: female-
only (FO), female-rich (FR), male-only (MO), and male-rich
(MR). FO shoals contained five female fish, FR shoals had three
females and two males, MR had two females and three males,
and MO had only males (Table 2). Each treatment group
contained ten shoals.

Videos of each shoal were recorded at 30 frames per second
for 6 min for each experiment using a high-resolution camera
Canon EOS R (Mirrorless, Canon Inc., Ota, Tokyo, Japan). The
camera was placed perpendicular to the arena and 60 cm above
the arena. Four 10 W LED light plates with an antiglare diffuser
were placed approximately 18 cm away from the four walls of the
experimental tank to attain the uniform diffuse lighting
necessary for accurate tracking. A total of 100 male and 100
female fish were used for all the behavioral experiments
combined. None of the fish was used for more than one
experiment. All fish were fed 2 h before the start of experiments
and just after the completion of experiments (at 7.00 am and
4.00 pm). The behavioral experiments were conducted from
9.00 am to 4.00 pm IST.

Statistical Analysis and Derivation of Shoal Parame-
ters. The recorded videos were compressed using Adobe
premiere pro-2020 (version 14.0, Adobe Inc., San Jose,
California, US). The compressed videos were analyzed in
idTracker 2.1.°* idTracker is an automatic animal tracking
software that is capable of identifying individuals and tracking
the movements of multiple animals simultaneously using video
recordings of animal groups. The output of the software is a
spreadsheet with x and y coordinates of the fish in each frame of
the video and a unique identifying number for each individual.
Scheme 2 shows examples of 6 min tracks of four shoals. Shoal
level parameters like shoal area (SA), interfish distance (IFD),
farthest neighbor distance (FND), nearest neighbor distance
(NND), total distance traveled (TDT), and thigmotaxis™”*~*’
(Table 1) for each shoal were derived from the track data using
statistical programming package, R.*®

We used Mann—Whitney U test to do a pairwise comparison
of each of the parameters across the four treatments. A p-value
less than 0.05 was considered statistically significant. All the
statistical analyses were performed using Graph Pad Prism
software (Graph Pad Software, Inc. San Diego, CA, USA).
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Scheme 2. Examples of Tracks of Fish in Shoals”
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“Each plot represents the tracks of positions of the fish in a shoal. Each color code represents an individual fish in the shoal. The shoal was allowed

to explore for 6 min in the open tank (five fish per shoal).

Table 1. Behavioral End Points and Explanations Used in the
Current Study

parameters definition

shoal area (SA) area of the smallest polygon that contains all the fish

at a given time
interfish distance (IFD) distance between each shoal member’s body center

farthest neighbor distance between each fish’s body center and the
distance gFND) farthest neighboring fish

nearest neighbor distance between each fish’s body center and the
distance %NND) nearest neighboring fish

total distance traveled  total distance traveled by the zebrafish in the
(TDT) experimental tank

thigmotaxis (TS) average distance between the individuals of the shoal

and the tank’s center

B RESULTS

Our results show that MR and FR (mixed-sex shoals) were not
significantly different from each other for any of the variables
that were taken into consideration. Comparisons between MO
and FO (same-sex shoals) also showed similar results. On the
other hand, paired comparison between the mixed-sex shoal
treatments and the same-sex shoal treatments (comparison
between MR—MO, MR—FO, FR—MO, and FR—FO) revealed
a significant difference between the treatments for many of the
variables (Table 2, Table 3).

Among the variables that were considered, shoal area showed
the highest percentage difference (between 77% and 79%) and
the lowest p value between the different treatments. Figure 2
represents the shoal area as a radar plot for better
comprehension of the variation of shoals in different treatments,
while Figure 3 is a network representation of four example shoals
representing associations between individual zebrafish within a
shoal. IFD, NND, and FND exhibited similar percentage
differences among each other (between 48% and 52%) but less
than that of the shoal area (Figure 1).

Since IFD, NND, FND, and shoal area describe similar
behavioral end points (i.e shoal cohesion), we refer to them
collectively as “shoal cohesion” in this paper. The results also
suggest that these parameters are correlated (but see ref 29 for
an example where these parameters showed different patterns).

We obtained more complicated results for TDT and
thigmotaxis. In general, mixed-sex shoals tended to travel less
distance compared to same-sex shoals, but the differences in
TDT were low (6—10%). TDT was significantly different only
for MO—MR and FO—MR. FR had a lower but nonsignificant
TDT compared to MR, and this might be the reason why pairs
involving FR and same-sex shoals did not show any significant
differences. On the other hand, thigmotaxis was generally higher
for mixed-sex shoals with MR having the highest levels of

https://doi.org/10.1021/acsomega.2c03815
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Table 2. Percentage Differences between the Pairs of Treatments Compared”

