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Collective Behavior in Wild Zebrafish

Delia S. Shelton, ™ Sierra G. Shelton,* Danita K. Daniel®> Manickam Raja°
Anuradha Bhat Robyn L. Tanguay,' Dennis M. Higgs,® and Emilia P. Martins’

Abstract

Anthropogenic change is expected to alter environments at alarming rates. To predict the impact of modified
environments on social behavior, we must study the relationship between environmental features and collective
behavior in a genetically tractable model, zebrafish (Danio rerio). Here, we conducted a field study to examine
the relationship between salient environmental features and collective behavior in four populations of zebrafish.
We found zebrafish in flowing water formed volatile groups, whereas those in still water had more consistent
membership and leadership. Groups in fast-flowing water were large (up to 2000 fish) and tightly knit with short
nearest neighbor distances, whereas group sizes were smaller (11 fish/group) with more space between indi-
vidual fish in still and slow-flowing water. These observations point to a possible profound role of water flow in

influencing collective behavior in wild zebrafish.

Keywords: collective behavior, zebrafish, water flow, vegetation, environment, field study

Introduction

ANTHROPOGENIC CHANGE IS on the rise, and expected to
radically change landscapes, and consequently alter
behavioral ecology.'” Physical environmental features can
limit or facilitate social interactions by establishing barriers
between group members, creating passages that connect
disparate groups, or augment interindividual interactions
with consequences for movement,>* huddling ener etics,’
cohesion,® polarity,” aggression,® group stability,”'" infor-
mation transmission,'' and evolution (e.g., allopatric specia-
tion).'*!? Some of the environmental features that are most
susceptl1ple to anthropogenic change are water and vegeta-
tion. Hydrological shifts driven by human alteration of
stream flow (e.g., dams and water diversions), agriculture
activity, and natural and human-induced climate shifts result
in changes in flow, water chemistry, pollution, and other
physical properties.'®'® Vegetation is also changing owing to
human activity such as deforestation and agriculture with
effects on habitat cover and flow.?*! Identifying which en-
vironmental features have the strongest effect on behavior is
important for determining mechanisms, conducting risk as-
sessments, and developing intervention plans. In this study,

we document the relationship between environmental features
and collective behavior across different zebrafish populations.

Flow has important impacts on grouping, positioning, and
type of movement exhibited by animals Water flow influ-
ences behavior in important ways i 2posing energetic con-
straints and facilitating movement.” Fast-turbulent flows
may lead to avoidance and dispersion, whereas more pre-
dictable flows may induce clustering and alignment where
group members can minimize energetic output.”*~" Flow-
dependent differences in aggregation are observed in guppies
(Poecilia reticulate) and chub (Leuciscus cephalus) that form
larger shoals in flowing than in still water.>'~? In response to
different flow patterns, groups may adopt speciﬁc geometries
such as bird flocks creating a V-formation,*® hill- shaped
aggregations in barnacles (Semibalanus balanoides),** fish
forming long planar schools in fast-flowing water,>> or ech-
elon formations in bowhead whales (Balaena mysticetus).36

To gain energetic advantages in flow conditions, group
members may change positions depending on flow and veg-
etation cover,>’ or adopt specific spatial positions depending
on intrinsic qualities such as aerobic capacity,*® tail beat
frequency,® body size,*” or group properties.*! In this study,
we assess how water flow relates to collective behavior in
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wild zebrafish, and we predict fish in flowing water will be
more cohesive, and form larger groups as they aggregate to
obtain hydrodynamic advantage, than fish in still water. Tur-
bulence in faster flowing water may serve as a force that
separates group members leading to greater fission—fusion than
those groups occupying still and slower flowing conditions.

Physical obstructions and vegetation can also influence
collective behavior by introducing structural complexity and
turbulence. Environmentally complex habitats may support
larger group sizes owing to more food availability,** or ani-
mals may disperse setting up territories around landmarks to
defend key resources.** Enhanced environmental complexity
may lead to frequent fission—fusion as individuals assess the
need to disperse and take refuge in vegetation cover or remain
in a school in the presence of predators,** and deforestation
may increase or decrease collective anti;)redatory responses
because of changes in perceived risk.*> Such physical ob-
structions may have consequences for leadership and spatial
position,*®*” as the presence of physical barriers leads to
denser social networks,”’48 and manmade obstructions
enhance reliance on socially transmitted information.'"*’
Vegetation may buffer groups from the onslaught of fast
flow, thereby alleviating the need for hydrodynamic forma-
tions, or vegetation can increase turbulence necessitating the
adoption of energy saving group formations. Here, we assess
how vegetation relates to collective behavior in wild zebra-
fish, and we predict that vegetation will exacerbate the effects
of fast flow, increasing the volatility of groups, as they nav-
igate around obstacles, but buffering groups from turbulence
in slower flowing waters.

