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ontogeny underlie the evolution
of collective behavior

Alexandra Paz,’ Karla J. Holt," Anik Clarke," Ari Aviles,” Briana Abraham,’ Alex C. Keene,? Erik R. Duboué,’
Yaouen Fily,"* and Johanna E. Kowalko®#*

SUMMARY

Collective motion emerges from individual interactions which produce group-
wide patterns in behavior. While adaptive changes to collective motion are
observed across animal species, how local interactions change when these collec-
tive behaviors evolve is poorly understood. Here, we use the Mexican tetra, Asty-
anax mexicanus, which exists as a schooling surface form and a non-schooling
cave form, to study differences in how fish alter their swimming in response to ne-
ighbors across ontogeny and between evolutionarily diverged populations. We
find that surface fish undergo a transition to schooling mediated by changes in
the way fish modulate speed and turning relative to neighbors. This transition
begins with the tendency to align to neighbors emerging by 28 days post-fertil-
ization and ends with the emergence of robust attraction by 70 days post-fertil-
ization. Cavefish exhibit neither alignment nor attraction at any stage of develop-
ment. These results reveal how evolution alters local interactions to produce
striking differences in collective behavior.

INTRODUCTION

Social behaviors in animals are critical for survival, and extensive variation in sociality is found across animal
species. Collective motion, which includes flocking in birds, herd migration in ungulates, and swarming in
insects, is an example of collective behavior in which individuals’ responses to local social cues culminate in
coordinated behavioral outcomes.'® Collective motion is also observed in many species of fish, and
includes shoaling and schooling.”'* Shoaling is defined as fish maintaining close proximities to other in-
dividuals in the group, while schooling is characterized by fish maintaining both close proximity and align-
ment. While shoaling and schooling result in complex collective motion in groups of up to thousands of
individuals, these group dynamics emerge from local interactions between individuals within the group,
such as individuals moving toward or away from neighbors based on their relative position.”""'*~"" How
these local interactions manifest in group level dynamics has been established in various fish species
that display robust schooling and shoaling.”'"'>1®=?* However, how evolution impacts these local interac-
tion rules to produce group level differences in collective behaviors is poorly understood. Establishing how
changes to individual behaviors lead to variation in collective motion is critical to revealing how collective

behaviors evolve in natural populations.
"Wilkes Honors College,

The Mexican tetra, Astyanax mexicanus, is a species of freshwater fish that consists of surface populations Florida Atlantic University,

which inhabit rivers and streams in Mexico and Southern Texas, and multiple independently evolved cave Jupiter, FL 33458, USA

fish populations that inhabit caves in Northeastern Mexico.?"~?’ Caves inhabited by A. mexicanus have a “Department of Biclogy,

Texas A&M, College Station,

number of differences in ecology relative to the surface habitat, including constant darkness, loss of macro- TX 77840, USA

scopic predators, and differences in water chemistry.”’~** These ecological differences have resulted in the 3Department of Biological
repeated evolution of a number of morphological, physiological, and behavioral traits in A. mexicanus cave Sciences, Lehigh University,
fish relative to their surface conspecifics, including loss or reduction of eyes and pigmentation, enhance- Bethlehem, PA 18015, USA
ment of non-visual sensory systems, changes to metabolism, and reductions in sleep.?**"3 “Lead contact

A. mexicanus cave fish have also evolved changes to multiple social behaviors relative to surface fish, *ﬁogslwgdi\’}csf)

. . . . . . _ . X i au.edu (Y.F.),
including reduced aggression and an absence of social hierarchies.**~*® Further, while adult surface fish jyokil21@|eh'\gh.edu UEK)
exhibit robust shoaling and schooling in the lab and in the field, these behaviors are reduced in adult https://doi.org/10.1016/.isci.
fish from multiple cave fish populations.””>* Thus, the robust differences in schooling and shoaling 2023.107431
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Table 1. Arena specifications across time points

Age 7 dpf 28 dpf 42 dpf 70 dpf
Arena (diameter x depth) (mm) 96 x 7 177 x 7 242 x 25 339 x 25

Arena diameters and depths, in mm, for each Arena diameters and depths, in mm, for each time point assayed.

between surface and cave fish provide an opportunity to investigate how individual interactions are altered
over evolutionary time to produce differences in group behaviors.

Here, we quantify group dynamics and individual behaviors in groups of cave and surface A. mexicanus
across ontogeny to identify how changes in individual fish behaviors lead to evolutionary loss of collective
motion. By examining inter-individual interactions across development, we are able to identify when during
development fish initially begin to modulate their motion relative to their neighbors, and how these
changes in individual behaviors alter group level behaviors. Through comparing inter-individual interac-
tions across populations that exhibit markedly different group level behaviors, we define how different so-
cial interaction rules underlying group behaviors have evolved, as well as when the developmental trajec-
tories leading to different group level behaviors diverge.

RESULTS

Attraction and alignment diverge between surface and cave fish over the course of
development

The ontogeny of schooling and shoaling in surface fish, as well as the stage at which cave and surface fish
social behaviors diverge, is unknown. For example, surface and cave fish may display distinct social inter-
actions throughout development. Alternatively, they may initially display similar interactions before
diverging later in development. To determine if schooling and shoaling change across development
(Table 1), we analyzed swimming behavior in surface fish and cave fish in groups of five at timepoints across
development: 7 days post fertilization (dpf) (n = 7 surface fish groups and 11 cave fish groups), shortly after
fish begin to hunt prey and feed, 28 dpf (n = 8 surface fish groups and 9 cave fish groups), 42 dpf (n = 9
surface fish groups and 7 cave fish groups), and 70 dpf (n = 11 surface fish groups and 9 cave fish groups),
when fish have reached subadult stages, but prior to sexual maturity. We calculated the distance (Figure 1A)
and the alignment (Figure 1B) between pairs of fish, as these metrics have previously been used to define
schooling and shoaling'""?#°*** (Figure 1C). The joint probability distributions of pair distance and pair
angle spread over the entire range of distances and angles in surface A. mexicanus at larval and juvenile
time points (7 and 28 dpf; Figures 1D and 1E), suggesting that surface fish at these stages of development
are neither schooling nor shoaling. However, while the pair distances and angles continue to spread across
the entire range at 42 dpf, by this point in development the distribution also exhibits a peak at short pair
distance and small pair angle, suggesting some preference for proximity and alignment by this stage (Fig-
ure TF). In groups of 70 dpf surface fish, the joint probability distribution of pair distance and angle has a
sharp peak at short pair distances, which is more pronounced at small pair angles, suggesting that surface
fish show a strong preference for proximity and alignment at this stage (Figure 1G). These 70 dpf results
indicate that fish are schooling and shoaling at this stage. Together these data suggest that in surface
fish, schooling and shoaling emerge over the course of development, with an initial preference for being
both aligned and in close proximity beginning prior to 42 dpf and becoming robust by 70 dpf.

