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Marine aggregates are one of the main contributors to carbon sequestration in
the deep sea through the gravitational settling of biogenic particles formed from
the photosynthetic products of phytoplankton. The formation of large particles
due to aggregation processes has been the focus of studies in the past, but
recent findings on the spatio-temporal distribution of particles suggests that the
fragmentation of aggregates plays an important role in aggregate dynamics.
Here, we assessed the yield strength of aggregates derived from natural
planktonic communities in order to analyze the cohesive bond strength and
further understand fragmentation. The experimental approach was designed
around the use of a Couette device, which produces a constant laminar shear
flow of water. Aggregates were found to have a higher yield strength (~289 + 64
nN) during phases of nutrient depletion than those of mineral particles such as
montmorillonite. Based on an estimated cohesive bond strength of 96 nN a
numerical model to predict the temporal variation of aggregate size was created.
The output of this model indicates that cohesive bond strength is a major
determinant of the size of aggregates in motion. Our findings suggest that the
dynamics of marine aggregates are greatly influenced by cohesive bond strength
and the role in fragmentation.

KEYWORDS

marine snow, fragmentation, aggregate strength, cohesive bond strength, plankton

1 Introduction

In the world’s oceans, phytoplankton is responsible for major part of the assimilation of
inorganic carbon annually (Falkowski, 2012). Fixed organic carbon is partly exported to the
deep ocean via gravitational settling, contributing to carbon sequestration (Alldredge and
Silver, 1988; Boyd et al., 2019) and the energy supply of mesopelagic organisms (Irigoien
et al., 2014; Uchimiya et al., 2018). Rapidly settling particles such as fecal pellets and
amorphous aggregates formed by the adhesion of colloidal particles (Aggregates: 13-260 m
d’%; Laurenceau-Cornec et al., 2015a; Phytoplankton cells: 0.10-0.71 m d’% Oliver et al.,
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1981; Fecal pellets: 50.8-155.2 m d™% Yoon et al,, 2001) also have a
role in carbon sequestration as carriers of organic carbon (Alldredge
et al., 1987; Alldredge and Gotschalk, 1989; Passow et al., 1994;
Turner, 2002, Turner, 2015). The amount of organic carbon
transported to the deep ocean by gravitational settling was
estimated to be 4.0-9.1 Pg y™' (Siegel et al., 2014), accounting for
37-83% of anthropogenic CO, emission (10.9 + 0.9 Pg C y''; IPCC
ARG, 2021). Aggregates would be a carrier of organic carbon. In
Kerguelen Plateau, the contributions of aggregates to the overall
number and carbon of settling particles were estimated to be 49 + 10
and 30 * 16%, respectively (Laurenceau-Cornec et al., 2015b). Large
contributions of aggregates were also observed in the study in
Bermuda Atlantic, in which 72 + 2 and 65 + 5% of the total
number of settling particles were derived from aggregates in spring
and autumn, respectively (Cruz et al., 2021).

Aggregate size is one of the critical parameters for export process.
Larger aggregates with higher settling velocity (Laurenceau-Cornec
et al,, 2015a) and larger carbon content (Alldredge et al., 1998) imply
the importance of study on dynamics of aggregate. One of the
important components of marine aggregates is extracellular
polymeric substances produced by phytoplankton and bacteria
(Alldredge et al., 1993; Passow et al., 1994; Alldredge et al., 1998;
Passow, 2002b), with the highly adhesive property of EPS
contributing to the cohesion of particles (Kobayashi, 2005; Chen
et al,, 2021; Quigg et al., 2021). Minerals and cells of organisms (e.g.,
phytoplankton and bacteria) would be also involved in the aggregate
(Alldredge and Silver, 1988; Passow, 2002a). In addition, physical
processes such as turbulence and differential sedimentation enhance
collisions among particles driving aggregation (Saffman and Turner,
1956; Kepkay, 1994; Soos et al.,, 2008). While aggregation drives the
enlargement of particles, the contrary process of fragmentation could
coincide by relative fluid motion. Fragmentation inducing
hydrodynamic forces occur via various processes such as
turbulence in the surface layer, settling shear, and the movement of
zooplankton (Hill, 1998; Winterwerp, 1998; Dilling and Alldredge,
2000; Hill et al., 2001; Goldthwait et al., 2004). For example, Takeuchi
etal. (2019) suggests that the size of aggregates is limited by turbulent
eddies based on a field observation conducted with a turbulence
profiler and image analysis. Other recent findings on the spatio-
temporal variations of particles also suggest fragmentation of
aggregates occurs, such as Briggs et al. (2020) who found that the
amounts of both small and large particles were seen to change at
similar rates throughout the water column even though large particles
have a faster settling rate than smaller particles.

