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Abstract

The sinking of marine aggregates impacts the global carbon cycle as it is one of the primary sources of carbon
export from the surface ocean. Aggregation and fragmentation alter the size of aggregates, which governs their
sinking speed. Although aggregation theory is well established, aggregate fragmentation strength and breakup
characteristics are less well understood. This study developed a cylindrical tank that formed and then exposed
diatom aggregates to calibrated laminar shear through a combined rotating and oscillating motion. The shear
rate was predictable using a developed analytical solution for the fluid motion within the tank. Under proper
operating conditions, this facility provided fluid shear with a similar magnitude to that in multiple ocean envi-
ronments. We also developed a unique image processing method that enabled continuous tracking of particles’
position, size, and morphology as well as determination of the individual aggregate breakup events. The method
has great potential to capture breakup events of large marine snow particles, quantify the aggregate morphologi-
cal changes leading up to and at breakup, and provide data sufficient for statistical analysis of laboratory aggre-
gate populations. We tested the method using laboratory-cultured Odontella aurita and captured 79 breakup
events of the resulting aggregates. These fragmented aggregates ranged from 1 to 5 mm in major axis length and

underwent substantial morphological evolutions prior to the fragmentation.

Aggregated particulate organic matter in the ocean, known
as marine snow, makes up a large part of the oceanic sedimen-
tary flux and is key to biological transformations in marine
ecosystems (Kigrboe 2001). In shallow waters, up to 63% of
the particulate organic carbon can be contained within marine
snow, the size of which can range from a few microns up to
centimeters (Alldredge and Silver 1988). Every year, approxi-
mately 10'° g of carbon is pumped from the surface ocean to
the deep sea by sinking marine snow particles (Muller-
Karger 2005; Middelburg 2011). In the natural environment,
the settling velocity of marine snow varies widely (Cael
et al. 2021) but has been observed to be as high as 0.43 cm s+
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(370 m d™Y) (Alldredge and Gotschalk 1988). These sinking
particles are the primary source of carbon fixation in the
ocean and this process significantly affects the concentration
of CO; in the atmosphere (Kwon et al. 2009). Carbon flux
measurements have revealed an exponential decrease in this
downward flux of organic materials with depth (Berger 1988),
which has not yet been fully explained. Degradation of sink-
ing particles caused by attached bacteria and the consumption
by zooplankton are major sources of this decrease, but these
processes alone do not fully explain the attenuation observed
in the environment (Collins et al. 2015). Fragmentation of
large sinking aggregates into slower-settling sub-aggregates is
one likely explanation that could reconcile the carbon budget
(Briggs et al. 2020). While aggregation theory has been well
developed (Fowler and Knauer 1986; Alldredge and Silver 1988;
Burd and Jackson 2009) and its influence on particle flux is
represented in ocean transport models (Aumont et al. 2015),
fragmentation processes have not yet reached this same level
of parametric understanding.

Small scale fluid shear in the ocean, characterized by dissi-
pation energy, causes aggregation, fragmentation, and aggre-
gate morphological changes. These processes determine
particle size, which in turn governs settling velocity (Johnson
et al. 1996). Fragmentation of large aggregates due to this fluid
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shear is challenging to investigate. Traditionally, researchers
first form laboratory-made marine aggregates using cylindrical
roller tanks, which aggregate particles through differential sed-
imentation (Shanks and Edmondson 1989). They are then
transferred to separate shear- or turbulence-generating facili-
ties to study the fragmentation process (Alldredge et al. 1990;
Saha et al. 2016; Ziervogel et al. 2020). In order to imitate the
ocean environment, Alldredge et al. (1990) quantified the
breakup strength of collected natural marine snow using tur-
bulence generated with an oscillating grid. Here, aggregates
were collected, stored briefly, and then released individually
into their turbulence tank. Ziervogel et al. (2020) similarly
studied fragmentation of marine oil snow by first creating
laboratory-made aggregates in a roller tank and then manually
transferring the aggregates to a turbulence tank to observe
fragmentation at different levels of turbulence intensities.
Fuchs et al. (2004) used a similar grid-stirred tank to observe
the sinking behaviors of marine gastropod larvae where they
had to gently add samples into the tank before measuring lar-
val movement. In addition to requiring manipulation of the
particles by the researchers prior to measurement, the above
cases also quantified shear rates using time-average values of
energy dissipation rate. Measuring the instantaneous local
shear forces acting on the particles was not possible.
Goldthwait et al. (2004) analyzed the fragmentation of marine
snow due to swimming euphausiids. To obtain local time-
averaged fluid stresses caused by the feeding animals, they per-
formed separate particle image velocimetry experiments using
tethered animals, then assumed the shear magnitude was
unchanged during animal interaction with an aggregate. In
these works, researchers could not couple the time-varying
responses of aggregates to local instantaneous hydrodynamic
phenomena due to their time-averaged characterization.

In more detailed experiments, previous researchers have
used various flow devices to resolve hydrodynamic conditions
to study the local fragmentation of droplets and other types of
particle aggregates. For example, laboratory observations cap-
tured droplet deformation, and breakage in simple shear flows
generated by a Couette device (Torza et al. 1972; Williams
et al. 1997). With flow conditions determined analytically, the
researchers could determine transient shapes and droplet
bursting and their dependence on instantaneous hydrody-
namics. Saha et al. (2014, 2016) investigated the breakup of
colloidal aggregates in an extensional flow using contracting
nozzles and in-homogenous isotropic turbulence with three-
dimensional particle tracking velocimetry (3D-PTV) tech-
niques. They measured velocity gradients to determine the
local fluid stress at the instant of individual aggregate breakup.
The spatially and temporally resolved data from the above
experiments have provided unique insights into the morpho-
logical evolution of droplets and aggregates exposed to hydro-
dynamic shear. The need exists for a facility that enables high
numbers of detailed fragmentation measurements like those
described above to clarify the fragmentation dynamics of
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marine aggregates. Due to their fragile nature, avoiding aggre-
gate manipulation after formation is also desirable as handling
can alter their morphology and strength.

