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Hidden comet tails of marine snow impede
ocean-based carbon sequestration

Rahul Chajwa, Eliott Flaum, Kay D. Bidle, Benjamin Van Mooy, Manu Prakash*

INTRODUCTION: Phytoplankton in the upper layer
of the ocean agglomerates and sinks under
gravity, giving rise to a natural carbon trans-
port mechanism termed “biological pump.” The
perpetual shower of soft and fragile marine
snow in the ocean is estimated to be annually
sequestering 2 to 4.5 billion tons of carbon from
the atmosphere into the abyss, regulating both
the atmospheric carbon dioxideand the suste-
nance of marine ecosystems. A predictive under-
pinning of marine snow is thus crucial. However,
we currently lack a quantitative microphysics-
based framework for the formation, sedimen-
tation, and remineralization of marine snow,
leading to major uncertainties in the current
carbon flux estimates in climate models.

RATIONALE: Because sedimentation physics
is at the heart of marine snow phenomena,
we took an observation-driven approach to
addressing this problem. Based on the 19th-
century paradigm of Stokes’ law and its ad hoc
generalizations, researchers had been seeking
a universal trend in how size is related to sink-
ing speed in marine snow. Because marine
snow is a structurally complex soft matter that
deforms while sinking under its own weight, it
violates key assumptions underlying Stokes’ law
and presents a classic two-way fluid-structure
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coupling that remained unexplored. To direct-
ly investigate the sinking dynamics of this
complex object, we organized an ocean expe-
dition (Cruise ID: EN667) during an algal bloom
in the Gulf of Maine (42.5°N, 69.5°W). Marine
snow aggregates were collected through freely
hanging sediment traps in multiple deploy-
ments at a depth of 80 m. To directly observe
sedimentation dynamics of these aggregates at
sea, we utilized a new scale-free vertical track-
ing microscope mounted on a two-axis gimbal
that minimized mechanical noise from ship’s
motion and allowed us to track small aggre-
gate (equivalent spherical diameter < 750 um )
sinking over long times. To visualize the flow
around sinking aggregates, we used a tracer
bead (diameter 700 nm to 2 um) solution.

RESULTS: By directly measuring the sinking
velocities and detailed flows around individual
marine snow particles, we discovered a new
morphological feature in marine snow: a phys-
ical invisible comet tail forming a halo around
a visible particulate matter during sedimenta-
tion. These hitherto-unseen comet tails are
made of viscoelastic transparent exopolymer,
which fundamentally modifies the sinking be-
havior. Our observations guided a new theo-
retical framework based on Stokesian sedimen-
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reduced-order model for these compound par-
ticles. Furthermore, the combination of field
experiments and theory enabled a sedimentation-
based measurement of the elastic response of
the mucus. We corroborated these findings with
three-dimensional volumetric imaging of ma-
rine snow particles, which illuminate the het-
erogeneous microstructure of marine snow.

CONCLUSION: Through detailed analysis of
more than 100 marine snow aggregates studied
individually, we discovered hidden comet tails
that effectively act as “physical” drag lines on
sinking marine snow. This mucus-induced im-
pedance almost doubles the estimate of mean
residence time of marine snow in the Euphotic
zone, nearly halting some particles to a stand-
still. This suggests a substantial overestimate
in the flux inferred by using only the visible
size of a marine snow particle. The discovery
of multiphase nature of marine snow and a
new conceptual framework that incorporates
the invisible degrees of freedom in the sedi-
mentation dynamics lays the foundation for
understanding the formation, sedimentation,
and remineralization of marine snow in the
purview of physics. The crucial role of visco-
elasticity of marine mucus as one of the knobs
of carbon flux opens rich possibilities for study-
ing biological origin of mucus and its complex
rheology in the open oceans and potential bio-
geoengineering remediation.
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Hidden comet tails of marine snow. (A) A simplified depiction of carbon sequestration in the biological pump through marine snow. (B) Experimental data:

(Left) Image of sinking marine snow visualized with tracer beads in the background and (right) fluid flow corresponding to the same particle showing the invisible
mucus tail (yellow region) that falls along with the particle, greatly increasing the particle’s effective size. (C) Impact of mucus on sedimentation: Mucus greatly
increases the time marine snow can spend in the upper layers of the ocean, presenting a natural knob in this carbon flux. p.,, mucus density; ps,, Sea water density;
pp. Particulate density; a, semiminor axis of the mucus comet tail; b, semimajor axis of the mucus comet tail; /, size of the visible aggregate.
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Hidden comet tails of marine snow impede
ocean-based carbon sequestration

Rahul Chajwa’, Eliott Flaum'2, Kay D. Bidle®, Benjamin Van Mooy’, Manu Prakash*>*%*

Gravity-driven sinking of “marine snow” sequesters carbon in the ocean, constituting a key biological
pump that regulates Earth’s climate. A mechanistic understanding of this phenomenon is obscured by the
biological richness of these aggregates and a lack of direct observation of their sedimentation physics.
Utilizing a scale-free vertical tracking microscopy in a field setting, we present microhydrodynamic
measurements of freshly collected marine snow aggregates from sediment traps. Our observations reveal
hitherto-unknown comet-like morphology arising from fluid-structure interactions of transparent exopolymer
halos around sinking aggregates. These invisible comet tails slow down individual particles, greatly increasing
their residence time. Based on these findings, we constructed a reduced-order model for the Stokesian
sedimentation of these mucus-embedded two-phase particles, paving the way toward a predictive

understanding of marine snow.

