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Phytoplankton come in a stunning variety of shapes but elongated morphologies
dominate—typically 50% of species have aspect ratio above 5, and bloom-forming
species often form chains whose aspect ratios can exceed 100. How elongation affects
encounter rates between phytoplankton in turbulence has remained unknown, yet
encounters control the formation of marine snow in the ocean. Here, we present
simulations of encounters among elongated phytoplankton in turbulence, showing that
encounter rates between neutrally buoyant elongated cells are up to 10-fold higher
than for spherical cells and even higher when cells sink. Consequently, we predict
that elongation can significantly speed up the formation of marine snow compared to
spherical cells. This unexpectedly large effect of morphology in driving encounter rates
among plankton provides a potential mechanistic explanation for the rapid clearance of
many phytoplankton blooms.

encounter rates | turbulence | cell elongation | marine snow | phytoplankton blooms

Microscopic photosynthetic marine phytoplankton cells are responsible for nearly half
of the global carbon fixation (1), a key biogeochemical process that fuels ocean primary
production (2). While phytoplankton come in a variety of shapes (3), combined data
from different aquatic habitats indicate that elongated morphologies dominate, with 50%
of cells having aspect ratio greater than 5 (4). The aspect ratio of the most elongated
unicellular phytoplankton (e.g., Ulnaria, Rhizosolenia) approaches 100 (3), whereas
bloom-forming species, such as Trichodesmium, often form chains of cells that can have
even higher aspect ratios (5, 6). Cell shape is recognized as a key trait determining the
fitness of phytoplankton (3) because it affects nutrient uptake (7), growth rate (8), survival
upon grazing by zooplankton (9), swimming direction (10), and light harvesting (11).
By contrast, the impact of elongation on encounters between individual phytoplankton
has only recently started to be explored (12, 13), and we still lack an understanding of
how interaction between environmental determinants, such as turbulence (7, 14, 15),
and biological determinants, such as cell size, elongation, and density (7, 13-15),
controls encounters. Yet, physical encounters between individual phytoplankton exert
a fundamental control on a broad range of processes in plankton ecology and ocean
biogeochemistry. Encounters determine the formation of marine snow, which fuels the
“biological pump,” the vertical export of carbon to the deep ocean that represents one of
the climatically most important carbon fluxes in the ocean (14, 16-18). Encounters may
also influence the composition of marine snow particles (19) by overrepresenting species
that encounter frequently, as well as the rate of phytoplankton colony formation, such
as the formation of mats or tufts and puffs by the highly elongated Rhizosolenia (20) or
Trichodesmium (21), important players in the nitrogen and carbon cycles (22) (Fig. 1A).

Here, we present results from direct numerical simulations and scaling arguments to
quantify encounter rates between thin elongated cells or chains of cells, accounting for the
effects of turbulence and sinking (Fig. 1), focusing on the parameter regime characteristic
of elongated phytoplankton experiencing turbulence levels typical of the ocean surface
layer. We find that, for neutrally buoyant cells, elongation enhances encounter rates by
20% for cells of aspect ratio 5, 2-fold for aspect ratio 20, 7-fold for aspect ratio 100,
and 10-fold for even higher aspect ratios. If cells sink or rise, such as most cells upon a
bloom demise or cells that actively regulate buoyancy using gas vacuoles and carbohydrate
ballasting (23, 24), respectively, we find that the combined effect of turbulence and sinking
further enhances encounter rates. Based on these results, we predict that elongation can
significantly accelerate the formation of marine snow compared to spherical cells. These
findings provide a potential mechanistic explanation for the rapid clearance of blooms,
for the frequent occurrence of highly elongated species in marine snow particles, and for
the propensity of elongated species to form colonies.