TREATMENT COMBINATIONS
MO-MR [ MO-FR | MR-FO | FO-FR | MR -FR | MO - FO
79.07 71.77 -79.04 71.73 -5.87 0.16
g 51.25 50.48 -51.65 50.88 -1.56 -0.81
E 49.8 48.22 -50.88 49.33 -3.05 -2.15
g 5064 | 5032 | -5183 | 5153 | 063 | 242
2 -6.27 -8.93 6.74 -9.39 -2.84 0.5
-11.81 -5.12 6.57 0.51 7.05 -5.61
“Green colored cells have values that were significantly different between the treatments compared.
Table 3. Showing p Values of Each Shoal Comparison”
Treatment | Statistical parameter | MO - FO MO-MR | MO -FR FO - MR FO - FR MR - FR
p-value 0.9118 <0.0001 <0.0001 <0.0001 <0.0001 0.7394
SA Exact/approximate Exact Exact Exact Exact Exact Exact
Sum of ranks 103, 107 155, 55 155, 55 155, 55 155, 55 100, 110
Mann-Whitney U 48 0 0 0 0 45
p-value 0.9705 <0.0001 <0.0001 0.0002 0.0002 0.9118
IFD Exact/approximate Exact Exact Exact Gaussian Gaussian Exact
Sum of ranks 106, 104 155, 55 155, 55 155, 55 155, 55 103, 107
Mann-Whitney U 49 0 0 0 0 48
p-value 0.8534 <0.0001 <0.0001 <0.0001 <0.0001 0.8798
FND Exact/approximate Exact Exact Exact Exact Exact Gaussian
Sum of ranks 102, 108 155, 55 153,57 155, 55 155, 55 107.5,102.5
Mann-Whitney U 47 0 2 0 0 47.5
p-value 0.7623 <0.0001 <0.0001 <0.0001 <0.0001 0.7394
NND Exact/approximate Gaussian Exact Exact Exact Exact Exact
Sum of ranks 100.5, 109.5 | 155, 55 152, 58 155, 55 155, 55 100, 110
Mann-Whitney U 45.5 0 3 0 0 45
p-value 0.5787 0.2475 0.0433 0.4813 0.0147 0.315
TDT Exact/approximate Exact Exact Exact Exact Exact Exact
Sum of ranks 97,113 89, 121 78,132 95,115 73,137 91,119
Mann-Whitney U 42 34 23 40 18 36
p-value 0.0962 0.0052 0.1431 0.1655 0.9705 0.0962
™ Exact/approximate Gaussian Exact Exact Exact Exact Gaussian
Sum of ranks 82.5,127.5 | 69, 141 85, 125 86, 124 106, 104 | 127.5,82.5
Mann-Whitney U 27.5 14 30 31 49 27.5

“The p values were calculated using a two-tailed Mann-Whitney U test, graph pad prism (n = 40). Statistically significant values are highlighted
(green). Gaussian refers to p values estimated using Gaussian approximation.

thigmotaxis; except for MO—MR, none of the pairwise
differences was significant (Figure 4). (Statistical comparison
of shoals is given in Table 3).

B DISCUSSION

Previous studies that looked at shoaling behavior of zebrafish in
a similar free-shoaling setup have found that zebrafish prefer to
shoal with conspecifics compared to heterospecifics.'” Our
experiments suggest that in zebrafish, the sex ratio of the
conspecific shoals influences shoal cohesion. Mixed-sex shoals
tend to have higher shoal cohesion parameters than same-sex

37354

shoals, but the relative number of males and females in the mixed
shoals did not make a difference. Similarly, the sexual identity of
same-sex shoals also did not significantly affect shoal cohesion
parameters. Regardless of the sexual identity or the relative
proportion of the sexes, whether a shoal is mixed-sex or not is
what determines shoal cohesion.

A similar study using only mixed-sex shoals found that females
in shoals preferred to swim close to other females, but males did
not show any such preference.”® Hence, increased shoal
cohesion in mixed-sex shoals in our study might be because of
the female preference to be with individuals of the same sex. But

https://doi.org/10.1021/acsomega.2c03815
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Figure 1. Boxplots showing the distribution of (A) shoal area, (B) IFD, (C) NND, and (D) FND values across the four treatments: MO, FO, MR, and
FR. The asterisks (***) mean high statistical significance (p < 0.0001), and “ns” indicates the statistical nonsignificance between groups, respectively.
The lower and upper ends of the boxes represent the first and third quartiles, and the horizontal line within each box is the median. The whiskers are
(1.5X interquartile range) added to the quartiles (comparison done using Mann—Whitney U test; n = 40, 5 fish per shoal and 10 shoals per treatment).
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Figure 2. Radar plot of shoal area: all 10 axes in the radar graph
represent the 10 shoal observations of the four different shoals. A total
of 40 observations were done for the analysis. The center point of the
radar starts from a value of zero and all the values fall within a maximum
value of 400. The highest shoal area was reported in the male-only
(MO) and female-only (FO) shoal and the lowest shoal area in the
male-rich (MR) and female-rich (FR) shoal.

it is interesting to note that the female—female cohesion
decreases in an all-female shoal.