ur oceans are the most dominant open

reservoir and sink of carbon on our plan-

et (Z) and have absorbed roughly 30%

of the anthropogenically released car-

bon dioxide since industrialization (2).
A fraction of the carbon absorbed by the ocean
is transported to depth and sequestered in the
ocean sediments (3, 4) by a process commonly
called “biological pump” (5-7). This process,
the result of photosynthesis in the upper sunlit
layer of the ocean and the subsequent gravi-
tationally driven sinking of organic matter,
called “marine snow” (8-13), decouples the at-
mosphere from the deep ocean for timescales
ranging from millennial to geological in dura-
tion (5, 14). The challenge of studying these
highly heterogeneous aggregates arises from
their biological richness and physical com-
plexity. Every marine snow particle is biolog-
ically singular, with plethora of planktonic
species (both living and nonliving) and an as-
sociated bacterial and viral ecosystem (I5). Fur-
thermore, a process of sedimentation-driven
self-assembly builds the aggregate through
cellular adhesion, forming a specific kind of
fragile soft matter. These biological and physi-
cal processes are in continuous feedback with
each other, encompassing multiple length- and
timescales (Fig. 1, A and B) (8, 16). Thus, al-
though vital to our understanding of current
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and future climate, the lack of predictive under-
standing of marine snow sedimentation (17, 18)
manifests itself as major uncertainty in current
climate model (19, 20).

Quantitative measurements of total amount
of material collected in a sedimentation trap
(a common method used to catch marine snow)
across various depths in the ocean have high-
lighted the dramatic reduction in organic mat-
ter flux as a function of depth in our oceans
(3), giving an empirical relationship called
the Martin curve (3). In situ sedimentation
(22-30) and UVP imaging (27, 31) of marine
snow along with the Martin curve (3) has al-
lowed meaningful estimates of carbon flux in
the ocean (I8, 32). Although widely utilized in
our current climate models (33), the micro-
scopic origin of this empirical curve remains
largely unknown, and its universality remains
speculative (33, 34). In addition to bearing the
uncertainties associated with the Martin curve
(18, 33), these flux calculations rely on a priori
knowledge of the density-to-drag ratio (35)
while assuming that “visible” size is sufficient
to capture the structural complexity of marine
snow. This invokes the long-standing puzzle in
the sedimentation of marine snow (32, 36).

A single phytoplankton cell, such as a di-
atom, owing to its small size and relative den-
sity, would take about a year to reach the
bottom of the ocean, even if it were to con-
tinuously sink. Agglomeration of living matter
owing to cell-cell adhesion (76, 21) greatly in-
creases the sinking speed of the resulting ag-
gregate by an order of magnitude (37) owing
to increased size (38) and reduced drag (39).
In addition, zooplankton can both disintegrate
(40) and compact these particles into fecal
pellets (4I), thus modifying their sinking
speeds. Bacterial degradation further alters
the physical characteristics of these particles
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(42, 43). It is well known that marine snow
particles contain transparent exopolymer par-
ticles (TEP) (44), previously implicated in ag-
gregation models to impact the flocculation of
diatom and cocolithopore blooms (16, 44-46);
however, the role of this mucus in the sedi-
mentation dynamics of marine snow has been
obscure. All the above dynamical processes in
concert makes marine snow an enigmatic phe-
nomenon with a rich sedimentation physics.

Owing to the paramount importance of these
particles, various past attempts have been
made to decipher their size-sinking relation-
ship (I8, 32) and to quantify their biochemical
(47) and physical nature (13, 48). Conventional
field observations made by using sediment
traps (3) gives bulk estimates of the exported
carbon, whereas in-situ underwater measure-
ments through SCUBA (22-24), underwater
imaging (25-27), with vertical settling columns
(28), sediment trap (29), and gel trap (30), have
provided valuable insights into the size, shape,
and sinking statistics (I8, 36, 48-50), but a one-
to-one structure-sedimentation map of marine
snow remains elusive (32). Because the pro-
cesses central to the formation, sinking, and
remineralization of marine snow occur at mi-
croscopic scales in the upper layer of the ocean,
wider calls have been made previously to high-
light this gap in our understanding of marine
snow (17, 21).

We approach the central issue of sedimen-
tation of this material by fusing the classic
sediment trap sampling (3, 51) with the state-
of-the-art scale-free vertical tracking micros-
copy called Gravity Machine (GM) (52). In this
study, through a combination of ocean expe-
dition and table-top experiments conducted
on a research vessel, we elucidate a new mor-
phological feature of sinking marine snow: an
invisible comet tail forming a halo around vis-
ible particulate matter during sedimentation.
Through direct imaging, we present a multi-
scale dataset of sedimentation dynamics of
marine snow, observed at submicrometer res-
olution falling over a meter scale. This was
done by collecting marine snow particles at a
depth of 80 m and immediately measuring
their sedimentation dynamics on board a re-
search vessel, making it the largest database of
flow microscopy of an untethered sinking ma-
rine snow aggregate, with sizes ranging from
0.1 to 0.7mm. Particle image velocimetry (PIV)
analysis of this dataset revealed a hidden and
almost universal feature of mucus comet tails
in these sinking particles. We show that this
hitherto-unseen invisible part of marine snow,
which is largely made of a viscoelastic TEP,
fundamentally modifies its sedimentation dy-
namics. These hidden comet tails effectively
act as a “physical” drag line on sinking par-
ticles, bringing some particles to an almost
standstill. Next, we present a reduced-order
model for the fluid-structure interaction and
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Fig. 1. Marine snow sedimentation in a field setting. (A and B) Depiction of the
multiple length and timescales spanning the biological pump based on previous
studies (see supplementary materials). The overall birth, life, and death of “marine
snow” exhibits a very broad range of sizes and sedimentation timescales. The
timescale of sinking is defined as the time it takes for marine snow to sink by its
own body length, based on (21). (C) Expedition route to the Gulf of Maine and
Lagrangian sampling on the map; the inset shows a picture of the sediment