This article introduces a novel roller tank that can aggregate
and fragment marine snow particles by combining constant
rotation with an oscillatory motion. The tank avoids all han-
dling of the marine snow by experimentalists. More impor-
tantly, when coupled to high-speed imaging and automated
particle tracking and matching algorithms, this experimental
approach allows us to quantify the instantaneous responses of
marine snow to hydrodynamic shear while also evaluating large
statistical samples (e.g., 100,000 s particles). To demonstrate its
effectiveness and capabilities, we present breakup experiments
of marine snow made from Odontella aurita. We organize the
paper with the following sections. In the “Materials and proce-
dures” section, we describe the design of the rotating/oscillating
tank and formulate the analytical solution to fluid shear inside
this tank. We also demonstrate the image processing proce-
dures for continuously tracking marine aggregates and identify-
ing breakage. In the “Assessment” section, we present the
fragmentation results with their morphological evolutions
using both individual and statistical analyses. In addition, we
discuss the significance of morphological changes prior to frag-
mentation and quantify aggregate strengths. In the “Discus-
sion” section, we discuss the limitations of the method and
evaluate the overall performance. Finally, in the “Comments
and recommendations” section, we make concluding marks
and address recommendations for future work.

Materials and procedures

Experimental facility

The experimental facility, shown in Fig. 1, consisted of a
transparent acrylic cylindrical tank supported by four identical
casters. The tank had an inner diameter of 100 mm and a wall
thickness of 5 mm with a total length of 300 mm. The tank
was long enough to have a two-dimensional (2D) flow along
the central tank cross-section (Song and Rau 2020a). We con-
trolled the rotation of this tank using an electric servo-motor
(Dynamixel MX-28T, Trossen Robotics) programmed with
Python. A timing belt drive system that connected the motor
to one end of the tank precisely synchronized the rotation
with a gear ratio of one. The motor had a resolution of
0.012 rad s~ ! in rotation speed and 0.088° in operating angle.
The optical transparency of the tank permitted illumination
through the cylinder wall and the imaging of suspended parti-
cles through one end of the tank. An LED light panel
(StudioPRO S-1200D, Fovitec) shone through a slit aperture
(10 mm wide) to illuminate suspended particles along the cen-
tral tank cross-section. We mounted a high-speed camera
(FASTCAM Mini AX200, Photron) with its viewing axis per-
pendicular to the resulting light sheet. It captured particle
motion through a macro lens with a 105 mm focal length
(Sigma 105 mm £/2.8 EX DG).
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Fig. 1. Schematic diagram of the experimental facility.

The servo motor allowed us to vary and control the tank
rotation speed. The roller tank was in its aggregation mode
(AM) when we operated the tank at a constant rotation rate.
We found that the phytoplankton aggregated quickly in
AM and formed large, stable aggregates through differential
sedimentation after about 3 h of operation. This aggrega-
tion time is similar to the aggregation time used in prior
work (Shanks and Edmondson 1989) and all of our frag-
mentation experiments started with 3 h of AM operation.
Once diatom aggregates were formed, we initiated the frag-
mentation mode (FM) by superimposing a harmonic oscilla-
tion to the tank rotation. This continuously varied the
speed of the outer tank wall, as shown in Fig. 2a, which cau-
sed an oscillating laminar boundary layer to form around
the tank circumference (Song and Rau 2020a). The rotation
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and oscillation created time-varying fluid shear due to a
velocity gradient that extended inwards toward the center
of the tank. This dynamic creation of velocity gradients in
the tank allowed us to directly expose aggregates to hydro-
dynamic shear without handling or moving them to a sec-
ond facility.

We previously developed an analytical solution to describe
the fluid motion in a similar tank with a symmetric oscillation
(Song and Rau 2020q). Particle image velocimetry (PIV) experi-
ments confirmed the validity of the analytical results and that
the flow along the central tank cross-section remained 2D and
laminar. Here, we modified this analytical solution to include
the oscillating motion plus the constant rotation of the roller
tank. Assuming the saltwater is an incompressible Newtonian
fluid with a constant kinematic viscosity v, we can simplify
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Fig. 2. (a) Sample wall boundary conditions for both aggregation mode and fragmentation mode, and (b) one period of quasi-steady velocity profiles

plotted at different phase angles during fragmentation mode.
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the 3D Navier Stokes equation to contain only the azimuthal
component, as shown in Eq. 1,

(91/[9 1 aug 32149 Ug
at:”<rar+arzrz>~ (1)
In Eq. 1, gravity is neglected as it integrates to zero in the azi-
muthal direction assuming no free surfaces are present inside
of the closed cylinder. During the switch from AM to FM, the
fluid experiences a change in the outer wall boundary condi-
tion. Shown in Fig. 2a as a constant rotation speed u, = b in
AM, this boundary condition changes to uy = asin(wt) + b in
FM, where a is the amplitude and » the angular frequency of
the superimposed harmonic oscillation. In our analysis, we
assume the tank has rotated in AM for a long enough time
that the fluid velocity is a steady solid-body rotation. The
resulting initial and boundary conditions representing a sud-
den change from AM to FM are thus,

r

uy(r, 0) :Eb’ (2a)
up(R, t)=a-sin (wt) +b, (2b)
llg(o, t) =0. (ZC)

where R is the inside radius of the tank. The resulting transient
solution, which contains the transition motion from solid
body rotation, is written as,

ue(r,t)*—b+— eXP(lwt 1”)1 (R /U) 3)
1 iw
I (ry/—iw/v
+exp( it +i >11]((R lw/l/>>
A