To determine if evolutionary loss of schooling in cavefish occurs at late developmental stages, or if surface
and cave fish behavioral differences in sociality can be observed throughout developmental stages, we as-
sessed whether cave fish demonstrate a preference for alignment and proximity at any point in develop-
ment. Similar to surface fish at the same stages, the joint probability distributions of pair distance and
pair angle for 7 dpf and 28 dpf cave fish groups spread over the entire available range of distances and
angles (Figures TH and 11). However, while surface fish begin to exhibit patterns of inter-fish proximity
and alignment associated with schooling and shoaling at 42 dpf, cave fish do not. Instead, the joint prob-
ability distribution of pair distance and pair angle continues to spread over a range of distances and angles
in 42 dpf and 70 dpf cave fish groups, suggesting a lack of preference for proximity or alignment at these
later developmental stages (Figures 1J and 1K). A different pattern emerges in 70 dpf cave fish: a pair of
arches that suggests a strong preference for swimming along the arena walls (Figure 1K).>* These findings
suggest that cave fish do not school or shoal at any point in development. Taken together, these results
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Figure 1. Joint probability distributions of pair distance and angle between individuals in groups of five fish

(A) Pair distance was defined as the distance between the center points of two individuals.

(B) Pair angle was defined as the difference in heading between two individuals.

(C) Collective behaviors such as schooling and shoaling can be broadly defined using the relationship between pair distance and angle.
(D-G) Joint plots for groups of surface fish at (D) 7 dpf, (E) 28 dpf, (F) 42 dpf, and (G) 70 dpf.

(H-K) Joint plots for groups of cave fish at (H) 7 dpf, (1) 28 dpf, (J) 42 dpf, or (K) 70 dpf.

indicate that the attraction and alignment that underlie schooling behavior emerge in surface fish over the
course of development, with attraction and/or alignment being present at 42 dpf, and that these behaviors
do not follow this developmental trajectory in cavefish.

Surface fish develop the tendency to align prior to attraction

We next asked if attraction and tendency to align to neighbors are established at the same developmental
stages in surface fish. To determine when in development surface fish begin to exhibit a preference for
alignment to one another, we compared the angles of fish to their nearest neighbors across ontogeny.
To control for indirect alignment, e.g., fish being aligned because they are following the same wall rather
than because they are reacting to each other’s presence, the alignment of nearest neighbors was
compared to the alignment of nearest neighbors in mock groups, a frequently used approach.'®2%°0->
Mock groups were generated by extracting the positions of individuals that were not assayed together
and combining them to form groups of five fish (see STAR Methods). At 7 dpf, surface fish nearest neighbor
alignment was similar to mock groups (p = 0.097; Figures 2A and S1), suggesting that at early stages of
development, surface fish do not have a preference for alignment. Beginning at 28 dpf, however, there
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Figure 2. Comparisons of surface and cave fish proximity and alignment to that of mock groups

(A and B) (A) Comparisons of surface fish (left violin plots, pink) nearest neighbor pair angles to mock groups (right violin
plots, gray) at 7 dpf (p = 0.097), 28 dpf (p = 0.004), 42 dpf (p = 0.016), and 70 dpf (p < 0.001) (B) Comparisons of cave fish (left
violin plots, purple) nearest neighbor pair angle to mock groups (right violin plots, gray) at 7 dpf (p = 0.246), 28 dpf

(p = 0.126), 42 dpf (p = 0.954), and 70 dpf (p = 0.568).

(C) Comparisons of surface fish nearest neighbor distances to mock groups at 7 dpf (p < 0.001), 28 dpf (p = 0.003), 42 dpf
(p = 0.654), and 70 dpf (p < 0.001).

(D) Nearest neighbor distances of cave fish compared to mock groups at 7 dpf (p = 0.045), 28 dpf (p = 0.008), 42 dpf
(p = 0.001), and 70 dpf (p < 0.001).

(E) Comparisons of surface fish interindividual distance to mock groups at 7 dpf (p = 0.490), 28 dpf (p = 0.534), 42 dpf
(p = 0.257), and 70 dpf (p < 0.001).

(F) Interindividual distances in groups of cave fish compared to mock groups at 7 dpf (p = 0.162), 28 dpf (p = 0.091), 42 dpf
(p = 0.587), and 70 dpf (p = 0.499). Solid lines denote means, dotted lines denote medians, each point denotes a single
trial, * denotes p < 0.05, ** denotes p < 0.01, ***p < 0.001, a. = 0.05. See Figure S1 for full table of statistics. P-values here
are the result of Mann-Whitney U-tests.

is a statistically significant decrease in pair angle in actual groups of surface fish compared to pair angle in
mock groups (p = 0.004; Figures 2A and S1), indicating that fish aligned more with their neighbors than ex-
pected by chance. At 42 dpf and 70 dpf, alignment between nearest neighbors relative to alignment in
mock groups became more pronounced than at earlier developmental timepoints (42 dpf: p = 0.016; 70
dpf: p <0.001; Figures 2A and S1), suggesting that in surface fish, the tendency to align with nearest neigh-
bors becomes more pronounced over the course of development. In contrast, the alignment of nearest
neighbors in groups of cave fish did not significantly differ from the alignment of mock group nearest
neighbor pairs at any of the developmental timepoints (7 dpf: p = 0.246; 28 dpf: p = 0.126; 42 dpf:
0.954; 70 dpf: p = 0.568; Figures 2B and S1). Importantly, the nearest neighbor pair angles of surface
and cave fish did not strongly correlate with swimming speed at any developmental stage, suggesting
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the observed trends are not simply the consequence of differences in swimming speed (Figures S2A and
S2B). Together, these data suggest that a preference to align with neighbors emerges between 7 dpf and
28 dpf in surface fish and increases over time. By contrast, cave fish demonstrate no tendency to align with
neighbors at any timepoint, suggesting that loss of tendency to align contributes to loss of schooling in
cavefish.