trap sampling on RV Endeavor. (D) Experimental setup of GM on a mechanical
two-axis Gimbal (fig. S2) hanging on RV Endeavor in the open ocean. For details on
scale-free vertical tracking microscope (GM), see (53). For marine snow
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experiments, a very wide wheel of 5-mm depth was used for tracking particles that
were 700 um or smaller sinking in the midplane of the GM wheel, ensuring that
wall effects were negligible during imaging. (E) Flow-trace image of sinking marine
snow visualized by using tracer beads ranging from 700 nm to 2 um. (F) A 3D
visualization of a marine snow particle made by using holotomography-based
imaging (60) (Tomocube) of a marine snow aggregate collected at 150 m on RV
Endeavor shows the variance of refractive indices (RIs) within a single particle,
visualizing frustules of diatoms, radiolarians, and dinoflagellates. (G) A
representative bright-field and confocal image of a marine snow particle picked
from a larger dataset imaged with confocal microscopy (fig. S5). High-resolution
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imaging clearly reveals inhomogeneous and biotic origins of marine snow as
depicted in both bright-field and confocal images, where an embedded dinoflagellate
can also be seen. The DAPI, FITC, and AO channels all emit signal visible from the
autofluorescence of the particle. g, acceleration due to gravity. (H) Alcian blue

staining of marine snow from an 80-m sediment trap to visualize TEPs as a
representation of polysaccharides present in the marine snow particles. The alcian
blue stain is visible throughout the particle. A larger dataset of confocal images
for particles is included in the supplementary materials.

Sinking Speed, m/day

Sinking Speed U, m/s

300 400
x10®

100 200
Equivalent radius ¢, m

Fig. 2. The plethora of sinking aggregates. (A) The collage (12 x 12) of
aggregates in their stable sinking configuration. Each image represents a live
sedimentation dynamics dataset of an individual particle. For example, the
aggregate in Fig. 1E corresponds to (row, column) = (9, 5). Each image panel is
1.27 x 1.27 mm?. (B) Direct measurement of sinking velocity corresponding to
every particle in (A), where each (row, column) in (B) corresponds to the same in
(A), with a color bar ranging from deep blue (200 m/day) to yellow (O m/day).

(C) A log-log plot of sinking speed U, as a function of equivalent radius ¢ (circle
with the same projected area as that of the particle) with a kernel density of ¢
(green) and U, (blue). The dotted line represents the Stokes’ law fit (U, ~ %) with
a constant effective density pg, +11.4 kg/m?, depicting a lack of deterministic
Stokes' trend, as seen in the spread of the data. Fitting a normal distribution on
the particulate aggregate sizes gives a mean of p = 187.35 + 8 um and a
standard deviation of ¢ = 51.93 + 6 um.

sedimentation of these heterogeneous multi-
phase particles and predict the associated elas-
tic modulus of the mucus, relative density of
these particles, and overall residence time in a
relatively calm water column. Notably, this
mucus-based impedance nearly doubles the
residence time of marine snow aggregates in
the upper productive layer of the ocean, po-
tentially facilitating rapid remineralization by
microbes and zooplankton (8, 40, 53, 54).

Results
Field observations

To study the sedimentation of fresh marine
snow aggregates in a field setting, we went on

Chajwa et al., Science 386, eadl5767 (2024)

an expedition on the RV Endeavor in the Gulf
of Maine (Fig. 1C) from 12 to 22 June 2021
(RIPPLE Cruise ID: EN667). Marine snow ag-
gregates were collected in multiple deploy-
ments of freely hanging sediment traps that
had a diameter of 2 m and a mesh size of 50 um
(13, 51) around 42.5°N 69.5°W at a depth of
80 m for a duration of 24 hours. The chloro-
phyll map of the region indicated the occur-
rence of a bloom, and thus, these particles were
organic-rich, primarily originating from phyto-
plankton. We also measured particulate organic
carbon (POC) fluxes from PIT traps, primary
production from '2C arrays, POC concentrations
in primary production arrays, and core CTD

11 October 2024

casts using methods described in (73) quanti-
fying the export dynamics (see supplementary
materials).

The marine snow samples collected in the
sediment trap were brought to the surface
and divided by using a quantitative splitter (55)
into 12 individual bottles. To keep marine snow
alive and active, we always kept the samples
at the in situ temperature. Individual particles
collected from the sediment traps were care-
fully introduced into the GM wheels (52) to
avoid any appreciable shear on the particles
(Fig. 1D). Microscale sedimentation dynamics
of marine snow particles were imaged within
hours after the samples were brought to the
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ship. These experiments became challenging
at high seas owing to the ship frame of refer-
ence rocking and rolling. These perturbations
were canceled by mounting the imaging sys-
tem inside a custom-built two-axis gimbal
(Fig. 1 D and movie S1).

Imaging individual particles by gently add-
ing them to the imaging wheel allowed us to
focus on the response of marine snow to the
self-generated hydrodynamic stresses due to
gravitational sinking (56). This allowed us to
study the mechanical response of a sinking ag-
gregate, its detailed fluid-structure interaction,
and its rich composition. In these measure-
ments, we ensured a dilute limit such that
interparticle hydrodynamic interactions (39)
can be neglected. Marine snow aggregates are
delicate, and thus, their sampling presents a
customary challenge (21). To examine the pos-
sibility of any noteworthy structural disrup-
tion or compaction of our marine snow sample
while handling (8), we compared the fractal
dimensions and size-sinking statistics (see sup-
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plementary materials) with previous in situ
measurements, which ruled out this possibil-
ity (567). The essential outcomes of our study
are, however, not sensitive to these structural
details, provided that the composition of our
marine snow sample reflects its native in situ
character. We ensured this by gently handling
the sampled aggregates and making our mea-
surements immediately after the sediment trap
retrieval.