Wild zebrafish have been previously studied with some
documentation of habitat measures,SO_5 3 diet,54’55 and social
behavior.>® In these field studies there was evidence of zeb-
rafish habitat degradation, and a call to document natural
zebrafish behavior in these habitats to inform the study of this
important biomedical model. To test the effects of environ-
mental features on collective behavior, we examined col-

™

FIG. 1.
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lective behavior in wild zebrafish at four sites in India that
differ in water flow and vegetation. We compared the range
of habitats, microhabitats, and the variation in leadership,
nearest neighbor distance, fission—fusion, and group size at
each of the sites.

Method

We conducted a field study in the postmonsoon season
from November 2017 to January 2018, choosing four field
sites representing different water flow and surface vegeta-
tion (Fig. 1). Microhabitat measures at these sites were
previously described,’®>” and to give a representation of the
sites during the present sampling period, we redescribe the
microenvironments with additional physical parameters.

We sampled zebrafish in two still water sites in West
Bengal: a ditch adjacent to a rice-paddy field with mature in-
water vegetation and no canopy cover allowing for full sun
light and minimal manmade debris (SV: still, vegetated) and
along a scantly vegetated, densely canopy-covered, low-light
penetrated, highly littered irrigation canal (SN: still, non-
vegetated). SV and SN were within 2-3 h walking distance.

In addition, we measured zebrafish in two flowing
streams. One site (FM: flowing, mixed vegetation) was a
fast-moving river in West Bengal, northeast India (a tribu-
tary of the Torsa River in Cooch Behar), where we mea-
sured zebrafish along a mix of vegetated and nonvegetated
edges that were exposed to full sunlight with no visible
human-made materials. The other site was a slow-flowing
outcrop with vegetated banks, patches of vegetation in the
water, medium light, and minimal human-made objects: the
Thunga River at Sringeri, Karnataka in the Western Ghats,
Southern India (FV: flow, vegetated). At the Western Ghats
site (FV), we sampled three shoals in the main stream, two
shoal in a canal connected to the mainstream, and one in a
stagnant pool not connected to the main stream, but similar
to the other sites in all other physical parameters. At all sites,

Map of study area (India) with sampling locations (black circles), and representative images and abbreviations for

the study sites. FM, flowing, mixed vegetation; SN, still, nonvegetated; SV, still, vegetated; FV, flowing, vegetated. Color

images can be seen at (https://youtu.be/HRFOE9ezE7Y).
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the water was clear, so that we could conduct real-time
observations and video filming of the fish.

At each site, we began by locating zebrafish groups—any
aggregation of zebrafish that was separated by other zebrafish
by at least 0.5 m. We then conducted observations at each of
the identified sites. Zebrafish did not appear to respond to the
observer, who in all cases took precautions not to disturb the
fish (e.g., not making sudden movements). We collected
behavioral data from a total of 57 zebrafish groups: 12 groups
in SN, 7in SV, 12 in FM, and 6 FV. For the groups at FM site,
we obtained fission—fusion frequencies and group size mea-
surements from 10 additional groups, and only group size
measurements from 10 more groups. Most of the groups at
the FM site (8 of them) were in areas that were free of algal
patches, whereas only a small subset of the groups (n=4)
were in algal patches. Sample sizes for the measured vari-
ables differed because we were not always able to record data
for every group accurately. We did not measure body sizes of
zebrafish, because these have been reported ;)reviously,56 and
can vary considerably with age and diet.’®>°

For each group, we recorded estimates of Group Size,
fission—fusion frequency, change in leadership frequency,
and nearest neighbor distance. We sampled fission—fusion
frequency for up to 1 min in real time, scoring fission—fusion
frequency as the number of times a zebrafish strayed at least 5
body lengths from the group and then rejoined. We consid-
ered a change in leadership when the identity of the frontal
fish changed. To obtain group size and nearest neighbor es-
timates, we counted fish both in real time and from videos,
taken from above with a GoPro Hero 5 Session or Cannon
Vixia HF R800 camera at a 1080 pixel resolution and optical
zoom up to 57 X (e.g., Vid. https://youtu.be/4xDzel TpN_M).