In addition to alignment, attraction to others in the group is essential for schooling and shoaling behavior in
fish. To determine when fish first begin to show attraction to other fish in the group, we calculated two
commonly used metrics of attraction: nearest neighbor distance, the distance between each fish and its
closest neighbor, and interindividual distance, the distances between all pairs of fish in the group, a mea-
sure of group cohesion. Nearest neighbor distances and interindividual distances of real groups were
compared to those of the same mock groups used for alignment comparisons. At 7 dpf and 28 dpf, surface
fish nearest neighbor distances were significantly larger than those of mock groups (7 dpf p < 0.001; 28 dpf
p = 0.003, Figures 2C and S1). This changes at 42 dpf, when surface fish nearest neighbor distances were
similar between real and mock groups (p = 0.654; Figures 2C and S1). By 70 dpf, however, surface fish main-
tained significantly closer nearest neighbor distances compared to mock groups (p < 0.001; Figures 2C and
S1). These data suggest that surface fish do not display attraction during early development, and may avoid
neighbors at these developmental stages. Further, they suggest that surface fish begin to display robust
attraction by 70 dpf. This establishment of attraction by 70 dpf is also observed at the level of group
cohesion. At 7, 28, and 42 dpf, surface fish interindividual distances resembled those of mock groups (7
dpf p = 0.490; 28 dpf p = 0.534; 42 dpf 0.257,; Figures 2E and S1). However, at 70 dpf, surface fish groups
show cohesiveness, with interindividual distances that are significantly smaller compared to mock groups
(p < 0.001; Figures 2E and S1).

Across development, cave fish maintained significantly greater distances from their nearest neighbors
compared to mock groups (7 dpf: p = 0.045; 28 dpf: p = 0.008; 42 dpf: p = 0.001; 70 dpf: p < 0.007;
Figures 2D and S1). However, the interindividual distances in groups of cave fish resembled those of control
mock groups over the course of all developmental timepoints assayed (7 dpf: p = 0.162; 28 dpf: p = 0.091; 42
dpf: p = 0.587; 70 dpf: p = 0.499; Figures 2F and S1). These data suggest that cave fish do not exhibit attraction
to neighbors at any point in development, and may exhibit repulsion from nearest neighbors. We found no
strong correlations between swimming speed and nearest neighbor distance or interindividual distance in sur-
face fish or cave fish at most stages, except at 70 dpf where it correlated with approximately 20% of the vari-
ability observed in interindividual distance in cave fish, suggesting the observed trends are not simply the
consequence of differences in swimming speed (Figures S2A and S2B). Taken together, these data suggest
that surface fish attraction and preference for alignment develop at distinct points in development, and
that lack of a preference for alignment or attraction is maintained in cavefish across ontogeny.

Reductions in tendency to modulate speed and turning according to neighbor position
underlie loss of schooling in cave fish

We next sought to understand how fish modulate the ways they interact with their neighbors to give rise to
the emergence of schooling and shoaling, and how these inter-fish interactions differ between populations
that have evolved differences in the tendency to school and shoal. We first defined inter-fish positional
preferences by generating density heat maps around a focal fish and looking for differences between
real groups of fish and mock groups. At 70 dpf, when surface fish school and shoal, they exhibit specific
positional preferences relative to neighboring fish when compared to mock groups: Fish are frequently
positioned such that neighboring fish occupy a zone between 0.05 and 0.4 tank radii from a focal fish, a
zone we refer to as the schooling zone (Figures 3A and S3A). In contrast, fish in 70 dpf surface fish mock
groups do not preferentially occupy the schooling zone (Figure S4A). This positional preference is also
observed, to a lesser extent, at 42 dpf (Figure 3A). However, it is not present at earlier developmental
stages. Instead, density maps of 7 and 28 dpf surface fish indicate low fish density at close distances relative
to the focal fish (Figure 3A). This lack of preference for proximity is observed across development in cave
fish (Figure 3B). Together, these data suggest that neither surface nor cave fish display robust attraction
early in development, however surface fish develop attraction over the course of development, consistent
with the emergence of schooling behavior in these fish.

Fish can modulate their position relative to neighbors using a combination of two behaviors: turning and
changing swimming speed, and one or both of these behaviors could be altered by evolution in cave fish. In
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Figure 3. Positional preferences of surface and cave fish across development compared to mock groups

Cave

Surface

(A and B) Density heat maps illustrate the preferred positions of (A) surface and (B) cave fish individuals relative to a focal
fish located at the center of the heatmap, facing upwards. Results are the difference between real (Figure S3) and mock
groups of 5 fish (Figure S4). Positive values (red) indicate that the presence of a neighbor is more likely in real groups than
in mock groups. Negative values (blue) indicate that the presence of a neighbor is less likely in real groups than in mock
groups.

(C) Polar grid. The focal fish is shown in the center, facing up. The rings at 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, and 0.5 tank radii
show the distance between the focal fish and its neighbor.

order to determine the contributions of speed changes and turning to the maintenance of preferred posi-
tions, we computed the average speeding and turning forces of each fish when another fish is nearby as a
function of the neighboring fish’s location, similar to previous work in golden shiners.'" Force here refers to
the focal fish's acceleration normalized to average speed. The turning force is the normal acceleration (ac-
celeration perpendicular to the fish's heading). The speeding force is the tangential acceleration (acceler-
ation in the direction of the fish’s heading). In order to control for the effects of arena walls, speeding and
turning force were also calculated for individuals in mock groups, and the difference between real
(Figures S3C-S3F) and mock group data (Figures S4C-S4F) were plotted as heat maps (Figures 4A, 4B,
5A, and 5B). At 70 dpf, surface fish tend to increase swimming speed if a neighbor is located further
than ~0.15 tank radii in front of them and decrease swimming speed if a neighbor is located further
than ~0.15 tank radii behind them (Figure 4A). Since 0.15 tank radii corresponds to the peak of the neighbor
density heatmap (Figure 3A), this suggests that 0.15 tank radii is the preferred distance between schooling
neighbors, and that fish modulate their speed to get closer to their neighbor when that neighbor is further
away than this preferred distance.

