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Abstract
Marine aggregates, composed of various particles, play a crucial role in ocean carbon storage. The overall size

distribution of the aggregates (number size spectra) is controlled by the balance between aggregation and disag-
gregation processes. Turbulence has been proposed to facilitate both aggregation and disaggregation by increas-
ing the collision rate of aggregates or sometimes directly tearing them apart. Predominant processes driven by
turbulence typically depend on the level of turbulence—relatively weak turbulence is associated with aggrega-
tion while stronger turbulence promotes disaggregation. Aggregate strength also plays a key role, as strongly
bonded aggregates can withstand turbulence better, leading to lower disaggregation rates. While the relation-
ship between turbulence and aggregate strength has been studied numerically and experimentally, field mea-
surements remain limited. Here, we compare our number size spectra to turbulence intensity from the field
measurements across different environmental settings around Japan to determine the effect of turbulence on
aggregate strength. We combined measurements from 10 sites with different environmental settings and
observed the flatter slopes (higher net aggregation rate) and shifts in the intersection lengths with an increase of
turbulence, while strong turbulence is typically linked with disaggregation. Our findings suggested that stronger
aggregates are formed under stronger turbulence and the overall population of strong aggregates also increases
with an increase of turbulence intensity. We also compared our number size spectra with three other con-
founding factors (fluorescence, salinity, and aggregate compositions) to confirm the effects of turbulence are
dominant in our aggregate dynamics.

Sinking particles in the ocean are a major pathway for
transporting carbon from the surface to the deep water, hence,
they play a critical role in determining ocean carbon storage
(Briggs et al. 2020; Ducklow 2001; Falkowski et al. 1998). Some
large aggregates (commonly referred to as marine snow) are
formed through flocculation of miscellaneous materials such as

phytoplankton, detritus, and fecal pellets, and typically have a
higher sinking speed and higher carbon content than their
source particles (Alldredge and Silver 1988; Alldredge
et al. 1998). The contributions of large aggregates to the sinking
carbon flux are therefore acknowledged to be disproportion-
ately large compared to individually existing, smaller particles
(Buesseler and Boyd 2009; Turner 2015). In addition to sinking
carbon flux, large aggregates also contribute to the local food
availability in some ecosystems, providing a food source for
larger organisms (i.e., mesozooplankton, macrozooplankton,
fish larvae, and small fish) while small aggregates may not be
recognized as their food (Larson and Shanks 1996; Möller
et al. 2012; Chow et al. 2019; Tsukamoto and Miller 2020).
Since the size of an aggregate partly determines its sinking
velocity and carbon contents (Alldredge 1998; Khelifa and
Hill 2017) and who will eat it (e.g., fish larvae select their food
according to the food size; Tsukamoto and Miller 2020), investi-
gating aggregate size is crucial to accurately evaluate chemical
and biological impacts of aggregates to the ecosystems.
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Aggregate size in an environment is determined by the bal-
ance between the rate of aggregation (increase of size) and dis-
aggregation (decrease of size) that involve multiple physical
and biological mechanisms. Aggregation can occur through
particle collisions and flocculation, which typically increases
with higher particle concentration (Jackson 1990; Burd and Jack-
son 2009), increasing physical forces (e.g., Brownian motion,
differential sedimentation and turbulence), and higher concen-
tration of “glues” (e.g., Transparent Exopolymer Particles) that
make particles “sticky” (Passow 2002). A special form of parti-
cle formation, which we do not include in the term “aggrega-
tion” here, is the repackaging of particles by zooplankton and
fish, who often ingest smaller particles and release larger, typi-
cally denser fecal pellets (Turner 2015). Disaggregation occurs
through biological and physical processes, for example, zoo-
plankton and fish can directly break aggregates during feed-
ing, leading to the release of smaller fragments
(“fragmentation”; Lampitt et al. 1990; Giering et al. 2014) or
dissolved matter (“sloppy feeding”; Hasegawa et al. 2001; Møl-
ler et al. 2003; Steinberg et al. 2004). High sediment load in
aggregates can make aggregates fragile and increase disaggrega-
tion rate (Passow and De La Rocha 2006), and turbulence
could stretch aggregates and tear them apart (Braithwaite
et al. 2012; Takeuchi et al. 2019; Song et al. 2023).