Fragmentation of aggregates highly depends upon the bond
strength between the comprising clusters of particles (Parker et al.,
1972; Boller and Blaser, 1998; Kobayashi et al., 1999; Kobayashi,
2004). Adachi et al. (2019) reported a cohesive bond strength of 5 to
11 nN for clay particles (montmorillonite) under laminar shear flow
generated using a Couette device, an apparatus which has been widely
applied to assess the aggregation process of marine particles (Drapeau
et al,, 1994; Passow, 2000; Verspagen et al., 2006). However, the clay
particles they used may have different fragmentation processes from
particles originated from marine plankton. Experimental assessment
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of the fragmentation of aggregates collected from the ocean was first
carried out by Alldredge et al. (1990). Based on an experiment using
an oscillation grid to produce turbulence, they concluded that
breakup is unlikely to occur under normal ocean conditions. On
the other hand, another study using a rotating cylindrical tank to
create intermittent periods of motion suggested that the
fragmentation of aggregates originates from a cultured strain of
diatoms at levels of shear flow found in natural environments
(Song and Rau, 2022). We believe that the discrepancy seen
between these two reports is due to either the method of sample
collection (compacting), the underestimation of the hydrodynamic
force exerted on marine aggregates due to non-uniform or
intermittent fluid motion, or the difference in the cohesive bond
strength of the analyzed particles (Alldredge and Silver, 1988; Song
and Rau, 2022). In this study, we estimate the cohesive bond strength
of aggregates formed by marine planktonic communities using the
Couette device according to Adachi et al. (2019). Particles dispersed
in a Couette device adhere under a stable laminar shear flow when the
cohesive bond strength is high enough to withstand the fluid shear.
However, as aggregates increase in size, aggregation is hindered by
the increased influence of external forces. When the size of aggregates
stabilizes in a system, the yield strength of the aggregates is equal to
the hydrodynamic force of fluid shearing. In addition, a numerical
model with cohesive bond strength as a function is used to predict the
size of particles (Son and Hsu, 2009), enabling us to assess the impact
fragmentation has on the dynamics of organic marine aggregates.

2 Materials and methods

2.1 Theory

Fragmentation occurs when the hydrodynamic force [Fpnyq
(nN)] exceeds the yield strength of an aggregate (F,44)(Kobayashi,
2004). When the size of an aggregate is smaller than Kolmogorov
microscales, Fyyq is expressed by the following equation (Blaser,
2002):

Fiya = GhyaliG$, (1)

where Chyq, i, G, and S denote the constant depending on the
axial ratio and aggregate orientation (dimensionless), viscosity of
seawater (0.959 x 10° kg m™' 5!, Sharqawy et al., 2010; Nayar et al.,
2016), shear rate (s’'), and surface area (m?), respectively (all values
to calculate Fj, 4 were listed in Table S1). Under the assumption that
the aggregates are ellipsoidal, we used a value of 1.25 for Cy,4 based
on Blaser’s estimation (Blaser, 2002; Frappier et al., 2010).
Aggregation is accelerated by fluid motion through the
heightened number of collisions among particles. However, an
increase in size leads to fragmentation as a consequence of the
hydrodynamic force on aggregates being proportional to their
surface area (eq.1). Under constant fluid motion, the size of
aggregates is expected to plateau when F,g, is equal to Fyyq. In the
present study, we used 99% cumulative size [Dgg (um)] at the time
of plateau to calculate F,gs as recommended by Adachi et al. (2019).
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Aggregates consist of clusters of particles, and the yield strength of
aggregates is the product of the number of points of contact and the
bond strength between clusters (N. and F.., respectively)
(Kobayashi et al., 1999):

F

agg ~ N X Feon (2)