In order to quantitatively assess the contribution of speed changes to attraction, we calculated the mean attrac-
tive speeding force for all pairs of fish within the attraction zone, defined as the region between 0.15 and 0.4
tank radii of a focal fish, i.e., the part of the schooling zone where the speeding force is expected to be attractive
(Figure 4C). Positive values indicate that speed changes tend to decrease the distance between neighbors
whereas negative values indicate that speed changes tend to increase the distance between neighbors. Values
close to zero indicate that individuals are not utilizing changes in swimming speed to change their distance rela-
tive to neighbors. To account for speeding due to non-social effects, we subtracted the mock group mean from
the mean of each real group. At 70 dpf, the mean trial attractive speeding force of surface fish is significantly
greater than zero (p = 0.002), indicating that fish show a tendency to use speed to position themselves closer
to neighbors at this stage (Figure 4D and S5). At 7, 28 and 42 dpf, surface fish do not appear to modulate speed
in response to neighbors in the attraction zone, and mean trial attractive speeding forces do not differ signif-
icantly from zero (7 dpf p = 0.151; 28 p = 0.606; 42 dpf p = 0.091) (Figures 4A, 4D, and S5).

Cave fish attractive speeding force did not significantly differ from zero at 7 dpf (p = 0.115) or 42 dpf (p = 0.820),
although speeding force was slightly greater than zero at 28 dpf (p = 0.014) (Figures 4E and S5). Unlike in sur-
face fish, cave fish speeding forces at 70 dpf (p = 0.109) also did not differ from zero (Figures 4E and S5), consis-
tent with the positional preferences and observed lack of schooling and shoaling at these stages. Considering
the similarities in surface and cave fish positional preferences at early stages (Figures 3A and 3B), we hypoth-
esized that surface and cave fish may exhibit similar trends in speeding force at close proximities during this
stage. Within close proximities, surface fish at 7 and 28 dpf slow down when fish are in front of them and speed
up when fish are behind them, a trend that continues across time points and is present in cave fish (Figures 4A
and 4B). Together, these data suggest that both surface and cave fish alter their speed to maintain positional
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Figure 4. Fish modulate swimming speed according to the relative position of neighbors

(A and B) Speeding force represents the acceleration of an individual (A) surface or (B) cave fish in the axis of its motion.
Speeding force here is given as a function of the position of neighboring fish, with the focal fish’s direction of motion
oriented toward the top of the figure. Positive values (red) indicate increases in swimming speed. Negative values (blue)
indicate decreases in swimming speed.

(C) The mean speeding force for each trial was calculated for pairs within proximities in which attraction was expected
(0.15 and 0.4 tank radii) and its sign flipped when the neighboring fish was behind the focal fish to give the attractive
speeding force. Positive values indicate that speed changes tend to decrease the distance between neighbors whereas
negative values indicate that speed changes tend to increase the distance between neighbors.

(D) The mean attractive speeding forces of surface fish at 7 dpf (p = 0.151), 28 dpf (p = 0.606), 42 dpf (p = 0.091), and 70 dpf
(p = 0.002).

(E) The mean attractive speeding forces of cave fish at 7 dpf (p = 0.115), 28 dpf (p = 0.014), 42 dpf (p = 0.820), and 70 dpf
(p = 0.109). Accelerations here have been standardized to mean swimming speed of each age and population. * denotes
p < 0.05, ** denotes p < 0.01, o = 0.05. Results here are the difference between real and mock data. See Figure S5 for full
table of statistics. P-values here are the result of either a one sample t-tests or a Wilcoxon Signed Rank test. See STAR
Methods and Figure S5 for more information.

preferences relative to neighbors, but only surface fish develop the tendency to modulate speed to get closer
to neighbors, contributing to maintenance of close proximity required for schooling and shoaling.

Next, we assessed whether fish modulate their position relative to other fish through turning. Surface fish at 70
dpf turn toward neighbors located any greater than 0.15 tank radii to the right or left of them (Figure 5A). Similar
to speeding force, we calculated the attractive turning force (positive if the turn is toward neighbor, negative if it's
away from it) averaged over every pair of fish within the attraction zone (Figure 5C). To account for turning due to
non-social effects, we subtracted the mock group mean from the mean of each real group. At 70 dpf, the attrac-
tive turning force in surface fish is significantly higher than zero (p = 0.002) (Figures 5D and Sé). A slight tendency
to turn toward neighbors can be observed in heat maps at 42 dpf, and an attractive turning force slightly higher
than zero, though the difference was not statistically significant (p = 0.072; Figures 5A, 5D, and Sé). Turning to-
ward neighbors is not observedin 7 (p = 0.698) or 28 dpf surface fish (p = 0.331; Figures 5A, 5D, and Sé). Similar to
trends observed in speeding force, both surface fish and cave fish turn away from fish located within ~0.1 tank
radii across development (Figures 5A and 5B). However, the attractive turning force of cave fish did not signif-
icantly differ from zero, except at 28 dpf (7 dpf p = 0.820; 28 dpf p = 0.018; 42 dpf p = 0.139; 70 dpf p = 0.094;
Figures 5E and S6). Taken together, these findings indicate that surface and cave fish utilize both speeding and
turning to maintain preferred positions to neighbors, but only in surface fish during later developmental stages is
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Figure 5. Fish perform turns to control alignment and proximity to neighbors

(A and B) Turning force represents acceleration perpendicular to a focal (A) surface or (B) cave fish’s axis of motion.
Turning force here is given as a function of the position of neighboring fish, with the focal fish’s direction of motion
oriented toward the top of the figure. Positive values (red) indicate acceleration to the right. Negative values (blue)
indicate acceleration to the left.

(C) The mean turning force for each trial was calculated for pairs within the attraction zone and its sign flipped when the
neighboring fish was on the left side of the focal fish to get the attractive turning force. Positive values indicate turning
toward a neighbor and negative values indicate turning away.