In this new GM-based sedimentation assay,
we directly measured the settling velocity by
tracking individual particles while simultane-
ously performing high-resolution imaging of
marine snow (Fig. 1E). We visualized the mi-
crohydrodynamic flows around marine snow
by adding polystyrene beads with diameter
ranging from 700 nm to 2 pm, yielding high-
resolution PIV data. This enabled us to ac-
quire a one-to-one map between structure,
flow morphology, and sedimentation velocity
of marine snow, which we present in the fol-
lowing sections.
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Heterogeneous microstructure of marine snow

Limited volumetric imaging has previously been
performed on marine snow particles (58). To
better understand the three-dimensional (3D)
microstructure of a marine snow particles, we
performed the first quantitative phase imag-
ing (holotomography) in 3D and obtained
isolated materials based on refractive index
(Fig. 3A). This method allowed us to observe
the heterogeneity in the density of samples
without fixation or stains (59). The hetero-
geneous structure was clearly depicted, high-
lighting segments of diatom and radiolarian
frustules embedded in the marine snow par-
ticle as ballast (Fig. 3A and movie S3). Next,
we imaged particles using bright-field and
confocal microscopy (Fig. 3B and fig. S5) to
observe the presence of biological materials
within the sample. Upon labeling the particles
with 4/,6-diamidino-2-phenylindole (DAPI), fluo-
rescein isothiocyanate (FITC), and acridine
orange (AO) stains, individual planktonic and
bacterial cells embedded in marine snow could
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Fig. 3. Hydrodynamic signature of marine snow. (A) PIV images showing the hydrodynamic signature of the marine snow, making visible the mucus comet tails.

(B) Mucus tail around the visible aggregate (row, column) = (9, 5), the same aggregate as in Fig. 1E. (C) The visible component of marine snow plotted against the invisible
mucus degree of freedom. (D) Nondimensional sinking speed (Eq. 5) plotted against the relative mucus volume Vy,/V,, shows a systematic decrease in sinking speeds

as a function of mucus volume with an exponent ~=1. (E) The violin plot of the invisible size of marine snow (red) compared with the distribution of the visible size spectrum
(blue). Accounting for the mucus gives the mean size p,,, = 415.1 + 21 um and standard deviation o,,, = 136.3 + 15 um (see Fig. 2C for comparison).
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be distinctly visualized. Lastly, we imaged with
a color camera and bright-field imaging after
staining particles with alcian blue to directly
visualize TEPs as a representation of polysac-
charides present in the marine snow particles
(Fig. 3C). Through the combination of these
three imaging datasets, we were able to de-
lineate the heterogeneous presence of biotic
material, ranging from whole cells (Fig. 3B)
to fractions of whole cells, both rigid in diatom
frustules (Fig. 1D) and soft in mucus (Fig. 1, E
and F). Although imaging of stationary par-
ticles under a confinement such as a glass slide
does not correlate to the actual configuration
of a sinking particle, we were still able to build
a comprehensive picture of the microscopic
components present in a marine snow particle.
The associated datasets highlight its rich com-
position and heterogeneous distribution of den-
sity across the many particles that we imaged.
To build reduced-order models, we defined the
particulate density p;, as an average over this
underlying distribution, and the density of
the TEP or mucus is represented as p,.

Direct measurement of sedimentation dynamics

Imaging free-falling marine snow aggregates
(Fig. 1E) highlights the complex geometry of
these particle that are soft and deformable
owing to self-stress from sedimentation. 3D
tomography revealed (Fig. 1F) a highly heter-
ogeneous density distribution for the aggre-
gates. Understanding how each of these aspects
couple together and ultimately results in sink-
ing speed and to precisely determine the density-
to-drag ratio (35) necessitates independent
in situ measurements of individual particles
(22). Thus, we comprehensively investigated
the sinking dynamics of all collected particles
while on board the ship by tracking individ-
ual marine snow aggregates in the GM (52).
Hydrodynamic levitation and tracking coupled
to high resolution imaging (0.828 um resolu-
tion at 5 fps) allowed us to directly measure
the sinking speed of individual particles while
simultaneously capturing detailed structure of
every aggregate. Microscopy in an unteth-
ered state of forever-sinking particles yielded
high-resolution images, presented as a collage
of aggregate shapes and sizes (Fig. 2A), where
gravitational torques owing to shape polarity
have already aligned to the principal axis of the
aggregate along gravity (60). This resulted in
a nearly stable sedimentation orientation over
the measurement window of ~5 min. Fractal
analysis of these shapes in their sinking state
gave the 2D fractal dimension D, = 1.6516 +
0.0745 (fig. S4D), which is in the same range as
that reported previously for in situ particles
(35, 49). Furthermore, particle tracking produced
a one-to-one map between detailed structure
of marine snow (Fig. 2 A) and sedimentation
velocity (Fig. 2 B), with velocities ranging wide-
ly between 5 and 200 m/day.

Chajwa et al., Science 386, eadl5767 (2024)

The Reynolds numbers (Re) associated with
each sampled particle was <1 (see supplemen-
tary materials), rendering inertia negligible.
We estimated the equivalent spherical radius ¢
of these aggregates by image thresholding (67)
(see supplementary materials), where a visible
spectrum of aggregate “radius” imaged ranged
between 50 and 350 um, with mean radius
187.35 + 8 um (Fig. 2C). Plotting sinking speeds
U, as a function of equivalent spherical radius
¢ showed a significant variability in the sink-
ing velocity for the same size, presenting the
lack of a deterministic Stokes trend (38) in the
size-sinking plane (Fig. 2C). This discrepancy
has been noted previously for larger aggre-
gates in classic marine snow studies (62). This
variability in the density-to-drag ratio (35) has
been previously treated statistically (18), and
empirical prescriptions have been developed
for incorporating this through fractal geome-
try (48). But the underlying sedimentation
physics that give rise to this discrepancy re-
main poorly understood. In our observations,
we occasionally also encountered unsteady
singular events, such as merging, fracture, slow
depletion owing to hydrodynamic stresses,
and grazing by ciliates and copepod (40), all
of which add further richness to marine snow
sedimentation and likely make it a highly dy-
namic process at long-settling timescales, which
we did not pursue in this investigation.

Observed uncertainty in the density-to-drag
ratio across particles (Fig. 2C), even within the
same marine snow type, can be attributed to
variability in the internal degrees of freedom
of marine snow, such as shape, density, and
TEP. To further scrutinize these hidden de-
grees of freedom, we examined the fluid dy-
namics around individual sinking aggregates.
In the following sections, based on PIV mea-
surements, we lifted the classic size-sinking
relationship to a higher dimensional space of
structure (size and shape) and material prop-
erty (elasticity, viscosity, and density), all of
which together determine the mobility tensor
(60) and buoyancy of marine snow.