To quantify the role of elongation on the encounter rates between phytoplankton cells,
we conducted an extensive series of numerical simulations of millions of cells, neglecting
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Significance

Encounters between
phytoplankton cells are among
the key microphysical processes
that control global
biogeochemical cycles in the
ocean, e.g., through the formation
of marine snow. Current models
of marine snow formation that
account for turbulence in the
oceans represent cells as spheres,
yet phytoplankton cells are often
highly elongated with typical
aspect ratios of five and greater.
Here, we combine simulations
and theory to comprehensively
quantify encounter rates between
elongated phytoplankton in
turbulence. Remarkably, we show
that encounter rates between the
most elongated cells are up to
10-fold higher than between
spherical cells. We predict that
these enhanced encounter rates
accelerate marine snow
formation and thus offer a
mechanistic explanation for the
rapid clearance of phytoplankton
blooms.
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A Phytoplankton sinking in turbulence

Encounters

Marine snow

Fig. 1. (A) Encounters between phytoplankton, whose cells or chains of cells are often highly elongated, drive key ecological processes in the ocean, such
as marine snow aggregation and likely colony formation. (B and C) As a model for this process, we here present results from direct numerical simulations of
millions of identical rods encountering each other due to the combined effects of turbulence and sinking (Movie S1). The volume rendering shows intense
vorticity structures visualizing locally swirling regions in the flow. (D) Trajectories of two encountering rods. Green and red shadings visualize the swept areas,

and blue indicates the rods’ overlap used to detect encounters.

inertial effects (15), across different environmental and cellular pa-
rameters (Fig. 1 B and C, Movie S1, and Materials and Methods).
From the simulations, we quantified encounter rates by counting
geometrical intersections between cells, which we modeled as
rods (Fig. 1D and Materials and Methods). To understand the
dependency of the encounter rate on environmental and cellular
parameters, we computed the encounter kernel I'. I' represents
the volume that a pair of encountering cells sweep relative to
each other per unit time and is a key quantity widely used to
characterize encounter rates in both physics and ecology (7, 13,
25-27).

Focusing first on neutrally buoyant cells, we found that elon-
gated cells encounter each other more frequently than equal-
volume spherical cells irrespective of the cell length or intensity of
turbulence (Fig. 2 A and B). From our simulations, we computed
the encounter kernel I'™5: for elongated, neutrally buoyant cells
(length [, aspect ratio A) and compared it with the classic en-
counter kernel I'st for neutrally buoyant spheres due to Saffman
and Turner (25),

Dst = 1.3 (2r)%\/e/v, (1]

where v is the fluid’s kinematic viscosity, € is the energy dissipation
rate characterizing the turbulence intensity, and r is the radius of
the spheres, which we set to match the spheres’ volumes with that
of elongated cells. Computing the ratio '™} /T's for different cell
lengths and aspect ratios revealed that elongation always enhanced
encounter rates (Fig. 2A4). This enhancement was to a good
approximation independent of the cell length, which prompted
us to generalize the Saffman and Turner kernel to elongated cells
(“rods”) by including the dependence on aspect ratio through a
multiplicative factor C'()), as

b =1.38/e/v C(N), with
C(A) = —0.472)7% + 1.388A 2
+0.0841A7" +9.13 x 107°. 2]

C()) is a function of the cell's aspect ratio only, obtained by a
fit to the simulation results (for / =1mm) and requiring that
C(1) =1 (Fig. 24 and SI Appendix). Thus, Eq. 2 generalizes the
classic Saffman and Turner kernel to elongated cells (A > 1) and
reduces to Eq. 1 for spheres (A = 1), as expected. To confirm the
functional form of the new kernel F?{,S's , which can be motivated
by scaling arguments (S/ Appendix), we considered two repre-
sentative elongated cells (! =1mm, A =100 and [ =80 um,
A = 20), varied the turbulence intensity in the simulations, and
found good agreement between the resulting kernel and that
predicted by Eq. 2 (Fig. 2B).
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For neutrally buoyant phytoplankton, we predict from Eq. 2
that elongation increases the encounter rate by 20% for cells of
aspect ratio 5, such as cells of the genera Navicula or Leptocylindrus
(3); 2-fold for aspect ratio 20, such as Rhizosolenia, Nitzschia
(3), or chains of Skeletonema (28, 29); 7-fold for cells of aspect
ratio 100, such as the most elongated cells of Rhizosolenia and
Ulnaria (3); and 10-fold for the most elongated chains of 77i-
chodesmium with aspect ratios above 100 (5, 6) (Fig. 24). With this
understanding of how elongation affects encounters of neutrally
buoyant cells in turbulence, we next studied the encounters of
elongated cells that sink in turbulence.

