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morphological diversity observed within cnidarians can be mainly attributed to the presence of two
distinct body plans: the sessile polyp, which attaches itself to the substrate at the seabed, and the free-
swimming, umbrella-shaped medusa 3.

Certain cnidarian groups have evolved key traits like modular or colonial growth, crystalline skeleton
formation, and symbiotic relationships with photosynthetic dinoflagellates of the family
Symbiodiniaceae, known as zooxanthellae, enabling them to thrive in diverse marine environments 4°.
Prominent cnidarians such as hard corals (scleractinians) are recognized as ecosystem engineers due to
their capacity to build robust, calcareous skeletons and construct three-dimensional structures of coral
reefs &7,

As many cnidarians are sessile organisms, they are commonly perceived to be dependent on their
surrounding environments &. Consequently, the immobile colonial cnidarians must seek ways to support
and care for themselves and integrate neighboring polyps °. Quite remarkably, the physiological
integration of scleractinian coral colonies is achieved in a multitude of original ways, starting from the
active food-sharing movements and physical interactions between individual polyps to epidermal
surface currents generated by cilia %%, The cilia covering the surface of corals are capable of
coordinated metachronic movements 213 leading to both vertical and horizontal water flows next to
the body surface. These flows perform a number of essential functions. For instance, they disrupt the
viscous hydromechanical boundary layer, which exists in a low Reynolds number environment, and
facilitate the exchange of gases and metabolic products near the coral surface: the vertical vortices could
increase the effective diffusion of nutrients and oxygen by up to 400% according to Shapiro et al. 4.

The studies of the role and structure of horizontal surface-associated currents can be traced back to the
early 20th century. In 1928-29, Sir Charles Maurice Yonge, an English marine biologist, documented the
presence of the horizontal surface currents in many scleractinian species inhabiting the Great Barrier
Reef 1516, His observations revealed that these currents primarily serve cleansing purposes and
occasionally aid in conveying food to the organism's mouth. Half a century later, Lewis and Price
reported the macroscale overview of horizontal surface flows in 35 species of Atlantic and Pacific corals,
reporting the general variation of the flow towards and away from the mouth or caenosarc, or tentacles
in different species *’.

Despite their foundational contributions, these earlier studies did not address the challenges of
modeling coral surface hydrodynamics in species with hundreds and thousands of tiny polyps due to the
low spatial resolution, as well as inherent diversity, complexity, and anisotropy of water and mucus
trajectories shaped by cilia-driven flows at a few millimeters scale. More recently, Bouderlique and
Petersen with coauthors explored the species-specific diversity and complexity of surface
hydrodynamics at both macro- and microscale in 14 scleractinian coral species °. The study revealed
that coral surface currents exhibit remarkable structural complexity, forming intricate, meandering
networks. They connect distant polyps through dynamic belts of moving water or mucus, which play a
crucial role in diverse biological functions, including feeding strategies, cleaning, mucus transport, and
even the resistance to tide-related air exposure. The currents hierarchically organize surface areas into
anisotropically-connected functional units, comprising multiple polyps. It turned out that individual
polyps employ ciliary horizontal currents to capture suspended particles from shared territories and



direct food toward their mouths, balancing sharing and feeding efficiency. These discoveries redefined
the coral surface as a highly anisotropic, hierarchical or modular city-like structure, where unidirectional
highways facilitate efficient nutrient distribution, debris removal, and protection from invading
organisms. The architectural organization of such flow highways and their hierarchical tessellation
emerged during colony growth, reflecting species-specific developmental patterns encoded in the
species genomes *°,

The numerous benefits of surface currents observed in corals naturally lead to the question of whether
similar currents exist in other cnidarian groups, ranging from solitary to colonial forms. What patterns
might emerge on the surface of a jellyfish bell or along the tentacles of a hydrozoan polyp?

In this study, we aimed to investigate the presence and complexity of cilia-driven surface currents across
diverse cnidarian lineages beyond highly colonial scleractinian corals, providing insights into
evolutionary origins, conservation, and fundamental biological functions of horizontal surface flows in a
multitude of cnidarian species.

To introduce the reader to the phylogenetic resolution in our experiments, we would like to briefly
reiterate the basic aspects of cnidarian systematics. Cnidarian are divided into three major clades, each
with its own distinctive morphological features 189, The first of these clades is Anthozoa, which is the
most species-rich class within Cnidaria. It encompasses Hexacorallia, a group that includes organisms
such as scleractinians (hard corals), corallimorpharians, sea anemones, zoantharians, and antipatharians
(black corals). Anthozoans also include soft corals belonging to Octocorallia (e.g., Malacalcyonacea and
Scleralcyonacea), and tube anemone Ceriantharia. Medusozoa constitutes the second clade within
Cnidaria. Medusozoa species undergo a life cycle alternating between sessile polyps and free-swimming
medusoids. This group comprises species such as Hydrozoans (Hydroid polyps, Siphonophores, and
Hydromedusae), as well as Scyphozoa (true, motile jellyfish and polyps). In addition, Cubozoa (box
jellyfish) and Staurozoa (benthic stalked jellyfish) also fall within the Medusozoa clade. Lastly, the third
clade, Myxozoa, is composed primarily of endoparasitic cnidarians 2921, Therefore, here we aimed to
explore the presence and the structure of surface currents in the representatives of all systematic groups
mentioned above, with the exception of Myxozoa.