(D) Mean attractive turning forces of surface fish at 7 dpf (p = 0.698), 28 dpf (p = 0.331), 42 dpf (p = 0.072), and 70 dpf
(p = 0.016) compared to zero.

(E) Mean attractive turning forces of cave fish at 7 dpf (p = 0.820), 28 dpf (p = 0.018), 42 dpf (p = 0.139), and 70 dpf

(p = 0.094) compared to zero.

(F) The contribution of turning to maintaining alignment with neighbors was assessed by comparing the mean trial
angular acceleration of pairs within 0.05 and 0.4 tank radii of each other (see STAR Methods).

(G) Mean angular accelerations of surface fish at 7 dpf (p = 0.831) , 28 dpf (p = 0.280), 42 dpf (p = 0.035), and 70 dpf

(p = 0.004) compared to zero.

(H) The mean angular acceleration of cave fish did not differ from zero at 7 dpf (p = 0.247), 28 dpf (p = 0.329), 42 dpf
(p = 0.055), or 70 dpf (p = 0.156). Accelerations here have been standardized to mean swimming speed of each age and
population. * denotes p < 0.05, ** denotes p < 0.01, & = 0.05. Results here are the difference between real and mock data.
See Figure S6 for full table of statistics. P-values here are the result of either a one sample t-tests or a Wilcoxon Signed
Rank test. See STAR Methods and Figure S6 for more information.

turning utilized to maintain closer proximities to neighbors. This suggests that the evolved loss of schooling in
cave fish is the product of a loss of these attractive trends in both speeding and turning.

Fish may utilize turning to alter both their proximity and their alignment relative to other individuals. In or-

der to assess the contribution of turning to the tendency of fish to align with neighbors we calculated the
aligning angular acceleration of neighbors located within 0.05-0.4 tank radii of each other (see STAR
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Methods; Figure 5F). The aligning angular acceleration was calculated as the rate of change of the angular
velocity, with a minus sign when the neighbor is on the left of the focal fish so that positive values always
correspond to an effort (a torque) to align with the neighbor’s heading whereas negative values indicate
an effort to turn away from the neighbor’s heading. At both 42 dpf (p = 0.035) and 70 dpf (p = 0.004), surface
fish angular acceleration is significantly higher than zero, indicating that turning contributes significantly to
surface fish tendency to align with neighbors at these ages (Figures 5G and Sé). In contrast, the angular ac-
celeration of cave fish was close to zero across development, suggesting that fish neither turned to align
nor to misalign with neighbors (7 dpf p = 0.247; 28 dpf p = 0.329; 42 dpf p = 0.055; 70 dpf p = 0.156;
Figures 5H and S6). Taken together, these results indicate that at late stages of development in surface
fish, turning contributes to a preference for being aligned, whereas cave fish have evolved a reduced ten-
dency to turn to align to neighbors.

DISCUSSION

Collective motion is a complex emergent property that arises from interactions between individuals at the
local level."""5717:56%0 5chooling and shoaling in fish are examples of collective motion, and while the local
interactions that underlie schooling and shoaling have been studied in several fish species,”"">' little is
known about how natural variation in these local interactions result in evolved differences at the level of
the emergent collective behavior.” There is considerable variation in schooling and shoaling among fish
that live in different ecological conditions. For example, populations of Trinidadian guppies display
different degrees of group cohesion, and cohesiveness positively correlates with the degree of predation
in their natural habitats.'*'/?"¢'~3 Additionally, sociality of three-spine stickleback populations varies ac-
cording to water temperature during rearing — a trend that is particularly worrisome as global temperatures
rise.®* While there is significant diversity in the tendency to school and shoal across populations of fishes,
how evolution impacts local interaction rules to produce these group level differences is not understood.
Here, we illustrate how evolved changes in interindividual interactions culminate in the development of
naturally occurring differences in schooling and shoaling in closely related populations of a single species.

While studies in zebrafish have laid the groundwork for understanding how complex collective behaviors man-
ifest over the course of development, A. mexicanus represents a unique opportunity to not only determine
how collective behaviors emerge over development, but also how the individual behaviors and pairwise inter-
actions that underlie collective motion change when emergent behaviors evolve. Cave A. mexicanus exhibit

reductions in schooling similar to those of other cave fish, such as cave mollies (Poecilia mexicana)'>*>*’

%8 Observations of differences in the collective behaviors of adult sur-

and cave Oman garra (Garra barreimiae).
face and cave populations of the Mexican tetra go back at least as far as 1964,”" and include both field and lab
studies.”””'>* However, it was only recently that studies began capitalizing on automated tracking, allowing
for previously unattainable in-depth quantitative analysis of these behaviors.””* These studies demonstrate
that, although they do not exhibit robust schooling and shoaling, adult cave fish modulate their behavior in the
presence of conspecifics by altering average swimming and turning speeds, and that their sociality may be
altered by environmental conditions.”®*® Thus, cave fish present an opportunity to understand mechanisms
contributing to evolution of collective behaviors. Here, we assess differences in how individual fish respond
to other individuals in these populations of schooling and non-schooling fish. We find that by 70 dpf, the col-
lective behaviors of surface and cave fish resemble those of adults of the same populations assayed under
similar conditions,”® with surface fish exhibiting schooling and cave fish displaying no attraction or tendency
to align. Further, we have characterized the individual level behavioral changes that underlie these differences
in schooling and shoaling: Surface fish utilize turning and changes in speed to maintain close proximities and
alignment relative to neighbors, similar to individuals from other schooling species.''"'*'® Changes in swim-
ming speed are utilized by surface fish to control proximity to neighbors, while turning is utilized to control
both proximity and alignment to neighbors. In contrast, while cave fish also utilize turning and speed changes
to control their positions relative to neighbors, they do not appear to utilize turning to alter their alignment
relative to neighbors. Furthermore, cave fish only perform turns and modulate speed to separate from neigh-
bors, they do not perform turns or modulate speed to maintain close proximities to neighbors, resulting in the
loss of the robust attraction and alignment found in schooling and shoaling fish. Similarly, experiments in
which groups of guppies were artificially selected for greater group alignment across multiple generations
also resulted in changes in the relationship between both turning and changes in speed relative to the posi-
tions of neighbors.®” Groups selected for greater cohesion exhibited stronger correlations between turning
and nearest neighbor direction. The correlation between turning and nearest neighbor position in groups
selected for cohesion was not significantly stronger than in non-selected groups, though a slight trend was
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observed.®” These findings, along with our results in A. mexicanus, support the idea that the modulation of
turning and speed is essential to evolved differences in collective behavior across fish species.