2.2 Incubation of natural
planktonic community

Surface seawater was collected from Nabeta bay, Shizuoka, Japan
(34.67N, 138.93E, Water depth: 3m, Supplementary Figure S1), in
August 2020 using a plastic bucket. In the previous study,
predominance of diatom and dinoflagellates were found in this
region (Hama et al, 2012; Hama et al, 2016). After filtering the
seawater with a 100 um mesh to remove large particles, the
phytoplankton were remediated with nutrients (final concentration;
NaNO; and KH,PO,: 8.85 and 0.55 uM). Samples of the seawater
(20L) were transferred into seven transparent tanks (20 L
polycarbonate) and kept within an uncovered outdoor aquarium.
Fresh seawater was continuously pumped to the aquarium from
Nabeta bay to maintain in situ water temperature. The water
temperature (INFINITY-CTW(ACTW-USB), JFE Advantech, Inc.)
and photon flux of the samples (DEFI2-L, JFE Advantech, Inc.) were
monitored at 1-minute intervals over the course of the experiment.
The planktonic community incubation period was 6 days, with sub-
samples collected on days 0, 2, 4, and 6. Two tanks were retrieved on
each experimental day except for day O (single tank was used).
Approximately 14 L of subsamples from each tank were utilized for
the aggregation/fragmentation experiment as described later. A small
portion of each subsample (50 ml) was fixed with glutaraldehyde
(final concentration: 1%) and temporarily stored at 4°C until analysis
of bacterial abundance could be conducted. Excess water (900-1200
mL) not utilized in the aggregation/fragmentation experiment was
filtered through glass fiber filters (GF/F, Whatman). The filters and
filtrates were stored in acid-cleaned polycarbonate bottles and frozen
at -20°C.

2.3 POC, chlorophyll a, nutrient
concentration and bacterial abundance

The POC concentration of the samples was determined with an
Elemental analyzer (FlashSmart, Thermo Fischer) after the removal
of inorganic carbon with HCl vapor. Chlorophyll a was extracted
with N,N-dimethylformamide in accordance with Suzuki and
Ishimaru (1990), and its concentration was quantified with a
fluorometer (F7000, HITACHI) (Welschmeyer, 1994). Nutrient
concentrations in the filtrates were measured using an autoanalyzer
(Quattro, BL-tech) as per Hama et al. (2016). For this study, the sum
of nitrate, nitrite and ammonium is expressed as Dissolved Inorganic
Nitrogen (DIN). The bacterial cell count was enumerated with an
epifluorescent microscope (BX53; Olympus) after staining the cells
with 4’,6-diamidino-2-phenylindole (DAPI) (Shimotori et al., 2009).
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2.4 Montmorillonite particles

For authentic standard, purified montmorillonite (Kunipia-F,
Kunimine Co. Ltd) was added to a 1.0 M NaCl solution and
dialyzed (Cellulose Tubing (36/32), Viskase Companies Inc.) to a
level of conductivity less than 2.0 uS cm™ as recommended by
Adachi et al. (2019). The stock solution was then diluted with
artificial seawater (MARINE ART SF-1, Tomita Pharmaceutical) to
a concentration of 0.5-1 mg L', Initial size of the motmorillonite
flocs were 1630 + 450 (mean + SD) pum.

2.5 Aggregation/fragmentation experiment

A constant laminar shear flow was generated with a Couette
device, which consists of two concentric cylinders with a rotating
outer cylinder and stationary inner cylinder (Drapeau et al., 1994).
The inner diameter of outer cylinder and outer diameter of inner
cylinder were 115 and 90 mm respectively (distance between
cylinders: 12.5 mm), and the horizontal length of the device was
256 mm. The outer cylinder was connected to an induction motor
(M315-401, Oriental motor) to generate rotation. The shear rate G
(s™") between the two cylinders is a function of the speed of rotation
as seen below:

G =R, (3)

where N, R and d denote rotation speed (rpm), inner radius of
the outer cylinder (m), and the distance between cylinders (m),
respectively. The space between the cylinders was filled with 1.5 L of
seawater, and a laminar shear flow (3.4, 7.2, 10.6, 14.5 and 22.6 s™)
was generated by rotating the outer cylinder at 7, 15, 22, 30, and 47
rpm, respectively, for 120-180 min.