Cells in turbulence that also sink or rise (“buoyant cells”)
encounter each other even more frequently than neutrally buoyant
cells. Since many phytoplankton species are denser than seawater
and sink, for example following a bloom (28), or can actively
modulate their buoyancy (23), we considered cells with a density
offset Ap compared to the ambient water. For elongated cells, a
density offset induces sinking with orientation-dependent velocity
(Materials and Methods). Focusing on highly elongated cells
(A =100), we performed simulations to quantify their encounter
kernel I',,4s for a broad range of environmentally relevant values
of their density offset and the turbulence intensity (Fig. 2C).
The simulations revealed two distinct regimes: a turbulence-
dominated regime for small values of Ap and large values of €
(horizontal contours in Fig. 2C), in which sinking has a negligible
impact on I'iq4s, and a sinking-dominated regime for large Ap
and small values of ¢ (vertical contours in Fig. 2C) in which
sinking starts to dominate over turbulence, eventually increasing
the encounter rates in proportion to the density offset.

The self-similar shape of the contour lines in Fig. 2C results
from a universal scaling for the dependence of I',o4; on density
offset and turbulence intensity. We hypothesized that the general
encounter kernel is the sum of the two kernels representing the
limits of neutrally buoyant cells in turbulence and of cells sinking
in a quiescent fluid; i.e.,

Fmds _ Fn'b' + I—\qumsccnt7 [3]

rods rods

where I'™%: is given by Eq. 2 and, from previous work, I'l ™ =

1B1(A)ApVieag/(16A1), where Vg is the cells’ volume, i is
the fluid’s dynamic viscosity, g is the gravitational acceleration,
and f1(A) is a geometrical parameter given by Eq. 12b (13). The
ansatz in Eq. 3 then yields

Frods /F;‘ogs =1+ A()\) usink/’“/turby [4]

where A(X) = 7/[2.6AC()\)] is a geometrical factor that depends
only on the aspect ratio, and Usnk = Ap Vieagf1(N)/(8mpl)
and U, = [4/€/V are estimates of the typical relative velocities
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Fig. 2. Cell elongation enhances encounter rates between cells in turbulence. (A) The enhancement factor (kernel ratio) as a function of cell aspect ratio shows
that elongation enhances encounter rates by up to an order of magnitude for neutrally buoyant cells compared to equal-volume spheres. We measured the
encounter kernel for elongated, neutrally buoyant (Ap = 0) cells in numerical simulations (symbols) as a function of their aspect ratio ), for three different
cell lengths / and a given turbulence intensity . For each aspect ratio, we then normalized the kernel by the kernel for equal-volume spheres (Eq. 1). The blue
dashed line represents the ratio FEéZ'S/FST obtained by dividing Eq. 2 by Eq. 1 (S/ Appendix). (B) Encounter kernel for two different elongated, neutrally buoyant
phytoplankton cells as a function of turbulence intensity, computed from numerical simulations (symbols). Note the good agreement with the power law with
exponent of 1/2 predicted by Eq. 2 (dashed line) and by dimensional analysis (S/ Appendix). (C) Encounter kernel T'oq4s Of elongated (/ = 1 mm, A = 100), sinking
rods as a function of their density offset with surrounding water and of turbulence intensity. Red crosses denote data points from numerical simulations, used to
obtain the contours and colormap by interpolation. (D) Master curve of the encounter rate of elongated phytoplankton. When rescaled by the encounter kernel
for neutrally buoyant rods (Eq. 2), the simulated encounter kernels for buoyant rods (red crosses in C and additional data for heavier cells in S/ Appendix, Fig. S1)
collapse onto a single master curve (Eq. 4 and main text), for all values of density offset and turbulent intensity. The master curve shows a clear transition

between a turbulence-dominated and a sinking-dominated regime.

between two cells sinking in a quiescent fluid or advected by
turbulence, respectively. Rescaling the encounter kernel from our
simulations (red crosses in Fig. 2C and additional data for heavier
cells in ST Appendix, Fig. S1) by the neutrally buoyant kernel "™
(Eq. 2) and plotting it against the velocity ratio Ui/t lead to
an approximate collapse of the data (Fig. 2D), in good agreement
with the master curve in Eq. 4 predicted by our hypothesis.