For video-recorded groups that were larger than the field-
of-view of the camera, we stitched still frames of the group
together using Huggins software (2019.2.0.b690aa0334b5
built by Niklas Mischkulnig originally developed by Pablo
D’Angelo © 2004-2019). By toggling the video back-and-
forth, we could identify the position of the fish. Once we
identified the position of a fish, we would place a point on the
fish. We then counted those points to get an estimate of group
size. In ImageJ 1.46q (Java 1.6.0_65, 32 bit), we measured a
subset (at least three) of the fish and averaged them to get an
average fish body length (in pixels) for the group. We then
used this average body length to calibrate the distance be-
tween neighbors of a focal fish, which served as our two-
dimensional nearest neighbor distance.

For real-time estimates of very large groups (the FM site at
the Torsa River in West Bengal), we scanned the shoal iden-
tifying reference points to place four markers that indicate start
and end of the shoal. We measured these markers to get shoal
length and width and calculated the shoal surface area. From
our video recordings, we obtained average fish densities for the
shoals that we then extrapolated to calculate group size. Other
field studies have used similar visual assessment methods to
estimate fish group sizes accurately.’®*-%?

Zebrafish in our samples remained near the surface of the
water, such that our above-surface observations and two-
dimensional photographs likely represent the spatial distribu-
tion of the group accurately. Zebrafish do move in three di-
mensions as seen in our underwater video (e.g., vid. https://
youtu.be/YFjgol47u_o), and that of another recent article,®
however; in laboratory settings, many studies assess zebrafish in
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shallow water to restrict their movement to two dimensions®®

and assessing the three-dimensional movements of zebrafish
accurately is technically challenging in the laboratory and field.
These points led us to focus our sampling on groups that were in
shallow, clear water. For real-time observations that required
observers to assess distances between fish (e.g., NND, fission),
we practiced estimating distances between objects in the water
bodies, and then measuring them to calibrate our visual as-
sessments, a proven method to enhance the consistency and
accuracy of visual assessments of distance, fish body lengths,
and nearest neighbor distances in the field.®>%*

To ensure accuracy of our real-time behavioral assessments,
all observers were previously trained until an interrater reli-
ability of ~90% was achieved. In addition, we compared a
subset of the real-time observations with behavior coded from
the video recordings to ensure there was congruency between
these sampling approaches.

After each observation period, we also recorded micro-
habitat parameters at up to 12 locations at each site, re-
presenting the areas in which we recorded behavior of that
zebrafish group. We assessed flow rate and vegetation cover
measures using the techniques described previously.’® We
also measured light using a LUTK-147 digital lux meter, and
documented the presence or absence of canopy cover and
human-made waste (or pollution). We did not get light and
water chemistry measurements at the FV (Western Ghats)
site, because of technical difficulties. These measurements
allowed us to obtain a representation of the microhabitat of
the zebrafish during the observation period. In addition, at
each of the four sites (varying in water flow and vegetation),
we sampled water quality at two to three representative lo-
cations. We used Tetra Test Strips™ to estimate ammonia,
nitrate, nitrite, hardness, chlorine and Ph levels. We also used
a HDE thermometer to measure temperature.

We used two-way analyses of variance (ANOVAs) with
water flow (still or flowing) and vegetation (high or low/
mixed) as factors to identify significant differences in be-
havior, microhabitat, and water quality across the four sites.
We fit the ANOVA models using the ““aov’’ function fol-
lowed by “Anova’ type III sum of squares functions in the
“car’” package® for unbalanced ANOVAs in R, examining
the residuals to determine whether log transformations were
needed. When log transformations were not sufficient, we
used Wilcoxon nonparametric tests to test the effects of veg-
etation and flow separately. We also used principal compo-
nents analysis (with the Base R ““prcomp” function and
scaling the variables to account for unit variance) to examine
relationships between behavioral and habitat measures.