2.6 Visualization and image analysis

The seawater within the Couette device was illuminated by a LED
slit light (LA-HDF 158A, HAYASHI-REPIC) positioned 10 c¢cm
vertically above the apparatus. With a digital camera affixed
perpendicularly to the light source, we photographed the region of
52.4 x 34.9 mm at distance of 20 cm from the sensor. To determine
the size of particles, we used polystyrene beads with a diameter of 650
um (MORITEX 4365A), which were dispersed in the Couette device.
We randomly selected 153 beads in focus, and those were analyzed
using the Fiji segmentation editor (Schindelin et al., 2012). The mean
value of the size normalized by pixels was 8.52 pm/pixel. The error in
the visualization process was 0.5 um (standard deviation of the size of
153 beads) probably due to depth of field.

Burst shots with 22-56 consecutive pictures were taken with a
camera (SONY a6300 with SEL50M28, Figure 1) at fixed intervals of
5 or 10 minutes with 3-11 frames sec”'. To evaluate the bias due to
recounting same aggregates in the continuous frames, we split the
dataset every three frames. Assuming that aggregates moved with
rotation of the outer cylinder, most of aggregate would move out of
the frame after 3 frames. The sizes of aggregates calculated from
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FIGURE 1

10.3389/fmars.2023.1167169

Experimental setup (A). Aggregate growth in the Couette device (B) was illuminated with an LED slit light (C) and captured by a camera (D). Both the

LED light and camera were controlled remotely (E)

split dataset were 84-105% of those from whole one (Supplementary
Figure S2). Due to problem of setting for camera, we did not collect
the data in the treatment with 15 rpm on day 6.

First, the brightness of the images was normalized with a mean
and standard deviation of 64 and 32, respectively. The images were
then processed to remove noise and artifacts caused by distortion,
brightness gradients, scratches on the inner cylinder, and out of focus
objects. Only the central region (3400 x 6000 pixels) of the images
were utilized to avoid the heavily distorted areas caused by the convex
surface of the outer cylinder. For each set of images, the positions of
the particles suspended in the seawater are variable, while brightness
gradients due to the angle of illumination and scratches on the inner
cylinder remain constant. To remove these irregularities, the median
brightness for a set of images was subtracted from each image.

The spatial frequency spectra of the images were obtained with
a Fast Fourier Transformation (FFT), and a high pass filter was
applied to remove any out-of-focus objects. This approach was
modified the method in the previous study (Spinewine et al., 2003).
The spectra were then transformed into images via reverse FFT
(Figures 2A, B), and the newly created images were treated as the
base images for analysis. Finally, binarization was conducted on the
base images at a predetermined threshold value (20 in this
experimental setting). The validity of the threshold was tested by
comparing the images processed with different threshold values
(Supplementary Figure S3).

Tw

B C
|
.

Image processing: (A) Original, (B) Base, and (C) Processed image. Scale bars show 5 mm. The white arrows indicate the direction of flow within the
Couette device

Smm

FIGURE 2
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A neural network model (Transfer Learned from YOLOvV5s) was
utilized on the base images to detect particles (Jocher et al,, 2021). In
the case of overlapping particles, the particles were dissociated by a
watershed algorithm (Figure 2C) (Kowal et al., 2020). The projected
area, major and minor axes, and length of perimeter of each particle
were estimated with the regionprops_table from the scikit-image
Python library (van der Walt et al., 2014), and the surface area of the
particles (S in equation 1) was calculated using major and minor axes
in accordance with Adachi et al. (2019). We determined the
minimum detection limit to be 2000 pixels based on a comparison
of the images among different levels of detection limits (1000, 2000
and 5000 pixels). The particles detected in the size of 1000-2000 pixels
had more blurred ones than those of 2000-5000 and more than 5000
pixels (Supplementary Figure S4). In addition, calculated Fj,,; values
were constant over 2000 pixels (Supplementary Figure S5) probably
because of inclusion of particles which were not aggregates in the
range of smaller size. In this study, aggregates with an extremely high
or low solidity, a high aspect ratio, or a projected surface area less
than 2000 pixels were removed from the images. Particle numbers
visualized each time period were different among rotation speeds (53
+ 28 particles for 7 rpm, 270 + 109 for 15 rpm, 516 + 275 for 22 rpm,
703 + 533 for 47 rpm), because small number of larger aggregates
were formed in the lower rotation speed. The numbers of analyzed
montmorillonite particle were 2165 + 146, 2507 + 897,382 + 117 and
390 + 182 at rotation speeds of 7, 15, 22, 30 rpm, respectively.
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3 Results