. N pot) ——m———
o Z;EXP(ZO, )(Z%In-i-l)R\/a)/v
Il (T\/Z()ynw/l/)
IO(R\/ZO,HC‘)/U) —O—Iz(R\/Zoln(U/U),

where Iy, I;, and I, are the modified Bessel functions of the
first kind and order zero, one, and two, respectively. The vari-
able z, , is defined as,

22

- @)

Zon =

where a, is the '™ zero of J;, the Bessel function of the first
kind and order one. The details of the mathematical solution
procedure to derive Eq. 3 are identical to those provided by
Song and Rau (2020a) and have, thus, been omitted here for
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brevity. Equation 3 consists of three terms: the first term repre-
sents solid body rotation, the second term represents the oscil-
lating velocity at different radial locations, and the third term
represents a rapidly decaying transient motion due to the tran-
sition between AM and FM. This third transient term decays
within one cycle of oscillation (Song and Rau 2020a4), after
which we can neglect the transient term in Eq. 3 and assume
the fluid motion inside the tank obtains a periodic state repre-
sented by,

)Il( VIE)

1 (Ry/iw]v)
1(ryT)
I8 (Rm)

Ugs(r,t)= £b+g exp (lwt

+exp( iot+i )

Figure 2b shows periodic velocity profiles at six different phase
angles within one period of oscillation during FM for an oscil-
lation magnitude of @ = 9 cm s™! and the constant rotation
rate b = 1.5 cm s ' for a tank with an inner radius of R = 5 cm
(this constant rotation rate is equivalent to a rotation speed of
2.86 rpm). The velocity variation is maximum close to the
outer wall of the tank, which is reflected in the boundary layer
thickness 6= \/v/w (Song and Rau 2020a). However, we will
show below how the small velocity variation further from the
tank wall still creates shear of relevance to the ocean and
aggregate fragmentation outside of the boundary layer does
occur. We can use Eq. 5 to calculate the azimuthal velocity as
a function of radius inside any oscillating roller tank so long
as the appropriate speed and dimensional parameters are
adjusted in the equation (i.e., a, b, R, and w) and the tank
maintains a laminar, 2D flow. We validated these latter two
conditions experimentally and found the equation valid for

dimensionless radii \/wR*/v in excess of 35.7 (Song and

Rau 2020a), though the upper limit of validity was not deter-
mined. The operating conditions in this work correspond to a
dimensionless radius of 34.3, though many different operating
conditions could be used with this method to tune the shear
conditions in the tank to a particular application of interest.

Knowing the fluid velocity from Egs. 3 and 5, we can calcu-
late the time-varying laminar shear, y, during FM as,

_ 9(ug/1)
r=r ;r ’ ©

As a result of the oscillating velocity profiles, the shear rate
oscillates with small amplitudes near the tank center and large
amplitudes near the tank wall. Figure 3 shows the maximum
shear rate, y.,,, as a function of radius for the velocities plotted
in Fig. 2b. Also plotted are equivalent dissipation rates, € calcu-

lated from y = \/&/v. We can compare shear in the tank to that
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Fig. 3. Theoretical maximum shear in the tank compared to typical shear
observed in the ocean.

generated in typical ocean conditions based on the ranges
given by Dillon and Caldwell (1980) and Franks et al. (2022)
for mixed-layer turbulence, Gross and Nowell (1985) for tidal
channels and estuaries, and George et al. (1994) for surf zones.
Using the prescribed conditions, the regions close to the tank
wall provide high shear rates typical of the most turbulent
regions of the ocean, whereas the inner regions provide shear
more typical of the open ocean. We can adjust the range of
shear in the tank by modifying the tank dimensions or oscilla-
tion magnitude or frequency as indicated in Eq. 5.

To perform an experiment, we first filled the cylindrical
tank with cultured algae at a concentration of approximately
46,000 cells mL~! and filtered seawater (Gulf of Maine Seawa-
ter, Bigelow NCMA, 30 parts per thousand [ppt] salinity),
being careful to fill the tank fully so that no air was trapped
after the tank end cap was secured. We could use other con-
centrations, but we found this level to be a good compromise
between having enough algae to quickly form large aggregates
while also not too many to prevent good optical access within
the tank. The low concentrations and relatively small excess
density of the particles also ensured that the bulk flow of the
tank was not modified by the particle suspension. We then
aggregated particles in AM for 3 h. After we formed aggregates,
the roller tank oscillated in FM while we recorded images with
the high-speed camera until its memory was full.

Imaging methods

Example color pictures of the experiment taken with a digi-
tal camera are shown in Fig. 4. The phytoplankton prior to
aggregation are shown in Fig. 4a, with Fig. 4b,c showing the
resulting aggregates after 3h of AM operation, and after
174.7 s of FM operation, respectively. To resolve time-varying
morphological changes and breakup, we utilized a high-speed
camera and bright illumination for the actual aggregate track-
ing experiments. We illuminated aggregates using the LED
light panel and a slit aperture as described above.
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The camera focused on illuminated aggregates through one
end of the cylindrical tank. Figure 4e,f shows the resulting gray-
scale images of the aggregates in AM and FM, respectively. To
calibrate the camera magnification as it viewed through the
polycarbonate and seawater, we 3D printed a circular calibra-
tion plate to as shown in Fig. 4d. The plate had a diameter of
100 mm, with 8 mm horizontal and vertical spacings between
adjacent dots. This calibration plate had a high finishing level
with a tolerance of 0.002 in. (0.05 mm). Magnification varied
from 10.28 px mm~' at the back of the light sheet to 10.40
px mm ! at the front, which gave us a mid-sheet magnification
of 10.34 px mm~" with an uncertainty of + 0.57%. We used
this magnification for all subsequent calculations.