Results

Zebrafish in flowing water exhibited two times more fis-
sion—fusions and two to three times more changes in lead-
ership than did groups in still water (Fig. 2A, B). Zebrafish in
still water formed groups that were relatively stable with
3.5+0.70 fission—fusions per minute and 2.7 +0.80 frontal
fish changes per minute. Zebrafish in faster flowing water
(M=8.0£2.15 fission—fusions/min) were more volatile
with greater than twice the fission—fusion frequency as
populations in slower flowing water (M =3.0+0.52 fission—
fusions/min; F, 3, =4.6, p=0.04; Fig. 2B). Similarly, zebra-
fish in faster flowing water (M=11.5+t4.81 and 6.2+£2.13
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FIG. 2. Water flow, but not vegetation is a predictor of collective behavior. (A) Groups in flowing water changed
leadership more than groups in still water. We found no evidence of an interaction between vegetation and flow or a main
effect of vegetation in our two-way ANOVA. (B) Groups in flowing water fission—fusion more than groups in still water.
There was not a significant of main effect of vegetation or an interaction between vegetation and flow. (C) Groups in fast-
flowing water with minimal vegetation (FM) were more cohesive than the other groups, which led to a significant vegetation
by flow interaction, and main effect of flow. The main effect for vegetation did not reach significance. (D) Groups in fast-
flowing, minimal-vegetation water are significantly larger than all other populations, which led to a main effect of flow. The
interaction between vegetation and flow and the main effect of vegetation were not significant. Individual samples are
represented by filled circles (@) for shoals in vegetated areas, and open circles (O) for shoals in nonvegetated or mixed
habitats represent individual samples. Triangles group means are represented by filled triangles ( A) for shoals in vegetated
areas, and open triangles ( A) for shoals in nonvegetated or mixed habitats. Error bars indicate one standard error. *P <0.05.
SV and SN were scored digitally and in real time, but data points from real-time observations are displayed. FV was scored
in real-time. FM was scored in video and real time, and data from digital and real-time observations are presented. ANOVA,
analysis of variance.

Zebrafish in fast-flowing water (FM) had nearest neighbor
distances that were almost three times smaller than did

leadership changes/min) experienced at least twice as many
frontal position changes as populations in slower flowing

water (M=2.5+1.10 and 3.0+1.10; F,3,=4.5, p=0.04).
The pattern is the same when the highest value in changes/
min is removed (Fy 30=4.7, p=0.04).

The presence of vegetation had little impact on fission—fu-
sion or leadership changes. Neither the main effect of vegeta-
tion (fission—fusion: F; 3, =0.6, p=0.43; leadership changes:
F,3;=0.01, p=0.92) nor the interaction between vegetation
and flow (fission—fusion: F;3;=1.2, p=0.27; leadership
changes: F; 31 =0.6, p=0.45) were statistically significant.

groups in all other populations (Fig. 2C). Groups in slow-
flowing and still water with and without vegetation had
similarly loose groups. This difference led to a significant
flow X plants interaction effect (F; ,5=6.7, p=0.02). The
large difference between the fast-flowing water with mixed
vegetation and the other populations likely drives the main
effect of flow (F, 5=13.2, p<0.01).

Zebrafish in still water formed groups of 3-30 fish with an
average of 11.7+1.70 fish per group similar to groups in



COLLECTIVE BEHAVIOR IN WILD ZEBRAFISH

slower flowing water (M =12.7 £3.0). Surprisingly, in the fast-
flowing Torsa River tributary (FM site), we documented groups
of up to 2000 fish. The larger groups sizes in flowing water led
to a main effect of flow (F; 53=22.9, p<0.01; Fig. 2D). Fish at
sites with less vegetation also had larger group sizes than their
more vegetated counterparts, but the flow X vegetation interac-
tion effect (F s3=3.4, p=0.07) and the main effect of vegeta-
tion (F; 53=0.8, p=0.43) did not reach significance. Zebrafish
in these very large groups also moved together in a synchro-
nized manner, exhibiting strong positive rheotaxis as fish ori-
ented with their heads toward the flow—forming long, torpedo -
shaped schools. The larger, synchronized schools of zebrafish
moved in and out of vegetative patches, whereas the more
loosely organized zebrafish groups of the FM site (Torsa river)
were found in vegetative patches that were buffered from the
faster flowing water. We did not observe rheotaxis or syn-
chronized movement at any of the other three sites.