3.1 Incubation of natural
planktonic communities

For each day of the incubation period, the peak values for solar
irradiance ranged from 1982-2444 umol photons m*s™ (Figure 3A)
and water temperature of the aquarium ranged from 21.8 to 26.8°C
(Figure 3B). The POC concentration increased from 25.8 UM on
day 0 to 86.1-89.8 UM on day 2, but then decreased to 43.4-45.7 UM
by day 6 (Figure 3C). Chlorophyll a showed no clear peak during
the incubation period, with values ranging from 1.18 to 4.66 ug L™
(Figure 3D). DIN concentration drastically declined from 8.31 uM
on day 0 to 1.3 uM on day 2 and remained at a low concentration
ranging from 0.66-1.15 uM for the rest of the incubation period
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(Figure 3E). Dissolved inorganic phosphorus (DIP) concentrations
declined from 0.37 pM on day 0 to under the detection limit on day
2. By day 6, the values had slightly increased to a range of 0.07-0.10
UM (Figure 3F). Bacterial abundance was 0.78 x 107 cells mL™ on
day 0, and the maximum abundance of 2.8 x 10” cells mL™" was
found on day 6 (Figure 3G).

3.2 Aggregates in the laminar shear flow

It is difficult to avoid disturbance when the samples are
introduced into Couette device. Therefore, the size distribution at
the starting point could be variable, but such disturbance would not
theoretically affect the Doy values in plateau phase. Plateaus in
aggregate size were identified by fitting the Dgg with a sigmoidal
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(A) Photon irradiance, (B) Temperature, (C) POC concentration, (D) Chlorophyll a concentration, (E) DIN concentration, (F) DIP concentration,
(G) Bacterial cell count vs. incubation duration (Days). Two points for one day (C-F) indicates replicate samples (n = 2) except for day O (single

sample). ND in (F) indicates not detected.
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curve (Figure 4). For this experiment, the beginning of a plateau was
defined as the time-point where the fitting curve reaches 95% of the
maximum value for aggregate size. For the planktonic community
water samples, on day 0 there were no aggregates with a projected
surface area of larger than 2000 pixels detected under any shear
conditions; however, an increase in aggregate size was noticed on
day 2. The Dy, of aggregates at the time of plateau on days 2,4 and 6
ranged 3310-6840, 2980-8250, and 3750-9230 pm, respectively. The
Dgy at the lowest rotation speed (7 rpm) were 6840, 8200-8250
(duplicate samples) and 9230 pm on day 2, 4, 6, while those values
declined to 3310, 2790-2980 and 3750-4050 um under maximum
speed (47 rpm), respectively (Figures 4, 5). For the montmorillonite
sample, aggregates were observed to form at a faster rate compared
to planktonic samples, ranging 11-36 minutes (Figure 6) probably
due to dependency of montmorillonite on concentrations of
electrolytes (Furukawa et al., 2009). The Dgy of the
montmorillonite aggregates ranged from 1920-4650 um, and an
overall smaller size was observed under higher rpm.

4 Discussion

4.1 Culture of natural
planktonic communities

An increase in POC concentration from day 0 to day 2
coincided with a decrease in nutrients, suggesting a stimulatory
effect of nutrients on the growth of phytoplankton; however, the
highest concentration of chlorophyll a was observed on day 0.
Although it was unexpected that peak of chlorophyll a was not

10.3389/fmars.2023.1167169

appeared, we speculate that chlorophyll a concentration was
greatest between day 0 and day 2 because it is a highly labile
pigment. The presence of a chlorophyll a peak within a short
incubation period (1-2 days) was also found in previous studies
where natural phytoplankton communities were collected in the
same manner as the present study (Hama et al., 2016). Bacterial cell
counts showed a rapid increase by day 2, suggesting that POC
production by the phytoplankton had a positive effect on bacteria
reproduction as well as other mesocosm studies (Smith et al., 1995;
Duarte et al., 2005).