We recorded image frames at a rate of 125 fps with a shut-
ter speed of 1/1000s~!. For each experiment, we recorded
21,841 image frames, equivalent to 174.7 s. The high-speed
camera started recording simultaneously with the change in
tank motion from AM to FM and was controlled using an
Arduino Uno board. We estimated that the delay between the
camera trigger signal and the actual change in the motion of
the varying-speed motor was 5.5 + 2.5 ms. The signal delay
resulted in uncertainty in determining the phase angle
corresponding to each image of up to 8.36 x 10~ * rad.

Imaging processing procedures

Background removal

Time-dependent light reflections caused a nonuniform back-
ground in our experimental images, as shown in Fig. 5a, which
complicated the particle identification and matching. Before
particle identification, we removed the background of the gray-
scale images using the proper orthogonal decomposition (POD)
method initially developed by Mendez et al. (2017) for particle
image velocimetry. One complication occurred for particles
with slight motion inside the tank, which could be mistakenly
considered part of the background due to their very small dis-
placement. To avoid this, we used every 100" image in each
series for the POD analysis, which exaggerated the motion of
the particles for more consistent background detection.

Particle identification

Capturing the 2D morphology of marine aggregates is chal-
lenging given that they can deform and have fractal features
that influence their illumination, as shown in Fig. 5a,b. We
developed a practical binarization approach to deal with the
nonuniform background and blurry aggregate boundaries to
get around these issues. This method applied a locally adap-
tive black-and-white threshold to obtain the morphology of
individual particles. First, we segmented the gray image into
smaller sub-images, as shown in Fig. 5b, and eliminated out-
of-focus particles based on their grayscale intensities. Next, we
calculated the grayscale intensity gradients shown in Fig. Sc
and applied the local adaptive binarization (Fig. 5d). After a
dilation-and-erosion step (Fig. 5e), we captured the shape of
every particle remaining in the image. Finally, we masked all
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Fig. 4. Pictures of the phytoplankton (a) prior to aggregation, (b) after 3 h of aggregation in AM, and (c) after 174.7 s in FM. The circular calibration
plate used to determine magnification is shown in (d). High-speed images used for analysis are shown in (e) for aggregates in AM and (f) aggregates
after fragmentation in FM.

Fig. 5. Grayscale images of aggregates (a) before applying a static mask and background removal, (b—f) major steps for binarization and edge detec-
tion, and (g) after the particle identification. The image in (g) shows the same aggregates as those in (a). Samples of particles with their exterior bound-
aries after the identification are provided next to (g).
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individual gray images of particles (Fig. 5f) for the subsequent
particle matching process. An example final image is shown in
Fig. 5g with a few zoomed-in particle images next to
it. Further details of these image processing steps are provided
in Supporting Information S1.

Particle matching

We developed an aggregate matching algorithm to track
morphological changes and breakup events of individual
aggregates over time. Before the matching began, we
assigned each aggregate in the first frame of the image time
series a unique identifying number. Then the algorithm
searched for matches to each of these aggregates in the subse-
quent frames, as described below. Individual aggregates were
tracked as long as matches could be identified in subsequent
images. As new aggregates entered the field of view
(i.e., aggregates that could not be found in previous frames),
new unique identifying numbers were assigned. The algo-
rithm continued in this fashion until the entire image time
series was processed and all unique aggregates were identi-
fied. The four major steps of this algorithm are outlined
below and also summarized in Fig. 6a. For ease of explana-
tion, consider an aggregate image in one frame, called here
aggregate A, being matched with a candidate aggregate image
in another frame, called here aggregate B:

1. The algorithm first identified if aggregate B could be a
potential match based on its location. More specifically,
we eliminated all possible matches that would require
radial motion that exceeded the maximum aggregate
sinking velocity, estimated from w5:2§r1},‘17, where the
sinking velocity ws was determined by the effective
radius, r, and constant ¢ = 1.24cm *'s!
(Jackson 1994).

2. The second step required that the absolute displacement
between aggregate A and aggregate B be smaller than the
maximum fluid velocity inside the tank. This step reduced
the number of potential matches to only those in the near
vicinity to aggregate A.

3. We then evaluated the remaining candidates by calculating
the minimum quadratic difference (MQD) between the
sub-images of aggregate A and all possible matches. In
short, the MQD quantifies the differences in pixel intensi-
ties between two images, with the minimum value
obtained where two similar grayscale patterns are most
aligned. Researchers widely consider MQD for PIV displace-
ment measurement (Merzkirch and Gui 2000;
Wieneke 2015) and motion estimation based on computer
vision (Yuan and Shen 2008). In our matching analysis,
small MQDs meant that the images of aggregates A and
B had similar shapes, sizes, and intensities and was an indi-
cation of a successful match. We considered the match to
be successful if the MQD was less than two times the stan-
dard deviation of the grayscale intensities of the entire gray
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image. We used this value as the reference background

noise.

a. If the MQD of all candidate matches was not small
enough to meet the matching requirement, we then also
evaluated the MQD ratio, MQDy. We defined this
parameter as the ratio of the MQD to the sum of all gray
pixel intensities of both aggregate sub-images squared.
We considered two aggregates matched if MQDg < 0.1.
In general, matching of smaller particles worked better
using the MQD criterion, while using the MQD ratio
had a better performance for larger aggregates that could
deform from frame-to-frame. We have provided the
details of how to calculate MQD and MQDj in
Supporting Information S2.

4. A final matching step was necessary to handle the smallest
observed aggregates. The images of most small aggregates
were similar to one another since they were not large
enough to display very unique morphologies. Thus, it was
possible that multiple small aggregates close to one another
could be flagged as potential matches to a small aggregate
in a previous frame. Therefore, if multiple candidates for
the match to aggregate A were still available at this step, we
simply assumed that the best match was the aggregate with
the smallest MQD value.