Invisible comets of mucus

Studies with fluidized bed geometry (63, 64)
and microfluidic channel (43) have previously
shed light on the flows around field-collected
and artificial aggregates generated in a lab set-
ting. But the environment on a research vessel
presents a notoriously challenging venue for
measuring these delicate microscale flows, as
the flow signal in consecutive images laden
with PIV beads is nested in the background
noise coming from both the high-frequency
jitters and the canonical rock and roll dynam-
ics of the ship. These noise sources depend on
the stability of the vessel and the ocean condi-
tions. To mitigate roll and pitch of the boat, we
mounted the vertical tracking microscope (GM)
(52) on a passive two-axis gimbal (Fig. 1D) to

11 October 2024

suppress the low-frequency tilt noise. The high-
frequency jitter noise was removed through
cushions and in a custom-designed image-
processing pipeline (see supplementary mate-
rials). The resultant microscale PIV of individual
marine snow aggregates (Fig. 3A) and direct
measurement of the sinking velocities (Fig. 2D)
with an unprecedented resolution for a field
setting. Beads could be clearly seen to flow
around the sinking particles, marking the flow
field precisely. Notably, the measured flow field
around these sinking aggregates conspicu-
ously displayed a transparent mucus comet
tail behind the particles, highlighted as a re-
gion of zero velocity (yellow region, Fig. 3B,
and movie S2). The aggregate in Fig. 3B is the
same as in Fig. 1E, with its “hidden” visco-
elastic degrees of freedom now made visible
through PIV analysis. Staining of particles
(Fig. 1H) confirmed that mucus (TEP) was
present on our particles and is of biological
origin (16, 44).

The visualization of comet-like morphology
of the mucus around marine snow aggregates,
a hitherto-unknown feature, was universal
across all particle shape and sizes (Fig. 3A) in
this dataset. We note that these transparent ex-
tensions of marine snow endow a “comet” [a
term coined in (22)] with a mucus tail, which
bears a superficial resemblance to the plumes
resulting from advection and diffusion of
chemicals around sinking marine aggregates
(43, 65-68). However, the gel-like polymer na-
ture (44, of mucus tails makes them physically
distinct in their dynamical response and in
their influence on sedimentation dynamics.
Whereas a chemical trail does not impact the
sedimentation physics, a “physical” mucus tail
significantly reduces the sedimentation velocity
because of the drag and buoyancy associated
with these tails, bringing some of the marine
snow particles to a near standstill, which we
elucidate below.

To proceed, we quantified the amount of
mucus that an aggregate is dressed in by mea-
suring the length of the semimajor and semi-
minor axes of the mucus comet, defined as b and
a, respectively. The tail length (b) was found to be
weakly positively correlated with the size of the
visible aggregate, ¢ (Fig. 3C) (see supplementary
materials). The relation between ¢ and b depends
on both the natural history of a particular ma-
rine snow particle, involving the convoluted
nature of aggregation dynamics (16) and the
microhydrodynamics of marine snow itself.
For these soft and delicate aggregates, mor-
phology determined sinking and hydrodynamic
stresses owing to sinking in turn sculpting the
morphology. This two-way coupling is a key
dynamical aspect of marine snow, which mani-
fests only in untethered measurements.

To investigate how mucus tails modify sink-
ing dynamics, we measured the mucus vol-
ume (V;,, ~ a>b), volume of the visible particle
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Ty~ %), and the sinking speed U, simulta-
neously. We defined a nondimensional veloc-
ity U,= U,T /a, using length scale a, defined
as the radius of a sphere with volume V'= V,,, +
7, as well as the sedimentation timescale
T = 9u/28(psw — Pm)@o, Where p, and p,, are
mucus and particulate density, respectively,
as defined previously, and pg,, is the density
of the sea water such that pgy # py. Figure 3D
shows that the relative volume of mucus V;,,/V
is inversely proportional to the settling veloc-
ity U,.

We found that the invisible size spectrum of
marine snow was dramatically distinct from
the visible size spectrum (Fig. 2C), with mean
b = 415 + 21 um being more than twice the
mean visible size ¢. The presence of this addi-
tional mucus phase introduces a completely
new fluid mechanical boundary condition,
which radically modifies the effective size of
marine snow and presents a multiphase fluid-
structure interaction problem. Notably, we did
not observe any appreciable flow through the
aggregates (Fig. 3A) even when they appeared
to be visibly porous, which is likely because
mucus suppresses the permeability of marine
snow by clogging the pores. Because the mu-
cus density py,, was less than p,, increase in
relative mucus volume also led to increase in
buoyancy. The observed reduction in sinking
speed is a natural consequence of increase in
effective buoyancy owing to lower density and
simultaneous increase in hydrodynamic resist-
ance owing to the prescence of an extended
mucus comet tails.

Two-phase model of marine snow dressed
in mucus

To contextualize our experimental observa-
tions in the framework of Stokesian sedimen-
tation while seeking closed-form analytical
expressions for the buoyancy and hydrodynam-
ic resistance, we turned to the basic building
blocks of this distinct dynamical system. We
treated marine snow as a two-phase aggregate
with visible particulate aggregate embedded
in the invisible mucus halo, sedimenting under
its own weight. Hydrodynamic self-stress gen-
erated owing to sedimentation elongates the
shape of mucus halo, which in turn modifies
the sinking speed, further changing the sedi-
mentation self-stress. This key feedback mech-
anism determines the steady-state shape and
sinking velocity of these particles. We incor-
porated this two-way coupling between defor-
mation and sedimentation into our minimal
model and elucidated the microphysics of ma-
rine snow sedimentation. Our goal here is to
capture the essential physics while still being
general enough for the essential physics to be
applicable to a broad range of marine snow
particles. Based on our field observations of
freshly collected marine snow aggregates, we
constructed a minimal model for the Stoke-
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sian sinking of marine snow with mucus halo
by analytically treating the halos as a deform-
able prolate spheroid (69) with semimajor and
semiminor axes b and a, respectively, and den-
sity pm,. With mean Reynolds number Re = 0.19 +
0.02 (see supplementary materials) significant-
ly <1, we neglected particle inertia (70, 7I). The
visible particulate aggregate with effective ra-
dius / has a density p,, (particle) greater than
pm (mucus) (Fig. 4A).