4.2 Aggregate strength

As described above, the beginning of a plateau was defined as
the time-point where the fitting curve reaches 95% of the maximum
value for aggregate size, and we assume that size distribution is
constant during the plateau. To confirm the presence of a plateau in
aggregate size, the period of an apparent plateau (beginning of
plateau to the end of the experiment) was divided evenly into the
two phases of “Former” and “Latter”. Using these phases, we
evaluated the dynamics of particles based on size distribution
(Figures 7, 8). There was no evident shift in cumulative frequency
from “Former” to “Latter” phases except for the data with treatment
of 7 rpm on day 2 (Supplementary Table S1), indicating that the
dynamics of particles driven by a balance of aggregation and
fragmentation would be stable during a period of plateau in
aggregate size.

A homogenous structure is required to estimate the yield
strength of an aggregate. Homogeneity can be evaluated based on
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FIGURE 4

Time evolution of the aggregate size (Dgo) for the aggregation/fragmentation experiment conducted on days 2 (A-D), 4 (E-H) and 6 (I-L) at
rotational speeds of 7 (A, E, L), 15 (B, F, J), 22 (C, G, K), and 47 (D, H, L) rom. Gray and black crosses indicate duplicate samples, and the curves are

sigmoidal fitting. Null indicates that no data is available.
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FIGURE 5

10.3389/fmars.2023.1167169

Typical images of aggregates at each level of shear rate [(A) 7, (B) 15, (C) 22 and (D) 47 rpm] on day 4.

a constant ¥ with the following equation:

D~G" (4)

where D is the diameter of the aggregates (um). In equation 4, a
value of y near -0.5 implies a homogeneous structure of the
aggregates (Adachi et al, 2019). Because the value of y was not
consistent between replicate samples on day 2 (tank 1: not detected,
tank 2: y=-0.42), we did not include the data from day 2 in further
analysis. In the present study, the y values on day 4 and 6 were
estimated to be -0.54 + 0.04 and -0.47 + 0.03 (p<0.001, GLM),
respectively (Figure 9). The yvalue of the montmorillonite particles
was -0.54 = 0.09 (p<0.001) (Figure 10), suggesting homogeneous
structure of both aggregates under the different shear conditions.

Equation 1 was used to estimate the yield strength of the
aggregates using surface area of aggregates (S (m?)) which was
calculated by the following equation (Adachi et al., 2019):
©)

_ 2, (@O}
S= 27r<a + ﬁarccos(%)) ,

where a and b are a half of minor and major axes
(m), respectively.

The lack of aggregates detected on day 0 implies that size of
aggregates was smaller than the detection limit (projected area: 2000
pixels). Assuming an ellipsoid with a ratio of 1:2 between the minor
and major axis, minimum detectible size was a particle with a major
axis length of 312 um. Assuming yield strength was the limiting
factor restricting aggregate growth, the yield strength for day 0 was
estimated to be 6.5 nN. For samples from days 4 and 6, the yield
strength of the aggregates was determined to be 213 + 39 and 289 +
64 nN, respectively. Our results suggest that the yield strength of
aggregates was higher in the latter stages of incubation when a
depletion of nutrients and an increase in bacterial abundance were

observed (Figures 3E-G). One of the potential contributors to the
strength of marine aggregates are EPS, which form cross-linked
structures between particles. Phytoplankton and bacteria are
considered to be major producers of EPS in marine environments
(Alldredge and McGillivary, 1991; Passow, 1991, Passow 2002a;
Thornton, 2002; Yamada et al., 2016; Mari et al., 2017). Previous
studies have demonstrated that both nutrient depletion stimulates
EPS production in phytoplankton (Passow and Alldredge, 1995),
and EPS secretion from bacterial growth can enhance aggregation
(Yamada et al., 2016). However, relationship between EPS
production and strength of aggregates is still unknown, because
EPS production and their physicochemical property (e.g.,
stickiness) would be highly variable among species of
phytoplankton and bacterial decomposition (Passow 2002a; Mari
et al,, 2017).