Zebrafish interfish distances vary with environmental
conditions and physiology.' Interfish distance tends to be
positively correlated with food availability and negatively
correlated with predator threat.'” In general, tightening the
shoal by reducing shoal area, and reduced IFD, NND, and FFD
are related to anxiety and stress.’’ This has also been validated

by studies that show that shoal cohesion parameters and
thigmotaxis increase when treated with anxiolytic drugs and
reduce when treated with anxiogenic drugs.*”

The increased shoal cohesion in mixed-sex shoals could also
be a result of increased stress levels, though the reason for an
increase in stress is open to speculation. It is suggested that a lot
of group-living animals exhibit sexual segregation because of
differences in predation risk, required resources, and in general a
lack of synchrony in activities.” In many taxa, sexual segregation
happens also due to sexual harassment of females by males.**
Hence, the mixed-sex shoals might be under higher stress
because a male-female ratio almost equal to one might be
unusual.

Contrary to the findings of this study, Way et al. found no
effects of sex on shoaling behavior in zebrafish in a dichotomous
shoal preference test.”” The contradiction between the two
studies might be due to the difference in study designs. The
dichotomous preference test tells us the preference of an
individual fish to interact with a shoal, whereas interactions in a
free-swimming shoal test tell us about the behavior of the shoal
as a whole. This underlines the importance of behavioral assays
conducted with the least amount of restrictions and as close to
natural conditions as possible.

Increased investment in foraging might be necessary for
females because of the higher energy costs associated with tissue
generation.’® Hence, one might expect females to have a higher
activity level in general, with TDT being a proxy for fish activity.
Studies on the cichlid fish Pelvicachromis taeniatus found that
shoals with a higher proportion of females engaged in shoaling
had higher shoal activity in terms of swimming speed and

https://doi.org/10.1021/acsomega.2c03815
ACS Omega 2022, 7, 37351-37358


https://pubs.acs.org/doi/10.1021/acsomega.2c03815?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03815?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03815?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03815?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03815?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03815?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03815?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03815?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

O () © ()

© O OBNO. ) ()

© ® © @ o A

Figure 3. Network diagrams representing interfish distances between individual members of a shoal for four different shoals. Thicker lines indicate a
close association or less interfish distance, and the thinner line indicates a high interfish distance. Although we did not track individual fish for our study,
the software we used “idTracker” is capable of tracking specific individuals throughout a video.
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Figure 4. Boxplots showing the distribution of (A) TDT and (B) thigmotaxis values across the four treatments: MO, FO, MR, and FR. The asterisks
(**) mean high statistical significance (p < 0.0001), and “ns” indicates the statistical nonsignificance between groups, respectively. The lower and
upper ends of the boxes represent the first and third quartiles, and the horizontal line within each box is the median. The whiskers are (1.5X
interquartile range) added to the quartiles (comparison done using Mann—Whitney U test; n = 40, S fish per shoal and 10 shoals per treatment)

distance traveled.”” Though we did not track the sexual identity
of individual fish in our experiments, we would have expected
FO and FR shoals to have higher TDT than other treatments.
But in our results, FO and MO showed similar levels of activity.
Only fish in FR showed significantly higher activity levels than
same-sex shoals. MR showed higher activity than same-sex
shoals, but the difference was not significant.

A possible explanation for the TDT results is the mating-
related behaviors that fish exhibit once in a mixed-sex shoal.
Spence and Smith showed that courtship behaviors increase in
female-biased shoals.”® Although this corresponds to the activity
patterns of the zebrafish in our study, we believe that courtship
behavior probably does not influence our results as the
experiments in our study were conducted after the peak
spawning period.”” Some of our experiments could have picked
up intrasexual territorial behaviors exhibited right after the
spawning peak, but whether this behavior is modified with
changes in sex ratio is yet to be known. One can also argue that
given the small effect sizes and low p values, the differences in
activity level are not big enough to be biologically meaningful.

For thigmotaxis, MR showed a significantly higher value
compared to MO. All the other pairwise comparisons yielded
nonsignificant results. Aggressive behavior among males in a
female poor environment might be an explanation for this.
Female—female aggression is also reported in zebrafish as a part
of dominant—subordinate hierarchies.*’

Changes in shoal cohesion parameters and activity levels have
behavioral consequences on zebrafish. Increased IFD may limit
the intrashoal transfer of cues, which in turn will affect the
stability of the shoal.”> Shoal cohesion represents a trade-off:
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high shoal cohesion increases safety from predators but
increases intrashoal competition for resources.'' Higher activity,
as shown in the Chinese sturgeon, Acipenser sinensis, allows for
more foraging effort by covering bigger areas, resulting in higher
food intake."'

Future studies could use free shoaling experiments to explore
the interaction of various factors with the sexual identity of
zebrafish. For instance, Blonder and Tarvin used a dichotomous
preference test to see whether male zebrafish preferred to shoal
with familiar males over unfamiliar males.* Exploring the effect
of the sexual identity of zebrafish on their interaction with
familiar and unfamiliar fish in a free-swimming shoal might yield
useful insights.

Though this paper has used zebrafish as a model organism to
study behavioral, we believe that the results of this study could
have wider implications for biomedical, genetic, molecular, and
neurological research. Human neurological disorders associated
with social communication deficits including autism spectrum
disorders, schizophrenia, etc. are widely investigated based on
the shoaling behavior of zebrafish.”” Increased shoal area and
interindividual distance can be correlated with shoal disruption
and social communication in the case of neurological disorders.
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