Because the particulate matter is at the bot-
tom of the mucus halo and p,, < pp,, marine
snow with mucus halo is effectively a bottom-
heavy sedimenting particle (72, 73). In the
ambit of linear response, the shape degree of
freedom &b = (b/by — 1)2 is assumed to evolve
viscoelastically through the Kelvin-Voigt (KV)
model (74), and the translational degree of
freedom X is governed by the Stokesian mo-
bility relation (75, 76) M(8b) (60, 69), giving
rise to the coupled equations for shape and
sinking dynamics, respectively:

- E
Sb+-5b="0b 1)
i u

X = M(3b)-F 2)

In Eq. 1,6 = (Vo + VoT) /2 is the symmetric
part of the velocity gradient generated by a force
monopole of strength F, which is assumed to
be located at the origin of visible particulate
aggregate, due to its relatively dominant con-
tribution to weight as compared to mucus (77).
F induces translational dynamics of the center
of gravity X of marine snow through the mo-
bility relation (Eq. 2). In Eq. 1, the second term
on the left captures the viscoelastic relaxation,
and the term on the right presents a one-way
hydrodynamic coupling between the KV dimer
located at the origin of mucus halo and sedi-
mentation induced flow v to leading orders in
velocity gradient. The phenomenological param-
eter a can, in general, depend on the shape of
the viscoelastic halo, and determining it requires
solving the boundary-value problem (78, 79). For
the sake of simplicity in the present analysis,
we fix a = p on dimensional grounds. When
the extensional axis is aligned with the gravity
axis, thanks to the polarity of the marine snow,
the Stokesian hydrodynamic stress induced by
F along b to leading order in //a, becomes (see
supplementary text):

7%a0(pswfpm)g ﬁ~_
cb=3 (1+ ob)? (Vp l) @)

We have defined p = (p, — P )/ (Psw — Pm s
which lumps the sea water density ps,, mucus
density py,, and aggregate density p, into a
single nondimensional density parameter. We
consider a volume conserving mucus and an
isotropic initial condition with nonzero mucus
volume, b, = a, > ¢. Combining Egs. 1and 3 and
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nondimensionalizing Egs. 1 and 2 using length
scale ay and sedimentation time scale 7" = 9u/
28(Psw — Pm)o TOr pyy # Psw gives the dynam-
ical equations for longitudinal deformation &b
and vertical depth 2 scaled by a,

8b+ £ Dsb
u
AL ) 1
3t (D5 )~
u’(Vp arey W
A X(e)
z‘(VP_l)Hab (5)

InEq. L, D = 9E/[28(psy — Pm ) Qo] is the ratio
of elastic to hydrodynamic stress response, the
magnitude of which is set by the biology of
mucus secretion in phytoplankton (44, 47, 80).
The scalar mobility of the spheroid with its sym-
metry axis aligned with gravity, X' (e) = 3[(1 +
e*)In(1+ e/1— e) — 2¢]/8¢?, captures shape-
dependent sinking as a function of eccentricity

e =1/1— (1+ 8b)°. Eq. 5 gives the condition

for nonzero sinking of the marine snow 1y, <
Vp(p — 1), implying that marine snow with
larger mucus halos falls slower, allowing for
the possibility of neutral and even negative
buoyancy depending on the amount of mucus.
This striking role of mucus in suppressing drift
potentially reduces the net carbon flux in the
ocean (44), bringing some of the aggregates to
a near stand-still (Fig. 2).

We solved Egs. 4 and 5 in the steady-state
approximation of the mucus comet tail 60 =
0, where the viscosity sets the timescale to
achieve the steady state; however, the steady-
state solution is independent of u and p'. A
stable fixed point is guaranteed in Eq. 4, and
the steady-state tail length has a closed-form
expression (see supplementary materials), which
is plotted as a function of D, V,/V, and p (Fig.
3B). Asymptotic analysis of the steady state
yielded two scaling regimes, one for very small
and one for very large deformations (see sup-
plementary materials). Figure 4C shows the
steady-state sinking velocity (Eq. 5) as a func-
tion of D, V,/V, and p.

Viscoelastic rheology of xanthan gum in salt
solutions has provided useful insights into the
hydrodynamic nature of marine mucus, whereas
in situ measurements remain limited (81, 82).
We present a “sedimentation-based” measure-
ment of the susceptibility of fresh marine snow
mucus in a field setting (44). Comparison be-
tween theory and field data allowed us to get
the density distribution of the visible particu-
late matter (Fig. 4D), which further enables
this sedimentation-based measurement of
the elastic modulus of mucus (see supplemen-
tary materials), with the mean value of 0.028 Pa,
(Fig. 4E).