The yield strength of aggregates from the planktonic
communities was approximately 3-5 times higher than that of
montmorillonite aggregates (57 + 20 nN) and similar to the
activated sludge seen in a previous study (120-380 nN: Yuan and
Farnood, 2010). It has been reported that the fibrous frame
structure of bacterial EPS contribute to a high flocculant strength
in activated sludge (Droppo, 2004). Additionally, fibrous structures
have also been documented in marine aggregates (Alldredge and
Silver, 1988), suggesting EPS contribute to the dynamics of marine
aggregates. Strengths of marine aggregates were assessed to be from
107 to 10° N m™ by a previous study (Song and Rau, 2022) in
which aggregates originated from cultured phytoplankton were
formed by differential sedimentation in a roller table. Assuming
major and minor axes as 3 and 0.86 mm (medians of the size
distribution of major axis and aspect ratio (3.5) in their study),
respectively, yield strengths of the aggregates in Song and Rau
(2022) were calculated to be 0.0202-202 nN. Relatively higher
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FIGURE 6

Time evolution of the aggregate size (Dgg) for montmorillonite at rotational speeds of (A) 7, (B) 15, (C) 22, and (D) 30 rpm
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Dos (1m) as a function of shear rate (s™) for montmorillonite particles. The curve and 95% confidence interval were calculated using exponential fitting.

strength of marine aggregates in the present study might be also
relevant with nutrient condition. Since phytoplankton in Song and
Rau (2022) would be cultured with sufficient nutrients, EPS could
be produced with lesser extent than the present study.

4.3 Cohesive bond strength

Adachi et al. (2019) calculated the N. of montmorillonite flocs
to be 3 points of contact based on 3D fractal dimensioning as
described by Miyahara et al. (2002). Considering that the
experimental setting in Adachi et al. (2019) was same as that in
the present study, the same value for the N, of montmorillonite was
applied here. Although the 3D fractal dimension of aggregates from
the natural planktonic communities was not evaluated in the
present study, the perimeter-based 2D fractal dimension was
calculated to serve as a reference for the aggregate structure
(Florio et al., 2019) and determined to be 1.38 + 0.03. This value
is analogous to that of montmorillonite (1.39 + 0.01) suggesting a
structural similarity between the aggregates (Florio et al., 2019).
Although the 2D fractal dimension could not always reflect
structural properties, we assumed the N of aggregates from the
natural planktonic communities to be the same as that of
montmorillonite aggregates. The cohesive bond strength of
aggregates from days 4 and 6 were estimated using equation 2 to
be 71 + 13 and 96 + 21 nN respectively, and the cohesive bond
strength of montmorillonite was estimated to be 19 + 6.3 nN.

4.4 Effect of cohesive bond strength on
aggregate size

Here, we applied a single-size-class aggregate growth model by
Son and Hsu (2009) to evaluate the dependency of aggregate size on

Frontiers in Marine Science

cohesive bond strength based on the assumption that the aggregate
size is smaller than the turbulent eddy size:

q
ao_ D} KiC ¢ rup Kp uG _p+(2/3)F 1B+ (24/3)(3-F) »
= w3 5 P S e R D1 RPIDE R (D - Dy ) (6)
s ol
Aggregation revkap

According to this model, cohesive bond strength (F.,) is only
involved in fragmentation and not involved in aggregation (equation
6). D, Dy, C, ps, and F are the aggregate size, primary particle size,
concentration, primary particle density, and fractal dimension,
respectively. f3 is the coefficient relevant to the fractal dimension, p
and g are empirical coefficients. K, and Kj, are the fitting parameters for
aggregation and fragmentation efficiency. For f, F, D,,, and p;, we used
-0.1, 2.0, 5 x 10 and 2650 as defined in previous studies using
clay particles (Maggi, 2007; Son and Hsu, 2009). The experimental
conditions (Dy - 1356 x 10°m, G=34s", C=30x 10> gL, Feop
= 19 nN), and data from the experiment performed on
montmorillonite (Figure S6: 7 rpm) were used to calculate K, and
K. For this calculation, the ranges for K, and Kj, in the previous study
(0.07-6.74 and 0.0756-2.95 x 107, respectively; Son and Hsu, 2009)
were modified (0.01-10 and 1 x 107°-0.01, respectively in the present
study), and the K, and K, values that minimize the residual sum of
squares for the experimental data were estimated with a Python curve-
fit to be 0.86 and 8.3 x 10, respectively.

The values of ps and F of particles in seawater were set to 1052
and 1.8, respectively (Kahl et al., 2008; Laurenceau-Cornec et al.,
2015a). The concentration of particles was set to a value observed in
a coastal region in Tokyo Bay, Japan (C = 5.0 x 107 Ahrens et al,,
2010), and 50 pm was used as the initial size of the aggregate. Using
these parameters, we calculated the time evolution of aggregate size
in the ocean (Figure 11A). In the present study, experimental
approach was carried out by using seawater samples collected in
Shimoda, but phytoplanktonic communities were spiked with
nutrients. Therefore, we referred the concentration of particles in
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Tokyo Bay for the numerical model, because it is well known as an
eutrophic region (Furukawa and Okada, 2006).