For any ecosystem, the balance between aggregation and
disaggregation across all particle sizes can be explored using
number size spectra (sometimes referred to as size distribu-
tions), which relate the total particle abundance of a certain
size to its size class (McCave 1984). Size is a useful parameter to
constrain ecosystem dynamics because it can be easily mea-
sured using, for example, in-situ camera systems (Lombard
et al. 2019), requires little taxonomic analysis, and can be
implemented relatively easily in models (Blanchard et al.
2017). The slope of number size spectra generally decreases as
larger aggregates are typically rarer (Kwong and Pakhomov
2021), and the relative steepness of the slope indicates whether
large aggregates are relatively more abundant (flatter slopes;
e.g., because of high aggregation rates) or less abundant
(steeper slope; e.g., because of low aggregation rates or loss of
particles through disaggregation) (Logan and Kilps 1995; Li
et al. 2004; Dissanayake et al. 2018). In an open system, addi-
tional processes can also influence the slope by, for example,
importing large particles through advection, influx or export of
sinking particles, or non-steady-state conditions. We here treat
our systems as steady-state systems and focus on turbulence.

Turbulence is involved in both aggregation and disaggrega-
tion, and is typically stronger in coastal inshore waters than in
the pelagic offshore waters (Geyer et al. 2008; Smyth and
Moum 2019). Stronger turbulence is typically associated with
higher disaggregation rates (Winterwerp 2002), but may also
affect the properties of aggregates that form, since stronger
aggregates can better resist disaggregation. In this study, we
combine observational measurements of aggregate sizes at a
wide range of turbulence levels obtained within the depth

range of 10–100 m across diverse environmental settings
around Japan (coastal sites to offshore sites, as well as freshwa-
ter sites). This large and broad dataset additionally allows us to
compare aggregate number size spectra across other factors (e.
g., phytoplankton abundance and salinity), thus reducing
their effect as confounding factors to better demonstrate the
potential effect of turbulence on aggregation processes.

Method
A microstructure profiler vertically collected physical and

biological variables (shear - turbulence, turbidity, fluorescence,
conductivity - salinity and temperature) at each of the 10
study sites to investigate potential drivers of aggregate dynam-
ics. To explore aggregate dynamics, we simultaneously mea-
sured aggregate size and abundance from in-situ images, along
with physical and biological variables.

Study area
Field campaigns were conducted at 10 different locations

around Japan over different seasons and aquatic systems
(Table 1, Fig. 1): 2 campaigns at the Kuroshio (2009 and
2013), 2 campaign at islands located at south of Japan
(Oshima and Miyake) where the Kuroshio has strong influ-
ences on the water properties, 4 campaigns along the coast
facing to the Pacific Ocean (Tokyo Bay in September and
February, Tateyama, Jogashima and Otsuchi), and 1 campaign
at the largest freshwater lake of Japan (Lake Biwa). Observa-
tions were carried out from R/T/V Seiyomaru (Tokyo Univer-
sity of Marine Science and Technology), R/V Kaiyo (JAMSTEC)
and R/V Hakken (Lake Biwa Environmental Institute). Water
column depths ranged from � 30 m (Tateyama and Otsuchi)
to � 5700 m in the Kuroshio, and we sampled to a maximum
depth of 10–100 m at each site.