We explored relationships among behavioral and micro-
habitat measures with principal components analysis. We
found that our results could be described sufficiently by three
composite variables, which together explained 81% of the
variation. About a third of the variation could be explained by
shoals in fast-flowing water having large group sizes and
short nearest neighbor distances, with PC1 explaining 34% of
the variation and the major loadings being Flow Rate (0.47),
Nearest Neighbor Distance (—0.46), and Group Size (0.41).
A quarter of the variation was explained by shoals from sites
with warm water and vegetation exploring less fish in other
sites. That is, PC2 accounted for 25% of the variation with
highest loadings on Vegetation Cover (0.54), Temperature
(0.53), and Fission—Fusion (—0.52). Finally, PC3 explained
21% of the variation with heaviest loadings in Group Size
(0.58) and Leadership Changes (0.76), as larger groups ex-
perienced a higher frequency of leadership changes.

Sites differed in flow, vegetation, temperature,
and human debris, but had similar water quality

As expected, the sites differed in water flow. In the still-
water sites (SV, SN) the flow was negligible. Flow was
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moderate (5.910.82cm/s) in the vegetated, slow-moving
stream in Southern India (FV), and triple the speed
(16.1£8.12 cm/s) in the fast-flowing stream in Eastern India
(FM). This difference in flow rate between still- and
flowing-water sites was statistically significant (Wilcoxon
test W=24, p << 0.01). Similarly, surface vegetation cover
averaged ~21% in the vegetated sites (SV, FV), but was
negligible in the nonvegetated still-water site (SN). In the
fast-moving stream (FM), we observed zebrafish along both
vegetated (28% surface vegetation in algal patches) and
nonvegetated areas. This difference in percent vegetation
cover between vegetated (SV and FV) and open water
(SN and FM) sites was statistically significant (Wilcoxon
test W=28.5, p=0.02).

The sites differed also in the presence of human debris. We
documented plastic bottles, plates, and pots in SN and FV, but
did not see any manmade waste in FM and SV. The sites also
differed in vegetation that could provide shade and thus re-
duce the amount of available light. with the SN site having a
dense canopy that reduced the light to 180 lux, whereas the
vegetation at the SV provided less shade exposing the groups
to more light 7732 lux. The north Indian site (FM) was free
from tall, shading vegetation. The sites progressively de-
creased in temperature with latitude. The northern site (FM)
was the warmest (24°C), followed by a 4°C drop in temper-
ature in the mid-eastern sites (SN, SV), and even cooler water
(18°C) in the southern most site. These differences led to a
significant plantXxflow interaction (F; 33s55=18.1, p <<
0.01).

All sites were similar in ammonia, nitrates, nitrites, hard-
ness, chlorine, alkalinity, and pH, such that our two-way
ANOVAs and Wilcoxon tests did not detect significant ef-
fects of water flow or vegetation on these aspects (Table 1).

Discussion

We found that zebrafish collective behavior in the field was
predicted by water flow, but not vegetation. Groups in
flowing water were more volatile showing a higher frequency
of fission—fusion and changes in leadership, than those in still

TABLE 1. MEAN VALUES (SE) oF THE HABIT MEASURES RECORDED AT FOUR INDIAN SITES

SV SN FV FM
At zebrafish groups
Flow rate (cm/s) 0 (0.0) 0 (0.0) 6 (0.8) 16 (8.1)
Vegetation cover (%) 21 (16.2) 0 (0.0) 23 (2.0) 28 (4.0)
General measures
Temperature 20 (0.8) 19 18 (0.0) 24 (0.4)
Alkalinity (ppm) 120 (0.0) 80 (40.0) - 180 (0.0)
Ph 7.8 (0.00) 7.4 (0.15) 7.3 (0.06) 7.8 (0.00)
Ammonia (ppm) 0 (0.0) - - 0.5 (0.00)
Hardness (ppm) 300 (0.0) 300 (0.0) - 300 (0.0)
Nitrate (ppm) 0 (0.0) 0 (0.0) - 0 (0.0)
Nitrite (ppm) 0 (0.0) 0 (0.0) - 0.5 (0.00)
Chloride (ppm) 0 (0.0) 0 (0.0) - 0 (0.0)
Human-made debris No Yes Yes No
Light (lux) 7731.7 (5462.63) 180 - -
Substrate Mud Mud Gravel, mud Mud, Silt
Latitude (°N) 21.6 21.6 13.4 41.4

A dash (-) indicates not measured.