Aggregate sizes ranged from 360-2627 um with a range of
cohesive bond strengths of 19-96 nN (Figure 11A). We performed a
Sobol’ sensitivity analysis (Usher et al, 2016) to determine the
model’s sensitivity to C, G, and F,, with the ranges of 1-10 mg LY
0.2-1 s and 19-96 nN, respectively. Total-order Sobol’s sensitivity
indices of C, G, F..}, were 0.73 + 0.10, 0.26 + 0.04, and 0.40 + 0.06,
respectively, showing that these three parameters are important
determinants of the size of aggregates (Figure 11B). To examine the
sensitivity of aggregates to varying levels of F..p,, we evaluated the
model at several fixed points for G (0.2, 0.4, 0.6, 0.8, 1.0 s™*) and C
(1,3, 5,7, 10 mg L'"). Comparing aggregates at the minimum F_,
(19 nN), and at the maximum (96 nN), there was a size difference of
320-750%, revealing that the size of an aggregate is highly
dependent on F,,, (Figure 12). Estimation of cohesive bond
strength allowed us to use single-size-class aggregate growth
model to show the aggregate dynamics.

We extract the data of settling velocity and particle size in case
of 3D fractal dimension at 1.8 from Laurenceau-Cornec et al.
(2015a) with WebPlotDigitizer (Rohatgi, 2022), and empirical
formula were provided as below;

U =647 D%, (7)
30000 = 12
@ 190N x Ratio
25000 O 960N -==-Fig3 of Alldredge et al., 1990 |10
TN
g,zoooo— Q « < % o 18
8 °
S 15000 165
g
<g10000 o 14
5000 o 12
° o o
0 . [ ] e a a 0
02 04 06 08 10
Shear rate (s~1)

FIGURE 12

where U and D were terminal settling velocity (m d') and
particle size (um), respectively. The settling velocities at the
aggregates size of 360 and 2627 um (aggregate size in case of Fop,
at 19 and 96 nN) were calculated to be 36 and 113 m d’%, and the
time scales of the aggregates in the euphotic zone (200 m) were 5.7
and 1.8 days, respectively. Since settling particles would be
decomposed by heterotrophic bacteria with time scales of days to
weeks (0.04-0.286 dl; Iseki et al., 1980; Goutx et al., 2007),
variability of F.,, could be a determinant of export ratio.

The significance of fragmentation in the dynamics of marine
aggregates remains a matter of controversy. Alldredge et al. (1990)
experimentally tested the fragmentation process and concluded that
aggregates would not yield to the hydrodynamic forces present in
marine environments. Comparison with output of numerical model
in the present study also showed higher strength of aggregates in
Alldredge et al. (1990) (Figure 12). We considered such discrepancy
is attributed to sampling method. She collected aggregates by hand,
but the structure of aggregates could be modified in sampling (e.g.,
compacting; Alldredge and Silver, 1988). On the other hand, recent
field surveys on the size distribution of particles suggest
fragmentation occurs throughout the water column (Takeuchi
et al,, 2019; Briggs et al, 2020). The higher cohesive bond
strength of biogenic particles compared to montmorillonite as
seen in this study, and similar to the reported aggregate strength

20000 12
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110
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S X 2
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£ 4
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2 a0 x °©
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The predicted size of aggregates at several levels of (A) shear rates and (B) particle concentrations with high and low cohesive bond strengths (20
and 98 nN). Ordinates show aggregate size, and abscissa show shear rate (s™) and particle concentration (mg L™). The ratio of the estimates at a
cohesive bond strength of 98 nN against that of 20 nN are plotted as black crosses. The concentration in panel (A) and shear rate in panel (B) were
fixed to be 5 mg [t and 1 5%, respectively.
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of activated sludge suggests that organic matter such as EPS act as a
bio-flocculant among particles. In future, it will be required to
determine the group of organisms affecting aggregate strength. The
results of this research demonstrate that the analysis of both
the physical and biological processes present in marine
environments is necessary to shed light on the dynamics of
organic marine aggregates.
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