One approach for understanding how changes at the level of local interactions affect schooling and shoal-
ing is to perform in-depth quantitative analyses of the interactions across developmental timepoints. To
the best of our knowledge, analyses of the development of schooling and shoaling had exclusively been
conducted in the zebrafish, Danio rerio, prior to this study.wm70 Similar to our findings in the Mexican
tetra, zebrafish develop attraction and tendency to align to other fish at distinct points in develop-
ment.'%?%7% |nterestingly, previous genetic screens indicate that attraction and alignment for schooling
and shoaling are regulated by different genes.” While the exact timing of the onset of attraction and align-
ment differ between studies, all of the proposed times of onset are earlier than in A. mexicanus. Similar to
our results in surface A. mexicanus, developmental changes in tendency to align and attraction in zebrafish
are the product of changes in the ways individual fish modify their velocity in response to neighbors.'®
Whether the differences in ontogeny of schooling across species are due to life history or differences in
ecological factors under which these populations have evolved remains an open question.

Analysis of ontogeny of schooling and shoaling in cave and surface fish revealed similarities between the
inter-individual interactions of fish from both populations early in development. In addition to similar
trends in nearest neighbor pair angle, interindividual distance, and nearest neighbor distance when
compared to control mock data at early stages of development, analysis of individual behaviors relative
to neighbors suggests that both cave fish and surface fish modulate speed and turning to create distance
between themselves and close neighbors, and do not modulate speeding or turning in response to more
distant neighbors at early developmental stages, including those in the area that makes up the attraction
zone at later stages of development in surface fish. Beginning around 42 dpf, however, the developmental
trajectories of these behaviors diverge between surface and cave fish. Surface fish begin to develop robust
attractive interactions, turning toward neighbors and modulating speed to remain close to neighbors, as
well as aligning interactions, turning to align with neighbors. Neither attraction nor alignment are observed
in cavefish, which do not turn nor speed to get closer to or align with neighbors. These data suggest that
the evolution of collective behaviors is driven by changes in patterns of speeding and turning by individuals
to move closer to or align with neighbors.

The lack of differences in social interactions between surface fish and cave fish at early developmental
stages suggests a model for how schooling and shoaling evolve: through a loss of behaviors that result
in attraction and alignment, rather than loss in all modulation of behavior based on location of other
fish. These results, combined with recent advances in A. mexicanus research, including Tol2 transgenesis,””
CRISPR gene editing,*” and neurcanatomical brain atlases,””~* will provide a unique opportunity to probe
for the neuronal and genetic mechanisms underlying naturally occurring variation in components of collec-
tive behavior in future studies.

Multiple traits differ between surface and cave fish both early in development and at adult stages, including
reductions in sleep™’® and reduced stress-associated behaviors.*’”’ Other traits diverge over the course
of ontogeny. For example, studies investigating developmental differences between populations have re-
vealed that larval cave fish initially develop eyes that then regress.”’~®" However, cavefish eyes still exhibit a
number of differences during early developmental stages compared to surface fish eyes,”® and cavefish
likely lack functional vision even early in development, as they do not respond to visual stimuli and show
defects in photoreceptor development.?”® Thus, the emergence of differences in social behavior across
development is distinct from some cave-evolved traits.

Collective behaviors are exhibited by a wide variety of animals and, like schooling and shoaling in fishes, are
the product of local interactions between individuals.'™'"**"° Indeed, this trend applies not only to ani-
mals but also to groups of cells or even moving particles.®**® Understanding the mechanisms underlying
collective behaviors may have wide applications. For example, the collective behaviors of fish have been
used as models for underwater robot swarms, which may be used for applications in environmental moni-
toring.®” The collective behaviors of termites have also been used as models for designing groups of robots
that build user-specified structures.” Thus, the ability to understand how changes in local interactions in-
fluence collective behaviors is relevant to a wider variety of disciplines than simply animal behavior, empha-
sizing the significance of data such as those presented here.
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Limitations of the study

In this study, we identify developmental timepoints during the emergence of differences between complex
social behaviors in populations of the Mexican tetra, Astyanax mexicanus. In this work, we did not assess
the contributions of differences in sensory perception, which differ between cave fish and surface fish, to
the behavioral differences analyzed. Our analysis also focused on pairwise interactions and correlations;
we did not assess 3-fish interactions or group-wide effects such as the mean speed’s dependence on group
size seen in adult cave fish. Additionally, here, we identify points in development using time since fertiliza-
tion; however, it is possible that differences in husbandry, such as feeding regimen, could result in differ-
ences in rate of development and therefore affect the exact time at which the behaviors studied herein
emerge over the course of development.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Python version 3.10 Python Software Foundation https://www.python.org

Trilab-tracker version 0.1.2 Patch et al.”® https://github.com/yffily/trilab-tracker/
tree/0.1.2

Analysis script and tracks This manuscript https://doi.org/10.17632/z8d7zf3xnf

Miniconda Anaconda, Inc. https://docs.conda.io/en/latest/

miniconda.html

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Johanna Kowalko, (jok421@lehigh.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® All tracking data has been deposited at Mendeley data and is publicly available as of the date of publi-
cation. See key resources table.