FM, flowing, mixed vegetation; SN, still, nonvegetated; SV, still, vegetated; FV, flowing, vegetated.
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water. Group size paralleled water flow with groups in fast-
flowing water having larger group sizes than those in slower
flowing and still water. In a fast-flowing river in West Bengal,
we found zebrafish in polarized schools with all fish aligned
in the same direction facing into the current as previously
reported.’® These groups were massive with up to 2000 fish
per group, which surpasses previous group size reports>®®’
and is more aligned with other recent reports.”® We did not
find any evidence that vegetation exacerbated the impact of
flow, but zebrafish were more cohesive in the fast-flowing,
mixed vegetation environment, whereas zebrafish at all other
populations were similarly cohesive. These findings suggest
that some environmental features are more related to col-
lective behavior than others, and that anthropogenic and
seasonal changes in water flow may have important impacts
on social behavior.

Flow has the ability to facilitate movement and impede
collective motion by serving as an energetic constraint. We
saw that groups in flowing water were more volatile, expe-
riencing more fission—fusion and leadership changes than
those in still water, suggesting that flow was imposing en-
ergetic constraints on the fish. The volatility of the group may
result from individuals competing for more advantageous
spatial positions,’® the turbulent forces actively separating
group members, or individuals balancing between propulsive
efficiency and group stability.®” Flow may wash out chemical
cues that enable groups to establish stable social organiza-
tions’® resulting in less stable dominance hierarchies than
those in still water.”"

The impact of flow may depend on the flow speed, with
faster flows having more disruptive effects on collective
behavior or enhancing grouping as individuals create hy-
drodynamic formations. Flow-velocity-dependent behavior
was observed here with groups in faster flowing water
showing greater volatility, enhanced cohesion, and larger
group sizes than those in the slower flowing tributaries of
Thunga River. Others have reported linear relationships be-
tween flow velocity and energetics’> and group size’
sometimes in opposite directions.*?

In the fast-flowing water, large zebrafish groups formed long
planar formations facing into the flow possibly to reduce the
energetic constraints of the flow or to enhance vigilance, as
previous studies reported higher predation pressure in the fast-
flowing Torsa tributaries than in the other sites.® Planar for-
mations in flow are observed in many species,”>>>%"* and the
shape that groups assume may depend on the energetics de-
mands of moving in the environment,75 size of neighbors,32
learnin_(f’,,76 amount of available space6 and other abiotic fac-
tors.”””® In our field expedition, faster flows corresponded with
larger groups sizes, and consequently, with all measured be-
havior. Instead of flow, group size alone, or group size may
interact with flow to modulate collective behavior. To disen-
tangle the effects of group size and flow on zebrafish collective
behavior, these variables should be systematically manipulated.

Plants may buffer the effects of flow for some collective
behavior, but not others. We found that in flowing water with
vegetation, the groups had nearest neighbor distances similar
to those of groups in still water, but no other observable
behavioral effects. This finding suggests that vegetation
buffers cohesion, but not other behavior from flow effects.
Vegetation was not a strong predictor of collective behavior
in wild zebrafish in the field, which contrasts with findings in
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laboratory-tested wild zebrafish.®”® These differences may
result from a shift in selection pressures because of vegeta-
tion loss or seasonal changes, as the sites had upwards of 40%
less veégetation in 2017 than when the sites were sampled in
2014,%° and the seasonal monsoons produce enough rain to
radically change the landscape and microhabitat of zebra-
fish.2*8! Although others reported that environmental com-
plexity involving vegetation and obstructions alter social
behavior,“’82 the effects may depend on tem carature,,%’g4
predation pressure,** vegetation prevalence,”’ exposure
duration,® and genetic background.”®*¢*” For example,
exposure to obstacles had duration-dependent effects on
cognition,® and vegetation had area-dependent effects on
the prevalence of age classes in wild mouse populations.®®
Future studies may want to identify which aspects of veg-
etation alter collective behavior.