Our findings presented here revealed that surface currents of varying complexity are widespread across
major cnidarian groups. At the same time, notable exceptions challenged our early assumptions about
coloniality driving the necessity of polyp integration via the surface currents. Our final conclusions rather
supported the orthogonal logic based on that the muscle-driven motility and recurrent
contractions/pulsations anti-correlated with the presence of surface flows, leading us to think that the
surface currents evolve where the motility is reduced and the sessile features such as calcified skeletons
are maximized. Overall, our results demonstrate that horizontal surface currents represent an ancient
and evolutionarily pervasive trait, offering functional advantages across cnidarians, regardless of their
phylogenetic position or colonial organization.

Results
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Hexacorallia species: Acropora sp., Echinopora sp. (c) Generalized schematic illustrating the correlation
between surface ciliation and flow in Anthozoa. Hexacorallia species, which have a ciliated surface,
display active surface flows, while Octocorallia species lack surface cilia and do not show detectable
flows. (d) Distribution of cilia on the surface of 2 Scyphozoa species: Cassiopea andromeda, Stomolophus
meleagris. White icons indicate the corresponding stage of a lifecycle: polyp, medusa, ephyra. (e)
Distribution of cilia on the surface of Cubozoa species Tripedalia cystophora. White icons indicate the
corresponding stage of a lifecycle: polyp, medusa. (f) Generalized schematic illustrating surface ciliation
and presence of flows in different lifecycle stages of Scyphozoa. Polyps have a highly ciliated surface and
show surface flows, while medusae and ephyrae stages have less pronounced surface cilia and no
detectable flows.

Figure 5. Multivariate analysis of surface-associated flow trajectories across different cnidarian
species. (a) Distributions of eight quantified parameters are visualized as density gradients within a two-
dimensional UMAP space. Metrics were min-max normalized to a 0-1 scale, where O represents the
minimum observed value and 1 represents the maximum observed value for each characteristic across
all tracks. (b) UMAP projections of multidimensional clustering of individual trajectories generated from
eight cnidarian species. We used the tracks obtained from Zoanthus sociatus (n = 3 specimen), Exaiptasia
diaphana (n = 3 specimen), Cirrhipathes cf. spiralis (n = 3 specimen), Corynactis viridis (n = 3 specimen),
Fungia sp. (n = 3 specimen), Carybdea marsupialis (n = 3 specimen), Stomolophus meleagris (n = 3
specimen), and Sanderia malayensis (n = 3 specimen).

Figure 6. Cnidarians exhibit distinct surface current patterns and characteristic compositions of flow
trajectories. (a) Combined visualization of all flow trajectories from the 18 cnidarian species with surface
current generation. (b) Clustering analysis using the Leiden algorithm identified eight groups based on
similarity in track features. (c) Proportional composition of these eight Leiden groups is shown for each
species in percentage. (d) Pairwise comparisons of group compositions, using Euclidean distances,
illustrate the degree of similarity or divergence between species in terms of their trajectory group
profiles. Total number of tracks = 12512, see numbers of tracks for groups and species in Supplementary
Data 1.

Figure 7. Summary of stereotypical flow patterns and corresponding FTLE maps. The patterns are
grouped into four overarching groups: (Group 1) Currents primarily or exclusively directed toward the
mouth (Aiptasiogeton sp., Corynactis viridis, Pseudocorynactis sp., Corynactis californica, Cladocora cf.
caespitosa, and Carybdea marsupialis); (Group 2) Currents predominantly directed away from the polyp
mouth (Zoanthus sociatus, Exaiptasia diaphana, Ricordea sp., and Fungia sp.); (Group 3) Longitudinal
currents in polyp stages of scyphozoans (Cassiopea andromeda, Stomolophus meleagris, Sanderia
malayensis) and cubozoans (Carybdea marsupialis); (Group 4) Currents in filament-shaped colonial
species with few polyps (Cirrhipathes cf. spiralis and Stichopathes sp.). Note the formation of edge
hydrodynamics featuring high speed in surface-associated layer and the presence of hydrodynamically
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a Experimental set-up

Cnidarian diversity Application of fluorescent beads

Computational analysis

b Surface currents identified in different Anthozoan groups

Groups with detected surface currents

General view Tracking beads
S -

Exaiptasia diaphana Cirrhipathes cf.spiralis Corynactis viridis Fungia sp.

Zoanthus sociatus

Cerianthus sp.

The phylogenetic tree topology follows McFadden et al., 2021

Ceriantharia
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