@ Original code has been deposited at Mendeley data and is publicly available as of the date of publica-
tion. The latest version of tracking software is available at Github. See key resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal care

Surface and cave embryos were collected the morning after spawning and placed in glass Pyrex bowls filled
with conditioned fish water. >1 dpf embryos were randomly sorted into groups of 50 in 350 ml glass Pyrex
bowls. After being assayed at 7 dpf, fish were group-housed in 2L plastic tanks where they remained until 14
dpf. Fish were then transferred in groups into 6L tanks on a filtered aquatic housing system, where they re-
mained for the rest of the experiment. Prior to being placed on the system, routine water changes were
performed. Beginning at 6 dpf, fish were fed twice a day on weekdays and once a day on weekends. All
individuals received a combination of brine shrimp and GEMMA Micro. All cave fish used in these assays
were descendants of adult fish originally collected from the Pachén cave, and all surface fish used were de-
scendants of individuals originally collected from rivers in Mexico and Texas. All protocols were approved
by the institutional animal care and use committee (IACUC) of Florida Atlantic University, and all fish were
kept in Florida Atlantic University fish facilities. Water temperatures were maintained at 23 + 1°C and
light:dark cycles were kept at 14:10, with a light intensity between 24 and 40 lux using cool fluorescent
bulbs. Assays were performed at 7 dpf, 28 dpf, 42 and 70 dpf. At these stages, sex cannot be determined.
Thus, sex was not recorded for individuals in these assays.

METHOD DETAILS
Behavioral experiments

Allfish were fed to satiety at least 1 hour before beginning assays. Before being assayed, fish were carefully
netted into a holding tank for one minute and then were gently poured into a circular arena and allowed to
acclimate for 10 minutes. After the acclimation period, behavior was recorded for a duration of 20 minutes
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at 30 fps with a video camera (FLIR; GS3-U3-2356M-C) equipped with a wide-angle c-mount lens (Edmund
Optics; HP Series 12 mm fixed focal length lens) mounted above the center of the arena on a custom stand
constructed from polyvinyl chloride (PVC) tubing (Figure S7A). Assays were recorded as series of .RAW files
which included timestamps for each frame. Arena diameters were increased across developmental time-
points assayed in order to maintain approximately a ratio of 22 body lengths per arena diameter (Table 1;
Figures S7B, S8A, and S8B). Arenas were 3D printed (Creality; CRTOMAX) in black polylactic acid (PLA) and
adhered onto a sheet of clear acrylic with acrylic cement and then rendered waterproof with a layer of sil-
icone along the base of the outer edge of the arena. Arenas were placed on top of custom-made white
acrylic boxes (76 x 76x 14 c¢cm) that diffused light emitted by white-light LED strips placed under the box.

QUANTIFICATION AND STATISTICAL ANALYSIS
Tracking

RAW files were compiled into videos (.mkvs) and subsequently processed using version 0.1.2 of the custom
python tracking library trilab-tracker” (located at https://github.com/yffily/trilab-tracker/tree/0.1.2), which
extracts the positions and orientations of fish. All tracking and orientation data were manually verified, and
corrections were applied when necessary. Arena edges were selected manually and used to convert pixels
to centimeters based on the arena diameter. For and Figures 3, 4, 5, S3, S4, S10, and S11, trajectories were
smoothed using a five-frame Savitzky-Golay filter (scipy.signal.savgol_filter with window_length=5). Trajec-
tories were not smoothed for other figures. Fish velocities and accelerations and their angular counterparts
were computed using standard finite difference formulas:
— —

— — —
— I = h o Tl — 27, o, = Pt T @i Qiat@ioa — 20

T dt2 1 da 7 a2

where T; is the fish's position vector in frame number i, ¥ is its velocity vector, 3 is its acceleration vector,

(Equation 1)

2 is the angle between the x axis and the fish's orientation, w; is the fish’s angular velocity, and «; is the
fish's angular acceleration.

Mock group formation

Nearest neighbor alignment, nearest neighbor distance, and interindividual distance of real fish groups
were compared to mock groups generated by extracting the positions of individuals that were not assayed
together and combining them to form groups of five fish. The process of generating mock groups began by
making a list of all assays for a given age and population. We then found all possible combinations of five of
these assays and randomly chose a single fish from each of the assays. The tracks of these fish were then
grouped to form a mock group. The number of mock groups generated this way is,

n!
(n — i’

C(n,r) = (Equation 2)
where n is the number of real trials with the right age and population and r = 5 is the number of fish per trial.
Since the identity of the fish picked from each assay is drawn randomly, repeating the mock group forma-
tion process yields a different outcome each time. In order to assess the associated variability, the out-
comes of 10 iterations of the mock group formation process were compared via Kruskal-Wallis and found
to be similar. The results of the first run were used for all comparisons between mock groups and real
groups.

Orientation and distance analyses

Pair distance was calculated by finding the distance between the center points of two fish. Interindividual
distance was calculated by finding the pair distance between a focal fish and all other fish in the trial and
nearest neighbor distance was calculated by finding the minimum pair distance for each fish in each frame.
Pair angle was calculated by finding the difference between the orientations of two fish. Nearest neighbor
pair angle was calculated by finding the pair angle between the focal fish and its nearest neighbor. Nearest
neighbor pair orientations, nearest neighbor distances, and interindividual distances were measured for
real and mock data. Before hypothesis testing, distributions of distance and pair angle data were assessed
using Shapiro-Wilk tests for real data and Kolmogorov-Smirnov tests for mock data to account for differ-
ences in quantities of real and mock groups. Comparisons were made between real and mock data of
the same age and population using a student’s t-test if both the real and mock data were found to be nor-
mally distributed or a Mann-Whitney U test if either dataset was found to be non-normal. Throughout the
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text, means are reported for data that were found to be normally distributed and medians are reported for
data that were not found to be normally distributed. As fish can develop at different rates, we also assessed
the relationship between these metrics and body length. While analyses herein were conducted according
to the age of the fish, body length is also a good predictor of changes in proximity in surface fish (Figure S9).

The correlations between swimming speed and proximity and alignment were assessed by calculating the
Spearman’s rank correlation coefficient for each age and population using the mean trial swimming speed
and mean nearest neighbor distance, mean interindividual distance, or mean nearest neighbor pair angle
for each frame of each trial.

Density heatmaps

Density heatmaps (Figure 3) show the density of fish around a focal fish located at the center of the heat-
map, facing up. First a focal fish is picked. The focal fish’s coordinate system is defined, whose origin is the
center point of the focal fish and whose y axis points in the direction faced by the focal fish. The coordinates
of every other fish in the trial are computed in this coordinate system, normalized by the tank radius, then
binned according to Figure 3. The radius bin edges are 0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, and 0.5. The value of
each bin is the probability of finding a fish in that bin, divided by the area of that bin. The result is in fish per
square tank radii.