Two illumination challenges complicated this aggregate
image matching procedure. First, illuminated aggregates
within the light sheet could flow next to one another,
briefly causing an image of a combined aggregate. Second,
large unilluminated aggregates between the light sheet and
the camera could briefly obscure the camera image. To pre-
vent these events from interfering with the tracking of illu-
minated aggregates, we repeated the matching algorithm
described above between five subsequent frames. In other
words, particles would still be matched if we lost informa-
tion for up to four consecutive frames. The matching proce-
dure described above worked well (e.g., in one experiment
642,721 aggregates were identified, which reduced to
76,357 unique aggregates after the particle matching
procedure).

Breakup detection

Once the history of each aggregate was determined
through the above matching algorithm, we could rely on the
time-series information to detect breakup events. The basic
algorithm relied on the fact that the births of two child
aggregates must immediately follow the death of one parent
aggregate. This case is shown schematically as Case 1 in
Fig. 6b. In the early stages of a breakup event, the slight gap
between two child aggregates could sometimes not be
detected based on the illumination. This resulted in the
breakup event taking multiple frames to be detected, with
the child aggregates sometimes re-detected as a single parent
aggregate for a few frames (up to 40 ms). Case 2 in Fig. 6b
illustrates a valid breakup event, including binarization and
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Fig. 6. (a) A flow chart that summarizes the four major steps of our particle matching algorithm, and (b) diagrams of the time-series correlation used to
detect breakup events, showing five example cases of the detection of a parent and child aggregates in the image frames.

particle detection error. In these cases we assumed breakup
occurred at the first frame where the two child aggregates
were detected. In contrast, we ignored cases if two child
aggregates were not born simultaneously (Case 3), if the par-
ent and child aggregates appeared in the same frame (Case
4), or if all aggregates were missing in at least one frame
(Case 5). Finally, we only analyzed breakup events where the
lifespan of the parent and child particles was greater than
15 frames (>0.12s). This restriction conservatively elimi-
nated short-lived aggregates from our analysis. The tracking
lifespan of the aggregates analyzed in this study generally
ranged from 15 to over 2000 frames, with an average of
78 frames.

Despite the rigor of the breakup detection algorithm, some
aggregate images were still mistakenly identified as breakup
events, for example, two aggregates passing in front of or
behind one another. Thus, while the algorithm efficiently
identified all possible breakup events in our aggregate
populations, we also performed a manual check visually for all
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breakup events to ensure accuracy. This was reasonable given
the relatively rare occurrence of breakup events in the time
series. We provide the detailed rubric used for the manual
check in Supporting Information S3.

Phytoplankton culture

We cultured Odontella aurita v minima (UTEX LB 3038) at a
light intensity of 30 gmolm 2 s~ on a 12 : 12 h light/dark
cycle. We used filtered seawater (Gulf of Maine Seawater, Big-
elow) and {/2 medium (Sigma-Aldrich) for the nutrients. The
salinity was 30 ppt. During the culturing stage and experi-
ment, we maintained the cultures at a room temperature of
20.9°C (+1.2/-2.5°C). We prepared the same treatment
mediums using an autoclave and inoculated the culture into
Erlenmeyer flasks based on their growth phase. This type of
species has an average length of 45ym and a width of
10 ym. We determine the equivalent spherical diameter of the
culture used in our experiments to be 15 ym from obtained
micrographs.
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Assessment

Stable region

Jackson (2015) introduced the concept of the stable region
within a roller tank that defines the region in which particles
will never have contact with the tank wall. A traditional roller
tank designed for aggregation has a stable region of
SR=(1—w,/QR)?, where w; is the aggregate sinking velocity,
Q = b/R is the tank rotation rate, and R is the inner radius of
the tank. In contrast, defining a stable region in the disaggre-
gation tank must consider the oscillation magnitude, a, and
the oscillation frequency, w, in addition to the constant rota-
tion speed, b, and the tank radius, R. Furthermore, sinking
velocity depends on particle size (Jackson 1994). Hence, aggre-
gation or fragmentation ultimately affects the stable region by
influencing the aggregate settling velocities. To determine
tank operating conditions that would yield a sizeable stable
region for a majority of the aggregates in an experiment, we
investigated the influence of these variables following the
Monte Carlo computational method used by Song and Rau
(2019). To simplify the problem, we assumed the instanta-
neous velocity of an aggregate is the vector addition of the
local fluid velocity and the vertical sinking velocity, calculated
according to Jackson (1994), regardless of its shape or struc-
ture. Then we randomly seeded 15,000 aggregates of the same
size and sinking velocity into the tank and integrated their
position over time as they were exposed to the flow velocities
given by Eq. 5 in a simulated FM experiment. Two random
functions distributed these monodispersed aggregates uni-
formly in space. The algorithm tracked each simulated aggre-
gate until its trajectory intercepted the tank wall or the
maximum simulation time was reached. Then we determined
the stable region as the region bounding the starting location
of all aggregates that did not impact the tank wall. We simu-
lated up to 4h of tank operation, using a time step of 0.1 s,
which more than covered the time necessary for typical frag-
mentation experiments.

Figure 7 displays the stable regions as a percentage of the
tank volume and as a function of aggregate sinking velocity
for the tank operating conditions used in Fig. 3 (a =9 cm s~ %,
w = 05 rads! b = 1.5 ecms}, R = 5 cm, and
v = 0.01 cm? s~ ). The black line shows the stable region for a
traditional aggregation tank (Jackson 2015). The rotating/
oscillating conditions of the disaggregation tank resulted in
smaller stable regions; however, large portions of the tank
were still stable for aggregates with small sinking velocity. Big
aggregates with a large sinking velocity inevitably had a
greater chance of contacting the tank wall. We only observed
a small difference in the stable region comparing 3 min and
4 h of tank operating time, which indicates that wall collisions
are not significantly influenced by the duration of operation
in FM. To determine the influence of the tank operating con-
ditions, we ran 94 simulated experiments, varying settling
velocity from w, = 0.006 to 0.5 cms ' (5, = 58 yum to
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Fig. 7. Stable regions for varying particle sinking velocities. The black line
represents the stable region for a traditional aggregation tank without
time limitations (Jackson 2015). Blue and green dots are stable regions for
3 min and 4 h, respectively, of tank rotation and oscillation.

