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ABSTRACT

Swarm theories have become fashionable in theoretical physics over the last decade. They span the range of interactions
from individual agents moving in a mean field to coherent collective motions of large agent populations, such as vortex-
swarming. But controlled laboratory tests of these theories using real biological agents have been problematic due
primarily to poorly known agent-agent interactions (in the case of e.g. bacteria and slime molds) or the large swarm size
(e.g. for flocks of birds and schools of fish). Moreover, the entire range of behaviors from single agent interactions to
collective vortex motions of the swarm have here-to-fore not been observed with a single animal. We present the results
of well defined experiments with the zooplankton Daphnia in light fields showing this range of behaviors. We interpret
our results with a theory of the motions of self-propelled agents in a field.
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1. Introduction

Herding or, for animals that move in a three dimensional environment, swarming has been observed in certain
mammals, fish, insects, and birds to enhance feeding, mating, and offspring rearing success as well as to avoid predators
more successfully." In the case of species that are highly exposed to the risk of becoming prey of visually hunting
predators, the formation of swarms can serve as a predator-confusing mechanism. These swarms of self-propelled
animals are observed to be self-organized systems, i.e. there is no leading animal and the global patterns are emerging
properties of the local interactions.’ The local interactions constitute of some form of alignment of neighboring animals,
i such as visual alignment which can be found in birds.* Some swarming animals can be observed to form fascinating
vortex-swarms in the field, usually in connection with a central swarm marker. Unfortunately, not much is known about
the biological and physical aspects of these formations, as it is difficult to carry out experiments under well defined lab
conditions on this phenomenon, mainly because of the size of the animals or the difficulty of understanding the local
interactions. For example bacterial and slime mold colonies move quite slowly under the influence of poorly understood
chemotactic, thermal and viscous gx"adients,s'6 while flocks of birds and schools of fish are too large for well controlled
lab experiments. In our recent experiments with the zooplankton Daphm‘a,7'B which is intermediate in size and
biological complexity (see Fig. 1), we observe both circling of individual animals as well as vortex formation in large
swarms of Daphnia. These well defined lab experiments open up a wide field of research, part of which will be
addressed in the following.
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1.1 Self-propelled agent theories

¢ last decade, the modeling of the motion of so called self-propelled biological agents has become of considerable
_I“ th st to theoretical physicists, leading to a wide range of variants of the two major models, the single-particle model
mtereﬁve Brownian Particles (ABP)® and the many-particle model of Self-Propelled Interacting Particles (SPIP).'°
of ACite the lack of experimental data on vortex-swarming animals until recently, two different two-dimensional models
D eiii cting circular motion of individual agents'’ as well as agent groups'? without an external rotational force or special
boilﬂ dary conditions were developed. The minimum necessary ingredients for circling of the agents in both directions
Jockwise and counterclockwise with same probability) to occur in these models was found to be a relatively constant
c _zero agent velocity and a topological confinement of the agents to an accessible or preferred domain of motion, the
no:)e r being introduced either as an external force given by a parabolic potentiat'! or as a mean field potential resulting
fr(t) m a long range attractive and a short range repulsive force between the agents." Details of the mechanism, such as
nergy T€SErvoirs to rpodulate the §peeq, were found to be of minor significance. For an agent vortex to emerge, i.e.
cling of all agents in the same direction after some transition time, spontaneous symmetry breaking is necessary to
L ccur. In the SPIP rxllzodel this is achieved by introducing an alignment of the agents to the average velocity direction of
Eheighboring agents. The originally single-particle ABP model has been further developed to include the transition
fom external fields to mean fields generated by agent swarms’ as well as a range of global and local interactions
b ctween particles: It was found that when incorporating an attraction to the center of mass of the swarm, clusters of
nts circle in both directions and change their circling direction due to the implemented noise*, whereas a global
upling to the mean angular momentum of the agents (“aligning’) breaks the symmetry of the system leading to the
Lircling of all agents in the same direction and thus forming a vortex state."” The introduction of a local hydrodynamic
teraction between the Daphnia modeled by an Oseen-type tensorial force also breaks the symmetry and leads to a
Eortex state. '® In addition, a vortex state of an agent swarm can also be achieved by implcmentinxg a local agent-agent
dance term'” similar to the one developed for avoidance maneuvers in pedestrian dynamics.'