Our field experiments and theoretical frame-
work show that the sinking speed of a two-phase

6 of 10

$202 ‘S0 JOqUIDAON] UO AJISIOATU() SIOFIMY 18 S10°00UdI0S MMM //:sd)IY WOIj papeo[umo]



RESEARCH | RESEARCH ARTICLE

o = 11
A Minimal Model of Mucus Comet-tails & o2 D :
g mean = 1048 Kg/m
Y 1160 std = 18 Kg/m?®
g‘h 1140}
QQ‘
> 1120}
b=
£ 1100}
Q
o)
4 a o 1080+
_ T 1060 T
™ "sf‘ - ". )
= 1040 # 3 =
/’ P Ay - .],? 3» e
pm ' 1020
7 % L b 100
" T . E
Polymer matrix nigas =10.025
/ r &~ std = 0.076
P =
> Q 10-1 L
4 2 3 3
E # [75) em® o
~ / ) N
K S 102 N
p E RIS
= -
P P _/ © 107 -
i \ /
wm \ 4
b \
—
; |
Non-dimensional Tail length, 5b s 1oc'3 Non-dimensional Sinking Speed, U. s Fo
I 2]
45 45 %} 3
4 40 T
35 35 : 1
10-2 —
3 30 : 6 3
2»5T 25 g s
2 2w @ 4 ¥
r -
Q )
15 107 15 g
1 0 B
g 2y
05 s M
0 0
0 10 2%' . 40 0 10 2% 30 a0 Without Mucus With Mucus
%1 P

Fig. 4. Two-phase model and sedimentation-based rheology of marine snow.
(A) The inset shows measured flow field around a sinking particle corresponding to
(row, column) = (8, 3) in Fig. 2D. Schematic of the reduced-order model with an
approximately prolate-spheroidal mucus halo enclosing the visible particulate
aggregate with the various densities pp, p,, and ps,, and length scales semiminor
axis a, semimajor axis b, and equivalent spherical radius ¢ in the mucus comet tail
marked. The viscoelastic degrees of freedom of mucus are lumped into an elastic
modulus £ and a viscous modulus ' that is different from the viscosity of sea
water u. (B) The steady-state solution of Eq. 4 gives the mucus tail length &b as a

particle is inversely proportional to the rela-
tive volume of mucus in marine snow (Fig.
3D), which is in accord with Eq. 5. This mucus-
induced impedance in marine snow reduces
the sedimentation flux and increases the resi-
dence time of mucus-rich aggregates in our
dataset. The estimate of residence time shows
that the presence of mucus almost doubled the
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mean residence time of marine snow in the
upper 100 m of the ocean (1.92 days) compared
with that without mucus (0.9 days) (Fig. 4F
and supplementary materials), assuming a
steady sinking state. Such a notable increase
in residence time in the water column would
greatly impact the total downward flux due to
bacterial degradation (8, 42, 54).

11 October 2024

function of the internal structural degrees of freedom of marine snow (V,,/V.p,D).
White curves represent the contours of constant tail length. (C) The steady-state
solution of Eq. 5 gives the vertical sinking speed as a function of (\/p / V,,S,D). White
curves represent constant speed contours. (D) The corrected distribution for
particulate density after accounting for the mucus. Std, standard deviation. (E) The
distribution of the elastic modulus of the mucus in pascals by measuring the distortion
and sinking speed, presenting a sedimentation-based rheology. (F) The residence
time distribution of marine snow in upper the 100 m of the ocean for cases with
(red) and without mucus (blue) (see supplementary materials).

Summary and future challenges

Advances in our understanding of open ocean
ecosystems and of marine snow in particular
has historically developed in tandem with ad-
vances in marine technology. Our study uses
implementation of scale-free vertical tracking
microscopy in a field setting, a recent techno-
logical development (52), to shed light on the
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essential dynamical aspects of marine snow
sedimentation. To the best of our knowledge,
we present the first microscopic window into
the sedimentation physics of these complex
multiphase soft-matter particles and highlight
the consequences on carbon export in our
oceans. Broadly linking this gravity-based trans-
port phenomena that is governed by micro-
scale parameters to larger-scale ocean carbon
flux dynamics (3) is crucial for understanding
tipping points and balancing the carbon bud-
get in current ocean-based carbon sequestra-
tion estimates (9).

Our work also presents the largest-known
dataset of microscale hydrodynamics of ma-
rine snow sedimentation, with more than 100
particles imaged individually. By directly mea-
suring the sinking velocities and detailed flows
around individual marine snow particles at sea
moments after they are brought on board, this
new platform will enable the study of how
these particles are transformed by biological
activity, such as microbial remineralization,
over longer timescales. Our datasets establish
a distinct size-sinking dataset in which both
the sizes of dense particles and lighter mucus
halos are measured independently. Although
past studies have measured similar order-of-
magnitude numbers (I8, 33) (see supplemen-
tary materials), such comparisons must be
treated cautiously, asthe true “size” of a com-
posite particle should include both visible cel-
lular components and invisible mucus. Broadly,
we envision that the new measurement tools
presented here will solidify a new standard for
in situ sedimentation analysis of marine snow.

The carbon content of TEP is comparable to
that of the particulate matter (83). TEP pro-
duction has also been shown to increase line-
arly with the increase of dissolved carbon
dioxide in the ocean (84) and in response to
both biotic and abiotic stressors in phytoplank-
ton (47). Although the presence of mucus has
been long known in marine snow particles,
past studies have primarily focused on its im-
pact on particle aggregation (16, 44-46). Be-
cause our work emphasizes the critical role
that mucus comet tails can play in reducing the
sedimentation velocity of marine snow par-
ticles, many factors, including climate change,
can have a direct impact on carbon sequestra-
tion with the TEP knob (85).

Because many of the current estimates of
marine snow sedimentation rely on “visible”
size distributions, which do not include the
mucus layer, our findings, when incorporated
with other datasets (18, 32), could help to re-
concile discrepancies in flux estimates reported
previously (33, 34). We corroborated our find-
ings with 3D volumetric imaging of marine
snow particles, which further highlights the
heterogeneous nature of marine snow parti-
cles and, hence, variation in their density
distributions. We have also provided a new
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theoretical framework based on Stokesian dy-
namics in which we include this previously
invisible degree of freedom and present a mod-
ified stokes law for these compound particles.
We present a combination of field experiments
and theory that also allows us to carry out
sedimentation-based rheology of marine snow
in the field, enabling estimates of in situ visco-
elastic properties of marine snow.