Egs. 2 and 3 comprehensively quantify the encounter rate of
elongated plankton in turbulence. Previous work on nonspherical
objects in turbulence focused, for example, on preferential accu-
mulations of elongated phytoplankton in turbulence (15), but
did not address the role of elongation on encounters. Similarly,
recent computations of collisions of ice crystals in clouds (30,
31) do not apply to the often highly elongated phytoplankton
because they focused on spheroids with smaller aspect ratios,
and because ice crystals are subject to inertial effects, which
are not accessible to phytoplankton cells [characterized by fast
relaxation timescales (15)] (Materials and Methods). We found
that, for environmentally realistic conditions, encounter rates of
elongated cells in turbulence are higher than those of spherical
cells of equal volume [for comparison with cylinders in simple
shear flow (32) see SI Appendix]. Because encounter rates are a
foundation of many ecological processes (7), this finding has direct
implications in how we understand and model these processes,
as we demonstrate next by focusing on bloom clearance driven
by marine snow formation and colony formation by elongated
phytoplankton.

PNAS 2022 Vol. 119 No.32 e2203191119

The enhanced encounter rates of elongated cells may be impor-
tant in accelerating bloom clearance and the associated formation
of marine snow (Fig. 3). Faster formation of marine snow may in
turn increase the efficiency of the biological pump that transports
primary production to depth because aggregates sink up to two or-
ders of magnitude faster than individual cells (16), which reduces
the fraction of organic carbon that is recycled in the upper photic
zone (16, 33). To investigate bloom clearance driven by marine
snow formation, we used our results to directly quantify the role
of elongation in marine snow formation.

We considered a monospecific bloom of identical elongated
phytoplankton, for example cell chains that reach a high concen-
tration Cp and, once they become senescent or die, start sinking
and stick to each other upon encounter, forming marine snow.
Cell stickiness can be triggered by both biotic and abiotic factors,
including viral infection (34), nutrient limitation, and light stress
(35). Here, we assume ideal stickiness, whereby every encounter
between chains leads to chains sticking to each other. We then
quantified the timescale of bloom clearance, associated with the
conversion of biomass into marine snow, by computing a charac-
teristic clearance timescale, T, as the time over which encounters
convert half of the suspended chains into particles composed
of two or more chains. This clearance timescale also represents
the typical encounter time between individual chains, since this
latter timescale is the bottleneck of the aggregation process, and
subsequent encounters with additional chains (as well as with
detritus and fecal pellets) occur much more rapidly (36). We
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Elongation of many phytoplankton cells or chains of cells accelerates bloom clearance through marine snow formation. (A) Which monospecific bloom

clears first: one formed by chains of cells or by spheres of cells? (B) Predicted bloom clearance time T, for highly elongated chains (e.g., Trichodesmium) for a
broad range of ecologically relevant turbulence intensities and density offsets (chain concentration C; = 10 mL~"). (C) The ratio of the clearance time for chains
and spheres (of equal volume) shows that marine snow forms at least sevenfold faster from chains than from spherical cells.

contrast the clearance time for identical chains with a hypothetical
spherical cell arrangement with the same number of cells per
particle (Fig. 3A4) [for alternative characterization using critical
concentrations (28) see S/ Appendix]. The clearance time T is
obtained by solving a simplified version of the Smoluchowski
equation (S Appendix)

T.=(GoI) ™, (5]

where I' is the relevant encounter kernel. For example, for neu-
trally buoyant chains and spheres, from Eqgs. 1 and 2 we have

Tehains — (CoI™5 )~ and T¢F betes _ (Col'st) L. The clearance

rods

time ratio Tehains/ TP — Do /b s proportional to the
inverse of the kernel ratio and our results thus predict that it is
always lower for chains than for spheres (Fig. 24), irrespective
of the concentration Cjy. This difference is further magnified by
the fact that dead or senescent phytoplankton at the end of a
phytoplankton bloom tend to be negatively buoyant and sink,
which further increases encounters between elongated cells (Eq.
3) but not between spherical cells (because identical spheres do
not collide under gravitational settling) (13, 26). We now focus
on two important examples of chain-forming cells, the globally
distributed Skeletonema (37) and Trichodesmium (21).