8. Experimental observations

b o now, well defined experimental observations of circling behavior in biological systems comparable to the above
tlined theoretical models have only been reported for disc-shaped aggregates of the bacteria Paenibacillus vortex® and

gregated cells of the mold amoeba Dictyostelium.® As these systems are on a low evolutionary level compared with
pare. Tn'§gered by a

§ls and fish, the physical and behavioral aspects of the observed motions are difficult to com

pnce observation of vortex-swarming oceanic zooplankton Anchylomera blossevilli close to Hawaii,” a successful
erimental set-up was developed to induce the common fresh-water zooplankton Daphnia to circle horizontally
fund a vertical optical marker in the shape of a light shaft to which Daphnia are known to be attracted. For the
piled set-up see Fig. 2 in Ref. 7. When comparing the specific circumstances and environmental conditions for this
Eling behavior to take place in zooplankton in general and in Daphnia in garticular, it occurs that the existence of
Hator smell, so-called kairomones, is necessary for circling to develop.? 2! For swarming in general to take place,
ren light distribution® and high food density”™

y seem to be of importance. By using a manual tracking software
cklt from IguanaGurus, at two frames per seco
A)

! nd) we analyzed the projection to the horizontal plane of the path of
ta under varying animal densities in the observation vessel.

Individual Daphnia

[ Placing individual Daphnia or a very small number of Daphnia in the vessel, we surprisingly observed some of
,. Vidual Daphnia to circle in both directions around the light shaft and to frequently change their rotational

9N, while others performed a motion of frequently jumping against the light shaft and back (see Fig. 2). The fact
3 gle Daphnia circle eliminates the possibility that the circular motion is a self-organized pattern occurring only in
A “Phniq populations. Due to several recent experiments showing that Daphnia can detect the plane of polarization
. 20d prefer to swim perpendicular to it, *% it seems feasible that individual Daphnia are led on a circular track
AN radius by the polarization of the light. When comparing the tracks of several circling Daphnia, it occurs that
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every animal seems to have its own preferred radius of circling. This can account for the observation that some Daphnia
circle and others keep hitting the solid light shaft as their individual preferred circling radius might be smaller than the
radius of the light shaft.

2.2. Swarm of Daphnia

Having an intermediate Daphnia density in the observation vessel results in an animal swarm distributed around the
light shaft with, besides random fluctuations, half of the circling Daphnia can be observed to move clockwise and the
other half counterclockwise, frequently changing their individual circling direction (see Fig. 3). This indicates that the
‘alignment’ necessary for the symmetry breaking to take place, and therefore the vortex-swarm to form, is a very short
ranged interaction. The local interactions between the Daphnia are too weak to induce a collective global motion for
intermediate animal densities. In all experiments with this environmental condition a small proportion of Daphnia have

been observed not to be circling but jumping against the light shaft and back.

2.3. Vortex-swarm of Daphnia

For high Daphnia densities we observe the formation of a fascinating vortex-swarm where all animals close to the
center of the light turn in the same direction, either clockwise or counterclockwise (see Fig. 4). The actual turning
direction of the vortex appears to be at random and the water inside the vortex rotates in the same direction as the
animals themselves. These vortex-swarms can be explained as a self-organization phenomenon occurring for high
enough Daphnia density: Due to random fluctuations, one circling direction can get sufficiently more pronounced, then
the positive feedback of the water drag compels more and more closely packed Daphnia to circle in this direction and
thereby the symmetry of the system is broken. The local interactions that causes the Daphnia vortex are not direct
Daphnia-Daphnia interactions as it is the case e.g. for visually aligning birds and fish, but indirect interactions via the
water drag.

As mentioned above, a recent variation of the ABP model follows these exPcrimental observations and includes a
hydrodynamic force to model the agent-agent interactions via the medium.'® In addition to this, another possible reason
for the symmetry breaking to occur in the high density case is that due to close range avoidance maneuvers of
neighboring Daphnia and random fluctuations of the hopping direction, spontaneous formation of a preferred moving
direction occurs, 7 similar to the findings in pedestrian dynamics. Well defined behavioral experiments characterizing
avoidance maneuvers in Daphnia need to be performed to test this hypothesis.