2.5 mm), oscillation magnitudes from a = 0 to 15 cm s~ con-

stant rotation rates from b = 0 to 10 cm s}, and angular fre-
quencies from @ = 0.05 to 2 rad s™'. The variation of settling
speed led to a particle Reynolds number variation from 0 to
25, which covers the range of natural marine aggregates
(Alldredge and McGillivary 1991). For the tank operating condi-
tions shown in Fig. 3 with a particle settling velocity of 5 m d ™!
(0.006 cm s 1), the stable region was 93.6%, which decreased
as aggregate sinking velocity increased (Fig. 7). For the same
base operating conditions, varying oscillation magnitude, a,
showed that the stable region varied from 93.5% to 99.2%. We
also did not observe significant changes in the stable region
among different rotation rates, b, and different oscillation fre-
quencies, w. Not surprisingly, the particle sinking velocity was
the dominant factor in determining the stable region.

Individual aggregate breakup

One of the great advantages of this experimental method is
that it can capture the time-varying response of individual
aggregates to shear exposure, including their morphological
evolution up to and following breakup and the breakup event
itself. Figure 8 provides one example fragmentation event of
an aggregate with an equivalent diameter of 2.89 mm.
Figure 8a—c presents the example sub-images of the parent
aggregate and the two child aggregates before and after
breakup. We list the experimental frame number for each
image for reference, with a frame number equal to one rep-
resenting the first image obtained after the tank started to
oscillate. For this breakup event, we observed that the shadow
created by other aggregates in the front of the tank blocked
the parent aggregate at a frame number from 4588 to 4608
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Fig. 8. Time series of (a) a parent aggregate elongating and breaking into the two child aggregates shown in (b) and (c). The time-resolved shear expo-
sure of the aggregate and its resulting change in major axis length and aspect ratio are shown in (d).

(Fig. 8a). This aggregate started to elongate due to the shear
exposure at a frame number of 4628 (t = 37.02 s). The breakup
detection determined that this parent aggregate became two
separate parts at a frame number of 4755 (t = 38.04s), as
shown in Fig. 8b,c.

The image processing steps allowed us to calculate morpho-
logical parameters, including equivalent diameter, D.q, major
and minor axis length of a fitted ellipse, L, and L,,;, and
aspect ratio, AR, where the aspect ratio was defined as the ratio
of the major axis length to the minor axis length. Figure 8d
shows the local shear rate, calculated at the aggregate centroid,
the time-varying major axis length, and the time-varying
aspect ratio, plotted as a function of time for the aggregate
shown in Fig. 8a-c. Initially, the parent aggregate experienced
low amounts of shear, which increased slightly after
t = 37.02 s and then more significantly after t = 37.66 s as the
aggregate settled into a near-wall region of the tank. The
major axis length and aspect ratio did not increase signifi-
cantly until this more considerable shear exposure, after
which it elongated from L., = 2.83 to 5.71 mm. This cor-
responded to a change in aspect ratio from 1.46, representing
a relatively circular shape, to 2.96, representing an elongated
ellipse. The aggregate broke into two smaller pieces, similar in
size, at t = 38.04 s at a shear rate of 13.91 s .

Statistical fragmentation results
In addition to resolving the time-varying response of indi-
vidual aggregates, the automated particle tracking algorithm
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allows us to process many aggregates and investigate entire par-
ticle population statistics. We repeated the disaggregation
experiment described above 25 times, starting each time with a
new culture of O. aurita, and analyzed the resulting aggregate
images. From these experiments, 180,682 aggregates were suit-
able (i.e., had the appropriate lighting and lifespan of greater
than 15 frames) to be analyzed by our breakup detection algo-
rithm. Fig. 9a displays the locations of the resulting 79 con-
firmed breakup events in the tank cross-section. Most breakup
events occurred near the tank wall, where shear rates were high,
as expected. It should be noted that we excluded any aggregates
that were observed in contact with the wall from our analysis
(see Supporting Information S3). We found that wall contact
was rare and did not account for any confirmed breakup events
in our experiments.

For comparison, we randomly selected 200 additional
aggregates that did not fragment and also plotted them in
Fig. 9, shown as the green crosses. To have similar local fluid
shear to the fragmented aggregates, we only considered non-
fragmenting aggregates located within 1 cm from the tank
wall. Figure 9b,c shows the frequency histograms of aggregate
aspect ratios and sizes. Disrupted aggregates had larger sizes
on average and were more prone to deformation. Fragmenting
aggregates tended to have higher aspect ratios than non-
fragmenting aggregates, indicating that aggregate shape is an
important parameter in its fragmentation, though this result
was not universal. It is worth mentioning that some aggre-
gates that had an aspect ratio of up to six did not fragment,

9SUDIT suoWWO)) dANea1) [qesidde ayy £q paUIdA0S a1k SA[ONIR Y SN JO Sa[NI 10J AIRIqIT AUIUQ AJ[IA\ UO (SUONIPUOD-PUB-SULIA) /W00 A3[1M " AIRIqI[auI[u0//:sdNY) SUONIPUO)) pue SWId ], Y1 39S [7z07/01/L1] uo Areiqiy auruQ L3IM ‘60S01°SWOL/Z00 1 01 /10p/wod A3im’ Krelqrjaurjuosqndojse//:sdny woly papeofumo( ‘01 ‘7207 ‘9S8SIHST



Song and Rau
(a)
1000F [ = = 7 _——/—_ " T 71 | 1
the tank wall
x nonbreakup particles
800 F breakup events
= 600} -
e
=
S 400 F 1
200 F 1
\ FOV
0F 4
0 200 400 600 800 1000 1200
X (pixel)
f (b) f ©
[ nonbreakup particles ]
60 breakup events 80
60
40
40
20
20 ’7
0 2 4 6 8 0 1 2 3 4 5
AR D¢y (mm)

Fig. 9. (a) Locations of breakup events with 200 randomly selected non-
fragmenting aggregates with similar shear exposure. Frequency histo-
grams of (b) aspect ratios and (c) sizes of the fragmenting aggregates at
breakup and the plotted non-fragmenting aggregates.

though most aggregates with aspect ratios above three did
fragment.