Modeling negatively buoyant (Ap=50kg/m?) chain-
forming diatom Skeletonema as chains consisting of 10 cells
(29), each cell with dimensions 4 x 8 um (3) (and thus
[ =80pm, A =20 in our model), the clearance time is about
4 d for conditions representative of the ocean surface layer
(e =1 x 1075W/kg) and chain concentration Cy = 500 mL~*
(28). 'This short clearance timescale is consistent for example with
the timescale of 1 wk needed to dissipate a recent bloom triggered
by a volcano eruption in the North Pacific Ocean (38), which
was dominated by Skeletonema. By contrast, the clearance time
predicted for spheres of equal volume would have been more than
9 d. For the most elongated phytoplankton, such as the filaments
of Trichodesmium [l = 1mm, A =100 (5, 6)] (Movie S1), the
clearance times are even shorter and can be less than 2 d for a broad
range of conditions and filament concentration Cp = 10 mL™*
characteristic of high-density “slicks” (39—41) (Fig. 3B). As a
result, the clearance time is seven to tens of times shorter for
filaments than for equal-volume spheres (Fig. 3C). For example,
for a turbulence intensity e =1 x 1075W/kg and a density
offset Ap =80kg/m3, we predict a bloom clearance timescale
of 17 h. This timescale is consistent with the observation of the
disappearance of a bloom of Trichodesmium in 2013 in the New
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Caledonian lagoon in less than 24 h (41) (although other clearance
mechanisms cannot be ruled out, such as advection by currents
or zooplankton grazing). By contrast, the clearance timescale of
about 6 d predicted based on equal-volume spheres is substantially
too high to explain this observation.

The enhanced encounter rates of elongated cells may also
help to rationalize marine snow composition. Genera commonly
found on diatom aggregates, a type of marine snow that forms
following phytoplankton blooms, are Nitzschia, Chaetoceros, Rbi-
zosolenia, Leptocylindricus, Skeletonema, and Thalassionema (19)—
all of which either have elongated cells or grow as chains of cells.
While this predominance may also reflect the relative prevalence
of elongated species in the water column, our results suggest
that an important role could be played by significantly enhanced
encounter and thus coagulation rates among elongated species.

Our results also contribute to understanding colony formation
among certain species of highly elongated phytoplankton. The
needle-like cells of Rhizosolenia (A up to 100) (3) or chains of cells
of Trichodesmium (X can exceed 100) (5, 6) often form colonies
composed of large numbers of individuals, called mats (20) or
tufts and puffs (21), which can have very different properties
from the individuals, for example higher vertical migration speeds
(42), different microbiomes (43), and different biogeochemical
functions (20). Our results suggest that cell elongation facilitates
the formation of such colonies by accelerating the rate at which
they form from a suspension of individuals. For example, mod-
eling Trichodesmimum filaments as elongated rods (I =1mm,
A =100, Ap=80kg/m?3) (5, 6, 42), our results suggest that
for a turbulent intensity characteristic of the ocean surface layer
(=1 x 1075W/kg) (44) and an initial filament concentration
of 1 mL~" (45), colonies start to emerge in less than 1 wk, nearly
nine times faster than they would if cells were spherical. Whether
elongation in phytoplankton is a specific adaptation for colony
formation remains unclear. Also, while our work highlights the
importance of encounters in driving colony formation, the latter
can also occur through growth, i.e., the replication of cells that
do not separate. The relative importance of encounters vs. growth
in driving colony formation in the natural environment remains
an open question. However, our results highlight that elongation
can substantially accelerate encounters and should thus be taken
into account in evaluating the importance of colony formation via
encounters vs. via growth.