Force heatmaps

Force heatmaps (Figures 4 and 5) show the average speeding and turning forces of the focal fish when
another fish is present nearby as a function of the location of that other fish. The speeding force is the
component of the focal fish's acceleration that is parallel to its own orientation, i.e., the focal fish's tangen-
tial acceleration. The turning force is the component of the focal fish’s acceleration that is perpendicular to
its own orientation, i.e., the focal fish’s normal acceleration. The latter is counted positively if it points to the
right of the fish and negatively to the left. The acceleration is computed using finite differences. The orien-
tation is obtained from the fish's body shape. Both accelerations are normalized by the average swimming
speed. The average is computed over every fish from the same population and age cohort. Once a focal fish
has been picked, the coordinates of the other fish in the trial are computed and binned as for density maps.
The value of a bin is the average of the focal fish’s speeding or turning force over every frame in which there
was a second fish in that bin. Overall, our method is similar to previous analysis,’' except our bins are based
on polar rather than cartesian coordinates and they do not overlap.

Attractive speeding and turning force

The speeding force is positive when the focal fish speeds up and negative when it slows down. If the focal
fish uses speed changes to get closer to its neighbors, we expect it to speed up when the neighbor is ahead
but slow down when the neighbor is behind. Conversely, speeding up when the neighbor is behind and
slowing down when the neighbor is ahead suggests repulsion. Therefore, we define the attractive speeding
force to be equal to the speeding force when the neighbor is ahead but minus the speeding force when the
neighbor is behind. With this definition, positive values indicate attraction and negative values indicate
repulsion. Similarly, we define the attractive tumning force to be equal to the turning force when the
neighbor is on the right side of the focal fish but minus the turning force when the neighbor is on the
left side of the focal fish. With this definition, positive values indicate attraction (the focal fish's trajectory
is curving towards the neighbor) and negative values indicate repulsion (the focal fish's trajectory is curving
away from the neighbor). The attractive speeding and turning forces are then averaged over all possible
locations of the neighbor fish, restricted to the range of distances where we expect attraction. The density
heatmap for 70 dpf surface fish, which exhibit robust attraction, shows a ring of increased probability be-
tween about 0.05 and 0.4 tank radii around the focal fish, with a peak around 0.15 tank radii. Therefore, we
expect interactions to be repulsive on average between 0.05 and 0.15 tank radii and attractive on average
between 0.15 and 0.4 tank radii. Short range repulsion may be simple collision avoidance, so we focus on
the attractive range, i.e., distances between 0.15 and 0.4 tank radii. The average over neighbor positions is
weighted by each bin’s area, i.e., all possible location of the neighbor fish within the allowed distance range
are treated equally, independently of the likeliness of finding a fish there. Weighing instead by the likeliness
of finding a fish in each bin yields similar results. Speeding and turning force violin plots are the difference
between real (Figure S10) and mock data (Figure S4).
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Aligning angular acceleration

Just like the attractive speeding and turning forces are defined to be positive when they contribute to
decreasing the distance to the focal fish’s neighbor, the aligning angular acceleration is defined to be pos-
itive when it contributes to decreasing the angle between the headings of the focal fish and its neighbor.
We start with the angular acceleration, which is positive when the focal fish attempts to rotate counterclock-
wise and negative when it attempts to rotate clockwise, then flip the sign if the angle between the heading
of the focal fish and the heading of the neighbor fish is negative (between -180° and 0°). We then average
over neighbor locations whose distance to the focal fish is between 0.05 and 0.4 tank radii. The upper
bound (0.4 tank radii) is the same use to compute the average attractive speeding and turning forces.
The lower bound (0.05 tank radii) is lower than the one used for the average attractive speeding and turning
forces (0.15 tank radii) because while we expect schooling fish less than 0.15 tank radii away from each other
to attempt to maintain alignment while they adjust their distance to each other. Angular acceleration violin
plots are the difference between real and mock data (Figures S10E and S10F).

Density, force, and angular acceleration mock data

The mock data used in Figures 4, 5, S10E, and S10F were obtained by averaging the relevant quantity
(speeding force, turning force, or angular acceleration) over every possible pair of fish taken from two
different trials. This is equivalent to averaging over every pair of fish from the same mock trial and every
possible mock trial (every possible group of 5 fish taken from 5 different real trials). This only works because
all quantities shown Figures 4, 5, S10E, and S10F are pairwise. It would not work for, e.g., a quantity
involving the nearest neighbor as the identity of the nearest neighbor depends on the position of every
fish in the trial.

Statistical analysis of attractive forces and aligning angular acceleration

After subtracting the mean mock value, the distribution of attractive speeding force, attractive turning
force, or aligning angular acceleration was tested for normality using a Shapiro-Wilk test. Data assessed
as non-normally distributed via the Shapiro-Wilk test were analyzed using a Wilcoxon Signed-Rank Test.
The distributions of the remaining data were assessed via visual inspection of Q-Q plots (Figure S11),
and data which showed departures from normality were also analyzed using a Wilcoxon Signed-Rank
Test. Normally distributed data were analyzed using a one-way t-test. Because positive values for these
measurements indicate behaviors that increase either proximity or alignment, and negative values indicate
behaviors that either increase distance between individuals or decrease alignment, comparisons to zero
allow for the identification of how speeding and turning contribute to proximity and alignment in these an-
alyses. Complete results of the statistical tests mentioned here can be found in Figures S5 and S6, and Q-Q
plots illustrating the distributions of these data can be found in Figure S11.

Analysis software

Figures were generated and analyses performed using custom Python 3 scripts available at https://doi.org/
10.17632/28d7zf3xnf. The Pandas and Numpy libraries were used for data organization and analysis. Sta-
tistical analysis was performed using the following python libraries: scipy.stats for Kolmogorov-Smirnov,
Shapiro-Wilk, Kruskal-Wallis, Mann-Whitney U, Wilcoxon Signed-Rank test, and t-tests; and scikit_posthocs
for Dunn's test. Figures were generated using the Matplotlib and Seaborn libraries.
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