In addition to analyzing individual breakup events, the
images acquired from the tank can be used to build snapshots
of the aggregate population and its shear exposure. Fig. 10a
shows a pseudo color map of the distribution of aggregate
sizes as a function of their instantaneous shear exposure from
one experiment. Here, unique particles were sampled by tak-
ing all aggregates observed in every 100" image of the high-
speed image sequence, which started after 3 min of operation
in FM. The population was not sampled using the time-series
restrictions used to detect aggregate breakup so that aggregates
with lifespans of less than 15 frames could be analyzed. A total
of 146,190 unique particles are displayed in Fig. 10a. Aggre-
gate sizes ranged between 0.3 mm (our detection size limit)
and 3 mm. This upper limit was based not on our optical
detection method but the tank’s aggregation and fragmenta-
tion conditions. The color map also shows that more particles
inside the disaggregation tank were preferentially located in
regions where the local shear rate was 1072 to 10! s~ ', At
shear rates higher than this, the number of large aggregates
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decreased, which is consistent with fragmentation. We did
not observe many aggregates where the shear range was
smaller than 103 s~ as this region was small and experienced
weak fluid motion.

From the data presented in Fig. 10a, we extracted tradi-
tional particle size distributions (PSD) for aggregates exposed
to similar shear rates. This is similar in concept to the PSDs
presented in the literature (Spicer and Pratsinis 1996; Rau
et al. 2018; Ackleson and Rau 2020). Fig. 10b shows normal-
ized volume fractions, V;, of aggregates for three ranges of
shear exposure, where the volume fraction of each size range,
Vip,= Y D3/ > Djj, was calculated based on the

ic{D,r} jed{r}
equivalent diameter and the same shear bin. The relative vol-
ume of large particles decreased with increasing shear expo-
sure. Meanwhile, the volume fraction of smaller particles
increased. This change in the volume PSD with increasing
shear is consistent with other aggregate breakup studies (Tang
et al. 2000; Rau et al. 2018).

Breakup strength of aggregated diatoms

We determined the breakup strength of one particle, oy, by
assuming that it was equal to the fluid stress, of, experienced by
that aggregate at the breakup instant, where o = uy was calcu-
lated at the aggregate centroid. This stress calculation is similar to
that employed by Saha et al. (2016). The O. aurita aggregates in
this study displayed a wide range of strengths
(107° < 6, < 107" N m?) even though only a fairly narrow range
of aggregate diameters were sampled (1 < Deq < S mm). This vari-
ability was likely due to several reasons. First, although we cul-
tured the O. aurita under identical conditions and started with a
fresh population for each experiment, the phytoplankton in
each experiment could have varied in terms of their stress level,
biopolymer (i.e., transparent exopolymer particles production),
and overall cohesiveness (Azetsu-Scott and Passow 2004). Sec-
ond, we assumed that the fluid stress was equal to the aggregate
strength at the breakup instant. In some cases where the fluid
stress increases more rapidly than the aggregate could respond, it
is conceivable that the fluid stress exceeded the strength of the
aggregate. Finally, the strength of aggregates is known to be
highly dependent on their morphology, in particular their fractal
dimension (Burd and Jackson 2009). Given that aggregates from
other studies, including both diatom aggregates (Alldredge
et al. 1990) and aggregates of polymer beads (Bache et al. 1997;
Zaccone et al. 2009; Saha et al. 2014), have shown similar vari-
ability in strength, it is most likely that the variation in our
results was largely due to variations in aggregate morphology.

In Fig. 11, we compare our breakup results with the
strengths of various types of aggregates reported in other studies
(Alldredge et al. 1990; Bache et al. 1997; Zaccone et al. 2009;
Saha et al. 2014; Song and Rau 2020b). Overall, the aggregate
size was most important to determining aggregate strength. The
breakup strength of diatom aggregates seemed to follow a larger
general trend, where the strength followed a logarithmic decay
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Fig. 11. Aggregate breakup strength as a function of aggregate size for
various types of aggregates from the literature.

as aggregate size increased. The trend appeared to also apply to
different types of aggregated particles materials (clays, polymer
beads, and diatoms) in addition to diatom aggregates
(Chaetoceros, Nitzschia, and O. aurita [this study]), which is sur-
prising given the variability in these particle types.

Discussion

The rotating/oscillating tank and particle tracking methods
described in this study allowed for detailed resolution of aggre-
gate fragmentation dynamics that have not yet been shown.
The method allows us to uniquely study the response of aggre-
gate morphology to shear exposure in addition to being able
to resolve conditions leading to fragmentation. It further
directs us to an important finding that deformation is of great
importance to the fragmentation of marine aggregates. Unlike
brittle materials, marine aggregates are easily deformed and
can restructure in response to external forcing. This restructur-
ing, which took the form of elongation in response to our
laminar shear flow, occurred until the aggregate was too fragile
to resist further elongation, resulting in fragmentation. As a
result, we observed elongated morphologies prior to most frag-
mentation events in both our data of individual fragmenta-
tion events and the statistical results obtained. This finding
emphasizes how shape and deformation factors must be con-
sidered when attempting to model the yield strength of
marine aggregates.