Animals can cope with human-induced and seasonal
changes to habitat by altering their behavior.* In the labo-
ratory, zebrafish groups respond to variable environments by
altering aggression, activity, cohesion, feeding, and sensory
systems.®"* %! These adjustments to environmental change
may depend on which environmental features are modified.
Zebrafish in the laboratory modified their feeding and cohe-
sion in response to flow, but not vegetation,® and vegetation
routinely interacted with water flow to affect activity and
aggression.”®’® At the field sites, we observed decreases in
vegetation, increases in human-made objects, and landscape
shifts. The landscape surrounding Torsa river changed con-
siderably from 2014 to 2017 sampling period with erosion of
river embankments, lower river depth, and wider tributaries
perhaps because of sand mining and flooding that destroyed
several homes along the river (personal communication with
residents).”*?*> Some features of the environment may have
greater impact on behavior than others as did water flow
compared with vegetation in this study. Identifying the effect
of the environmental features may permit conservationists to
detect aberrant effects tied to environmental modification,
and direct resources and policies to restore and protect in-
fluential environmental features.

Understanding the influence of environmental and genetic
factors on behavior is crucial, because zebrafish are becoming
a significant model system in biomedical research including
studies of drug discovery,”**° toxicology,”®"’ brain disor-
ders,”®? autism,'® personalized psychiatry,'®" and metabolic
pathologies.'*>'* Although our field study has emphasized
the importance of environmental factors in collective behav-
ior, some studies point to a genetic basis and consistent strain
differences for many aspects of collective behavior'® and
other social behavior such as leadership,105 collective move-
ment,'®'% and aggression—boldness.*”"'% Genetics may
also account for the observed patterns in collective behavior as
the SV and SF show little genetic distinction, and differ greatly
from the populations in northern West Bengal and southern
India.”” To explore the importance of gene by environment
interactions in zebrafish collective behavior, transplant ex-
periments may serve as invaluable tool."'® Furthermore, these
studies may help to rectify the challenges with generalizing
results between laboratory and field observations by identi-
fying the mechanisms that modulate behavior.'!

This study has implications for the laboratory study of
zebrafish behavior. Laboratory zebrafish research hinges on
proper husbandry and developing ecologically relevant
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assays,''! especially for behavioral phenotyping prevalent in
toxicology,”’ drug discovery,”® neuroscience,” genetic
screening,''? and psychiatric research.'® Much effort is de-
voted to ensuring relevant shoal sizes, densities, temperature,
water quality, and enrichment to meet basic husbandry and
experimental needs.''® The prowess of zebrafish is leveraged
on the ability to develop high-throughput and high-content
screens for the model. Such screens are sometimes slowed by
the potentially false trade-off between speed and ecological
accuracy of zebrafish social behavior assessments in two or
three dimensions. Our field study shows that while zebrafish
do move in three dimensions, there are many shoals in dis-
tinct wild populations that spend some of their time in shal-
low water occupying a largely two-dimensional space. These
field observations provide ecological validity for the two-
dimensional study of zebrafish behavior.

In summary, we found zebrafish inhabiting locations that
had been previously sampled, despite apparent environmental
change. Evidence of anthropogenic and seasonal changes with
reduced vegetation cover, riverbank erosion, and increased
presence of human-made objects at all sites, might speak to the
vulnerability or resilience of the zebrafish. We found that
water flow, but not vegetation was a strong predictor of col-
lective behavior in multiple populations of wild zebrafish. We
report that groups are larger, more volatile with shorter nearest
neighbor distances in flowing water than groups in still water.
In the fast-flowing water, we documented the largest group
sizes of zebrafish in the literature surpassing previous reports.
Future studies should carefully manipulate environmental
features and group size, and perform transplant experiments to
identify the influence of environmental, social, and genetic
factors on collective behavior. Such laboratory, mesocosm or
field studies could occur by observing the fish in shallow water
that restricts their movement to two dimensions, as these ex-
perimental parameters are ecologically relevant to wild zeb-
rafish. Further investigating the effect of these factors on group
behavior will enable a better understanding of the evolutionary
pressures that affect collective behavior, and help predict how
zebrafish will respond to future environmental change.
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