Given the many-particle character of agglo-
meration of organic matter to form marine
snow (I16), we expect that a probability distrib-
ution in (D, V,/V; p) parameter space (Fig. 4C)
governs the net flux of matter through a hori-
zontal plane in the ocean. A detailed knowl-
edge of this distribution will enable better
estimates of carbon flux in the ocean. In
future expeditions, we will fill this gap in avail-
able data. We believe our approach paves the
way to linking microscale in situ observations
of marine snow to understanding the macro-
scale biological pump from the bottom up and
bringing marine snow phenomena in the am-
bit of soft matter physics.

The rapidly changing climate (86) neces-
sitates improved observations and predictive
understanding of oceanic carbon flux. Our work
currently describes the complex sedimenta-
tion dynamics of marine snow particles. Com-
bined with mechanisms and rates of marine
snow formation and their remineralization by
microbes, this framework has the potential to
provide a fundamental bottom-up description
for 1D flux models, such as the Martin curve (3).
Currently, it is estimated that 30% of anthro-
pogenic carbon is sequestered by the ocean
through biological pump. We observed a 100%
increase in the residence time of mucus-heavy
marine snow particles, likely facilitating re-
mineralization by microbes and reducing the
overall flux that can be sequestered by this
mechanism. Given the current uncertainty in
biological pump in a changing global climate
(33), it is imperative to underpin the micro-
biology and microphysics of marine snow. Our
direct in situ and on-vessel field setting mea-
surements of a broad range of marine snow
particles provide a promising approach to pre-
dictively understanding the biological pump.

Materials and methods
Sample collection

Data was collected while on board the RV En-
deavor during the cruise using a GM [for de-
tails on the instrument, see (53)]. We used freely
hanging sediment traps in the Lagrangian
mode (89) on RIPPLEI1 expedition (11 to 23 June),
2021 (Cruise ID: EN667) with mesh size (50 um)
at 80 m depth in the Gulf of Maine on RV En-
deavor [design of the net trap used in this study
is given in (52)]. The nets were recovered after
24 hours (see table S1 for exact times of de-
ployment and recovery). After the cod-end
recovery, we passed the material through a
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quantitative splitter. We used a splitter that is
modified from the basic design of (56) to ac-
commodate collection of 12 samples instead of
8 and to allow direct electric drive.

Preparing GM wheel

The material collected was gently picked by a
wide end pipette and added to a wheel shaped
fluid chamber with inner thickness 5 mm. We
study particles with equivalent spherical di-
ameter below 750 um. Thus, ensuring that the
wheels are much wider than the particle di-
mensions, to avoid wall induced shear.

PIV and sedimentation measurement

‘We mixed 60 uL of 700-nm to 2-um polystyrene
bead solution in 100 mL sea water for doing PIV.
We loaded about 1 mL of the sediment from the
collected sample in the gravity machine wheel
containing the bead sea water solution. After
loading the aggregates, the marine snow suspen-
sion was gently homogenized by manually ro-
tating the wheel clockwise and counterclockwise
multiple times. This homogenization is needed
to minimize interparticle hydrodynamic inter-
actions. We then took tracks of marine snow
aggregates in GM for around 2 min at 5 fps.

Analysis pipeline

Effective radius and naive Stokesian settling
approximation: Gravity machine directly gives
the virtual vertical distance traversed as a func-
tion of time z(¢). The effective vertical position
as a function of time, shows fluctuation in
vertical velocity due to the ship motion, but
this disturbance only adds a residual error in
a linear fit, thanks to the gimbal. This gives
us the vertical settling speed. To correlate it
with the visible particle size we threshold the
images after conversion to eight-bit and mea-
sure the projected area and from this get the
effective radius of a circle with an equivalent
area. Comparison of our “visible” size-sinking
relationship with the previous in-situ measure-
ment is shown in fig. S3.

Mucus halo measurement: The collected im-
ages and tracks were initially processed in a
customized ImageJ macro. The vibrations of
the ship resulted in misalignment of aggre-
gates in adjacent frames. To remove this noise,
we automated the image registration process
using a MATLAB script. A command-line based
PIV was conducted on the resulting images,
on MATLAB PIVLab. The PIV data and GM
tracking data were then coherently analyzed
for mucus and particulate matter quantifica-
tion using a custom MATLAB function. All the
image processing and analysis were automated.

Alcian blue staining

Particles were stained with alcian blue (AB) to
visualize TEP as per previously published pro-
tocols (91). A stock solution (1% AB in 3%
acetic acid in water) was used to prepare a

8 of 10

$202 ‘S0 JOqUIDAON] UO AJISIOATU() SIOFIMY 18 S10°00UdI0S MMM //:sd)IY WOIj papeo[umo]



RESEARCH |

RESEARCH ARTICLE

working solution (0.04% AB). The working
solution was then passed through a 0.2 pm
pore-size syringe filter prior to staining. Water
samples containing marine snow “splits” from
the net trap were gently filtered onto 0.4 um
pore-size polycarbonate filters using low and
constant vacuum pressure (>200 mbar). Once
filtered, 500 uL of the AB working solution
was added and the pump was switched on
immediately to remove the stain. The filter
was then rinsed with 500 pL of double dis-
tilled water under gentle vacuum. The filter
was then placed in an eppendorf tube with
1.5 mL of 0.2 um filtered sea water and the
sample was agitated to release marine snow
particles off of the filter and into the bottom
of the eppendorf tube. Samples were visual-
ized immediately and kept at —20°C for ad-
ditional analyses.

Sample preservation

Particles were preserved in a 4% Paraformaldehyde
solution in phosphate-buffered saline solution
for 3D structural analysis.

Fluorescence microscopy

Fluorescence microscopy images were collected
using a LSM780 Confocal Microscope through
the Cell Sciences Imaging Facility at Stanford
Univeristy. Samples were mounted in 35 mm
glass-bottom petri dishes and were uncom-
pressed. Samples were not stained. Any color
present comes from autofluorescence of the
particle.

Holotomography

3D refractive index images were collected using
holotomography on the Tomocube microscope.
Samples were mounted in tomo-dishes and
were compressed by 22 x 22 mm coverslips.
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