3. Random Walk Model

We have recently developed a simple two-dimensional, stochastic model (here called Daphnia Random Walk model,
DRW) for discretely moving self-propelled agents based on a random walk with a short-range, temporal correlation
taken from experimental observation of Daphnia moving in darkness and an attraction to a central point, which is of
strength L and proportional to the agent's distance from the center of attraction.” This model successfully simulates the
general features of the experimentally observed moving behavior of individual Daphnia in darkness and in a central
light field. For an intermediate attraction strength L=0.4, individual agents circle in both directions around the center of
attraction and frequentty change their circling direction. Characterizing the movement of the agents with the same
measures that were used for the Daphnia movements shows very good agreement between experiment and simulation.’
The DRW model turned out to be closely related to the original single-particle ABP model, but fulfills its aim to be as
simple as possible and based on experimentally observed Daphnia movements.
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3.1. Vortex-swarm of biological agents

To simulate the experimentally observed vortex-swarm including the hydrodynamic interactions that lead to the
symmetry breaking, we generalize the DRW model to be an N-particle model where the indirect interactions between
the agents via the water drag is incorporated by a simple ‘alignment’ or ‘water drag’ kick which is added to the
direction of motion of the single agents given by the original DRW. The kick is proportional to the ratio

R = (Nccw - Ncw ) / Nn , where New is the number of neighboring agents circling clockwise, Ncew is the number of
neighboring agents circling counterclockwise, and Ny is the number of all neighboring agents. Here an agent being
defined as “circling’ if the absolute angle between the direction of motion and the direction to the center of attraction is
between 80° and 100°. The direction of the kick is either clockwise for negative R or counterclockwise for positive R.
Depending on the strength of the ‘water drag’ kick and the range of the interaction, a vortex-swarm forms after an
average transition time. A typical example for the evolution in time of the ratio V = (Accw - Acw )/ N, where Accw is
the number of all clockwise circling agents and Accw for all counterclockwise circling agents, is shown in Fig. S for
intermediate kick strength and interaction range with N = 30. Note that for V = 1, a counterclockwise vortex has formed,
while for V = -1 the agents in the vortex turn clockwise.

4. Conclusion

In conclusion, we shed more light on the general physical, chemical and biological aspects of vortex-swarming in prey
animals with both, a self-propelled agent model leading from single agent circular motion to vortex-swarming as well as
laboratory experiments on circling and vortex-swarming Daphnia. With this zooplankton species it is possible for the
first time to observe the entire range of behaviors from single agent interactions to collective motions of the vortex-
swarm in a single species in well defined conditions. This facilitates the detailed investigations of the different local
interactions and environmental circumstances that lead to vortex formation in prey animals. In contrary to the
observations in fish and birds, the local interaction between Daphnia is an indirect one via the hydrodynamic coupling
due to the water drag. The schooling of prey fish seems to indicate that the preferred motion of a swarm is linear and
not circular, as long as there exists no center of attraction such as a central light field or a visible object in the water, e.g.
a vertical water plant or debris floating on the water surface.

Further experiments with Daphnia have to include systematical investigations of close range avoidance maneuvres, the
light perception of Daphnia, in particular the polarization orientation, as well as the physical aspects of the fluid
dynamic vortex. In addition it might prove intriguing to try a similar experimental set-up using other zooplankton
species.
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Fig.1: Lateral view of the cladoceran Daphnia pulex, the
head with the compound eye and the swimming antennae
facing to the right, a juvenile can be seen in the brood
chamber. The typical body length of this zooplankton
species is 2-4mm. Picture by D. Russell with permission.
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Fig.2: Two-dimensional projection (top view) of the track

of individual Daphnia in a central light field, showing

the two observed motions: (a) circling around the light,

and (b) jumping against the light and back (light shaft shown
as black circle, track of 20 sec, coordinates in mm).
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Fig.3: Two-dimensional projection (top view) of the tracks

of four Daphnia inside a swarm in a central light field,
showing the observed circling in clockwise and
counterclockwise directions around the light (light shaft shown
as black circle, track of 20 sec, coordinates in mmy).
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Fig.4: Two-dimensional projection (top view) of the tracks
of many Daphnia inside a vortex swarm in a central light
field, here circling counterclockwise (coordinates in mm).
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Fig.5: Evolution in time r of the ratio V = (Accw - Acw ) / N, for N = 30. After
about 180 time steps a counterclockwise vortex has formed.
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