Compared to other experimental methods, the rotating/
oscillating tank is attractive in that the transition from aggre-
gation to fragmentation mode occurs without need for man-
ual aggregate manipulation, which can cause potential
structural changes to the fragile particles. Moreover, previous
fragmentation experiments have been limited to shear rates
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above O(1) s~! (Alldredge et al. 1990; Goldthwait et al. 2004).
Our method, in contrast, can locally resolve shear rates down
to O(107°) s™'. This capability has allowed us to observe the
fragmentation of very fragile aggregates (e.g., o, < 10°* N m2,
Fig. 11). The strength of these aggregates has largely not yet
been quantified in the literature.

The rotating/oscillating tank does have limitations for
studying marine snow fragmentation. Within natural aquatic
environments, aggregates are rarely if ever made of a single
diatom species. Marine aggregates typically involve more than
one type of phytoplankton along with other organic detritus
and possibly inorganic minerals, all of which can affect aggre-
gate strength. Though we can employ multiple phytoplankton
species and additional materials in our tank to better simulate
natural marine snow particles, laboratory studies will never be
able to duplicate the complexity of the ocean environment.
However, this limitation is present in all laboratory investiga-
tions and is not unique to this method. One aspect of the
rotating/oscillating tank that varies significantly from frag-
mentation in the actual marine environment is that it relies
on laminar shear rather than turbulent flow, although the
shear rates are similar to the more-turbulent regions of the
ocean. Average turbulence dissipation rates likely underesti-
mate the hydrodynamic forces that cause fragmentation of
aggregates, as strong intermittent events can have a significant
effect given that aggregate fragmentation occurs over very
short timescales. While laminar shear is excellent for repeat-
ability and for determining local shear rates around each
aggregate, the use of laminar flow prevents us from studying
fragmentation under the statistical variability of turbulence.

Experimentally, lighting nonuniformities and particle
shadows can introduce uncertainty in the particle identifica-
tion and matching process used with this method, as dis-
cussed above. Practically, this limits the particle concentration
we can study as too many aggregates will obscure much of the
illuminated central tank cross-section. Additionally, disconti-
nuity caused by particle shadows limited the number of
frames we could track particles so we could not obtain the
entire history of shear and morphology from the very begin-
ning of the tank oscillation. Saha et al. (2014) observed that
breakage of colloidal aggregates was correlated with their
exposure time to hydrodynamic forces. Future improvements
that allow longer aggregate tracking could enable us to quan-
tify time-integrated shear exposure.

We also could only resolve 2D aggregate shapes from the
one-camera imaging system and could, thus, not measure
their thickness along the axial direction of the tank. However,
because the fluid shearing was primarily 1D in the azimuthal
direction of the tank, which was captured by the imaging sys-
tem, this method did capture the primary deformation length
of the aggregates. Still, aggregates can have asymmetric
shapes, so obtaining 3D information of their shape and vol-
ume would be desirable for future implementations of this
methodology.
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The particle tracking with breakup detection would also
benefit from further optimization. Our current detection size
limit was not sufficient to capture the morphology of the
smallest aggregates in our flow. Therefore, the current analysis
focused more on morphological variations and fragmentation
of large aggregates. Our breakup detection algorithm also
likely under-sampled fragmentation due to our conservative
implementation. Based on the pseudo color plot in Fig. 10,
the lack of large aggregates in the high-shear regions suggests
that even moderately large aggregates readily fragmented
when exposed to these shear rates. We developed this algo-
rithm to ensure that all fragmentation events had enough
morphology and time information to confidently analyze par-
ent and child aggregates. The requirement that these aggre-
gates be imaged for at least 15 consecutive frames ended up
excluding many short-lived fragmentation events. Decreasing
this time limit could potentially capture more breakup events
in the aggregate population.

Comments and recommendations

We have described a novel rotating/oscillating tank for
both aggregation and disaggregation studies. The oscillatory
shear flow has shown great potential to mimic the unsteady
conditions in the ocean environment to study the detailed
dynamics of aggregates and other suspended materials. The
magnitude of shear that the tank produces can be made com-
parable to that of different ocean environments by adjusting
the rotating and oscillating boundary conditions. Potentially,
this novel tank could be used for studying particles in very dif-
ferent environments, including everything from coastal sedi-
ment particles experiencing oscillatory waves above the
seabed to slowly settling organic aggregates in the open ocean.

Overall, the image processing and particle matching algo-
rithm allowed us to track individual particles as a function of
time and our breakup detection method was simple and effi-
cient. However, the required processing time was limited by the
need to manually verify each breakup event. We recommend
minor improvements to the experimental facility that will
improve the functionality of these algorithms. Specifically,
reducing the tank length to avoid the visual obscuration caused
by particles in the front of the tank will increase the tracking
length and improve breakup detection, so long as the shorter
length does not invalidate the 2D flow assumption along the
central plane. This modification will also allow the imaging sys-
tem to track a greater percentage of the particles in the tank at
one time and, in conjunction with refining our breakup detec-
tion thresholds, will facilitate the capture of a greater number
of breakup events in a given aggregate population. We also
plan to employ a new high-speed imaging system with greater
imaging magnification, which will decrease the aggregate size
detection limit. It should be noted that the presented method
can be used to capture long-term population changes as well as
the short-duration fragmentation events presented above.
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Though the memory capacity of the imaging system deter-
mines the overall data collection length, lower-speed imaging
systems with continuous recording or the acquisition of popu-
lation snapshots in time can be used to measure the evolution
of population size spectra for much longer than the 175s
recordings acquired in these experiments.

In the future, we will continue exploring more biophysics
with this novel method. In particular, we hope to investigate
the role of shear history in the breakup of aggregates in addi-
tion to the influence of aggregate makeup and structure on
overall aggregate strength. In addition to allowing us to study
fragmentation, this method also provides a means to acquire
large datasets of aggregate deformation in response to shear.
The strain characteristics of these aggregates could potentially
be used to extract additional mechanical properties of the
aggregates and their cohesive component particles.

Data availability statement
The authors confirm that the data supporting the findings
of this study are available within the article.
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