Our work points to several potential extensions and to the need
for experimental observations of specific microscale processes. We
have assumed ideal cell stickiness, whereby every encounter results

pnas.org


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203191119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203191119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203191119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203191119/-/DCSupplemental
https://doi.org/10.1073/pnas.2203191119

Downloaded from https://www.pnas.org by ETH Bibliothek on August 2, 2022 from |P address 82.130.71.162.

in sticking. This was motivated by the fact that cells often become
sticky as they become senescent or die (34, 35, 46). Stickiness
values of less than 100% are straightforward to incorporate in
our calculations (36) and would result in proportionally longer
clearance times (e.g., a 50% stickiness would double the clearance
time). However, the relative difference in the encounter timescale
between elongated and spherical cells will remain unchanged,
provided that stickiness is the same for both morphologies. Still,
the dependence of stickiness on cell shape, as well as on hydrody-
namic interactions (47, 48), remains an open question and will be
affected by the mechanisms by which cells stick, a subject that will
benefit from further experimental work. Finally, indirect support
for our findings comes from observed adhesion rates of elongated
cells or chains of Skeletonema and Rhizosolenia (28, 49). Those ob-
served adhesion rates, when divided by encounter rates computed
based on the spherical cell assumption, yielded stickiness values
greater than 1 (i.e., around 2 to 4) (28, 49). As has already been
recognized (28), such values of stickiness greater than 1 are physi-
cally unrealistic because it would mean that more adhesion events
than encounter events occur. These observations then strongly
point at encounter rates being higher than estimated based on the
spherical cell assumption (28), a conclusion that is in line with
our results on increased encounter rates due to cell elongation.
As for the environmental conditions investigated in our
study, we restricted computations to moderate turbulence levels
(e £107°W/kg) (44), yet the encounter kernel we derived
(Eq. 3) is also valid for higher levels of turbulence, as long
as cells or chains are smaller than the Kolmogorov scale. For
example, for a stronger turbulence intensity of € = 107> W /kg,
the predicted clearance times for Skeletonema and Trichodesmium
are about three times smaller than the values computed above
for e =1 x 1075W /kg. Finally, we focused here on prolate cells
in turbulence, and more work is needed to compute encounter
kernels for oblate cells, such as Coscinodiscus. By extrapolating pre-
vious work on oblate cylinders in simple shear flow (32) to the case
of turbulent flow, we estimate that thin Coscinodiscus cells (aspect
ratio A = 0.1) (3) will encounter each other in turbulence approxi-
mately twice as frequently as equal-volume spheres (independently
of the turbulence intensity) (SI Appendix). This suggests that
not only prolate phytoplankton, but oblate phytoplankton too,
result in higher encounter rates than those expected based on the
assumption of sphericity, providing motivation for further inves-
tigating encounter rates for the full range of cell morphologies.
In conclusion, we presented results from direct numerical
simulations of plankton encounters in turbulence, taking into
account elongation, and distilled these into a single master curve
that illustrates how turbulence and sinking each contribute to
encounters. We found that elongation can accelerate encounters,
and thus decreases the timescale of the many ecological processes
dependent on encounters, by up to an order of magnitude for
neutrally buoyant cells and even more for buoyant ones, compared
to spherical cells. Because to date most modeling of plankton en-
counters has assumed spherical cells (14), and because a majority
of phytoplankton in the ocean are elongated (4), often with high
aspect ratios (3), our results provide a substantial departure from
the current understanding of ecological processes that depend on
encounters. We illustrated the impact of accelerated encounters
on bloom clearance and the associated process of marine snow
formation, yet we expect that our results will be relevant for a
range of other ecological processes, including mating (12), colony
formation (20, 21), and biodiversification (3). Taken together,
our work shows that the elongated shape of many phytoplankton
species has far-reaching, hitherto neglected consequences on their
ecology by exerting a fundamental control on encounter rates.
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Materials and Methods

Turbulence Simulations. We perform fully resolved direct numerical simula-
tions of the incompressible Navier-Stokes equations in the vorticity formulation
with our code TurTLE. This fluid flow solver is a highly parallelized pseudospectral
code thatallows for the integration of particle species advected with the fluid flow
(50). The incompressible Navier-Stokes equations take the form

%«kU-VU:*V,ﬂ*FZ/VZU‘FfI [6a]

V- u=0. [6b]

Here, uis the three-dimensional velocity field, p denotes the kinematic pressure,
and v is the kinematic viscosity in code units. fis a large-scale forcing that drives
the flow to ensure a statistically stationary state.

We rescale the simulation units and parameters to physically and biologically
relevant ones. In our simulations, we keep the large-scale forcing constant and
adjust viscosity (and simulation resolution) to achieve € in the range 1077 to
10~% W/kg, which corresponds to oceanic values up to moderate turbulence
levels (44).

To convert from code units to physical units, let us denote £ and 7 as the
conversion factors from code units to physical units for space and time, respec-
tively. Additionally, consider the integral length scale of the flow based on the
longitudinal velocity autocorrelation function as Lin; and the code integral length
L. Following this convention, symbols with a tilde refer to code units whereas
symbols without a tilde refer to physical units. Consistent with experiments in
turbulence tanks, we set the integral length scale to Liny = 10 cm-since the sim-
ulation domain is a cube with size /<6Lin;, our simulations represent a turbulence
tank of about 200 to 300 L(51). From this we can fix £ as

L — Z ! _ Lint
int = Lintl = £ = =—. 71

int

Additionally, we have to match water viscosity to physical units, which fixes 7

- 2
V:D£2771:>T:K<ﬂ). [8]

VA Lint

Using these conversion factors we can calculate the dissipation rate in physical
units for a given dissipation rate in code units:

e=clr 7% [9]

Finally, we set the rod length to a fixed length in physical units, i.e., millimeters,
and rescale it correspondingly into code units. In Fig. 24, we explored three
rod lengths in the neutrally buoyant case, 0.5, 0.8, and 1.0 mm. In Fig. 2B,
we studied also neutrally buoyant rods and varied both aspect ratio and rod
length, covering the cases A = 100 and / = 1.0 mm, as well as A = 20 and
I'= 80 um.Finally,in Fig.2 C and D we kept the aspect ratio A = 100 and length
' = 1.0 mm fixed and scanned the density offset variable Ap and the turbulence
intensity e. In Fig. 2C, we concentrated on the biologically relevant Ap regime,
while the collapse in Fig. 2D is based on a larger dataset that includes heavier
rods to resolve the sinking-dominated regime-this larger dataset is shown in
Sl Appendix, Fig. S1. Other relevant values used for the simulations are reported
in SI Appendix, Table S1.

simulation of Sinking Rods. The investigation of sinking anisotropic particles
in turbulent flows has recently gained much attention, from a fundamental point
of view, but also with respect to applications in the atmospheric sciences and
marine ecology (15, 30, 31, 52-55).

To model sinking cells, we describe the positional and orientational dynamics
of small thin elongated ellipsoidal particles sinking in a turbulent flow with
no back reaction onto the flow, and we neglect inertial effects owing to
the fast relaxation timescales of planktonic cells (15, 52). Specifically, the
translational relaxation timescale 7, for elongated particles is 7, = p/? In(\ +
VA2 =1)/(18urv/ A2 — 1) (52), where p is the cell density, [ and X are
the cell's length and aspect ratio, and 1 is the fluid's dynamic viscosity. Even
in the case of the rather large Trichodesmium filaments (/ = 1 mm, A = 100),
assuming cell density p = 1,000 kg/m* and water viscosity x =1 m-Pa-s,
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the translational relaxation time is 7, = 3 x 10~>s, much lower than the
Kolmogorov timescale of 1 s characterizing the strongest levels of turbulence
studied here (with turbulence intensity e = 1 x 10~ W/kg). Even for the very
high turbulence that can intermittently arise within meters below the ocean
surface (€ =1 x 107*W/kg), this relaxation timescale is about four orders
of magnitude smaller than the corresponding Kolmogorov timescale of 0.1 s.
Additionally, the rotational relaxation times are known to be even shorter than
translational ones (56).

The particles are advected by the flow and have an orientation-dependent
sinking velocity (57)

X=u+us (Bo§+ Bip-9p). [10]

Here, x is the position of the particle, u is the velocity field governed by Eq. 6 at
the position of the particle, p is the particle orientation, and g is the direction of
the gravitational acceleration. The characteristic sinking speed of a single particle
is given by

gy = SLVod. [11]

8mul

Here, Ap 1= p, — pr is the offset between the particle p, and the fluid oy
density, g is the magnitude of the gravitational acceleration, 1 is the dynamic
viscosity of the fluid, and the length of the rods is given by /. Eq. 10 was derived
for ellipsoidal particles. However, for consistency with our numerical collision
algorithm (see below) we use here the volume of rods with spherical caps Vipq =
7l /(42%)(1 — 1/3)) with the same aspect ratio . Finally, By and 3 are
functions that depend on X and are given by (57)

2 3
WM:¥{1+&?4@ﬂﬂkHM_Wﬂ [12a]
—3X 2
BN =57 + ey A =0
A—2X8 2 12
+Wm[x—(x -1 } [12b]

To determine the particles’ orientational dynamics, we approximate their
shape as ellipsoids with aspect ratio A and integrate the particle orientation vector
using Jeffery's equations (58)

1 LN =T T

p=gwxh+ 3y (- PASH). [13]
Here,w = V x uisthevorticity, and S; = (dju; + diu;) /2 isthe strain tensor,
both of which induce particle spinning and tumbling depending on the shape of
the particles.

Encounter Detection Algorithm. Particle encounters are measured using the
so-called ghost encounters (59); i.e., particles may overlap but do not interact
during collisions. For the encounter detection algorithm, we approximate the
particles as thin rods with spherical caps (Fig. 1D). Encounters between thin
rods can be calculated by searching for the minimal distance between the two
symmetry axes of the rods. Consider a first rod at a position x with orientation p
and a second rod with orientation q at a position y. Both rods have length / and
width w. Positions along the rods may be parameterized by use of the parameters
t,s € [—1,1], such that any point along the symmetry axis of the rods may be
written as

IR
r1(t):x+t<1 fx) Ep, te[-1,1] [14]
for the first rod and
1N /.
rz(s)_y+s(1 _X) 79 sel-11] [15]

for the second rod. The distance between two points on the symmetry axis of the
rods is then

dist(t,s) =+/ [r1 (1) — r2(s)]

_ﬂé (1 f%) (i)t&s)JrAxr, [16]
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where Ax = x — y.The minimum distance can be found by setting the gradient
of this distance function to zero. This leads to a linear system, which can be solved

leading to
tmin . 2 A
Smin _/(A_’l)(i,A)Z_']

1 —p-q ) (Ax-p
(olg BT)@EG)

This yields the minimum distance if |tmin| < 1 and [Smin| < 1. If [tmin] > 1 01
|Smin| > 1, we must search for the minimum distance along |t| = 1and |s] = 1.
In these latter cases, the minimum distance can be analytically found. For
tmin = +1

L. 2 A .
Smin = tmin P - 4 + TﬁAX q. [18]

For Smin = %=1

tminzsminp'q—%i)\i,lAX'i). [19]
Particle overlaps at a given time snapshot can then be detected by
dist(tmin, Smin) < w. This means, at their minimum distance, the rods are less
than one width apart from one another.

We then keep track of overlaps of particle pairs. At every time step we compare
the overlap of particle pairs with the ones from the previous time step. If the
overlap of a particle pair is detected that was not detected in the previous time
step, we count that overlap change as a new encounter. This new encounter
contributes to the total number of new encounters Nenc. Given a number of new
encounters Nen in a given time T, volume V, and total number of particles Npa,
the encounter kernel is then obtained as (59)

2V Nen
N T

part

In our simulations, the simulation domain is a cube with side length 27 and
volume V = 8 in code units. We typically run the simulations for time T on
the order of several integral timescales (defined as Lint/tims). For our choice of
particle numbers Npa (S Appendix, Table S1), these simulation times guarantee
statistical convergence of the kernel estimate in Eq. 20. We also remove an
initial transient time of two integral timescales, which allows for the spatial and
orientational distributions of particles to reach a statistically stationary state. Thus,
with the number of detected encounters (Nenc is on the order of 1,000 encounters
per integral timescale), Eq. 20 gives us an encounter kernel in code units, with
units of space® /time. Finally, using the transformation factors in Eqs. 7 and 8 this
quantity may then be transformed into physical units.

= [20]

Data Availability. The code for the turbulence simulations data has been de-
posited in a publicly accessible repository (https://gitlab.mpcdf.mpg.de/TurTLE/
turtle) and is described in (50). The relevant study data is displayed in the
manuscript and the S/ Appendix.
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