Kuroshio transports warm and saline water from south to
north of the Pacific Ocean and its oligotrophic water is typi-
cally dominated by the pico- and nano-phytoplankton com-
munity (Clayton et al. 2014). It is also widely acknowledged as
a spawning and nursery grounds of a variety of fish despite
insufficient nutrient supplies (Nagai et al. 2019). Along the
coast, phytoplankton communities are typically dominated by
larger phytoplankton (often diatoms and dinoflagellates) with
overall higher primary production (Han and Furuya 2000;
Ramaiah and Furuya 2002; Tachibana et al. 2016). Further-
more, a significant influence of tidal flow on transporting
suspended particles and sediment resuspension has been
observed at the baymouth of Tokyo Bay (Arakawa et al. 2003)
and Otsuchi Bay (Masunaga et al. 2017). Lake Biwa is one of
the major water supplies in the western region of Japan, and
eutrophication and change of ecological dynamics due to the
environmental changes has been suggested by the historical
monitoring (Tsugeki et al. 2009). In our study, we refer to Lake
Biwa data to compare freshwater systems with oceanic
systems.
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Since our study sites were located in such unique environ-
ments, we grouped 10 campaigns into four groups based on
the location to evaluate the difference across the environ-
ments. The offshore locations in Kuroshio (2009 data and
2013 data) were grouped as “Kuroshio.” Miyake and Oshima,
the islands located at the Pacific Ocean (179 and 120 km off
of the Japanese coast, respectively) and have the water proper-
ties influenced by the Kuroshio, were grouped as “Kuroshio
Islands.” Otsuchi, Tateyama, Jogashima, and Tokyo Bay
(in Feb and Sep) were grouped as “Coast” owing to their close
proximity to the coast, and finally Lake Biwa was categorized
as “Lake.”

Physical and biological measurements
A free fall microstructure profiler (TurboMAP-L, JFE

Advantech Co., Ltd.) was deployed to measure turbulent
velocity shear, temperature, conductivity, turbidity, and fluo-
rescence at a sampling rate of 512 Hz with a fall-speed of
� 0.5 m s�1 (Doubell et al. 2009).

Turbulence
Turbulent kinetic energy (TKE) dissipation rate (ε, W kg�1),

indicating how much kinetic energy is dissipated to heat
(hence indicating the intensity of turbulence), was estimated
by integrating the turbulent velocity shear spectrum over 2 s
segment from approximately 1 cycle per meter to half the Kol-
mogorov wavenumber. The Kolmogorov wavenumber, k, is

k¼ ν3

ε

� �1=4

, ð1Þ

where ν is the kinematic viscosity of seawater. The Nasmyth
empirical spectrum (Nasmyth 1970) was applied to recover
unresolved variance (Doubell et al. 2009; Kokubu et al. 2013).
The Kolmogorov length scale, Lk, which is the smallest eddy
scale:

Lk ¼ ν3

ε

� �1=4

: ð2Þ

Fluorescence
TurboMAP-L carried two fluorescence probes with (1) LEDs

light source (Nichia NLPB310, 400–480 nm waveband) with a
vertical resolution of � 2 cm (Wolk et al. 2001, 2002, 2006)
and (2) a laser light source (Nichia NDHB510APA, peak
wavelength = 410 nm) with a vertical resolution of � 2 mm
(Doubell et al. 2009). The laser fluorescence probe with high
spatial resolution acquired significantly strong spike signals
that we did not observe in LED fluorescence data (Supporting
Information Fig. S1a). We averaged both LED fluorescence and
laser fluorescence over 1-m depth bins to confirm the spike
signals of laser fluorescence were natural signals and likely
detecting fluorescent aggregates as observed in backscatter andT
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fluorescent measurements (Briggs et al. 2011). We therefore
separated the spike signals of laser fluorescence (proxy for mm
scale fluorescent aggregates) from the background signal (1.5
times of 1-m moving average) of laser fluorescence (proxy for
small fluorescent particles) (Foloni-Neto et al. 2014, 2016). To
directly compare fluorescence with total aggregate volume
concentration (fraction of aggregate volume to sampled water
volume), which is calculated over a 10-m depth bin (see also
Eq. (4), we also binned fluorescence over 10-m depth bins. In
order not to lose the features of high spatial resolutions that
can separate fluorescent aggregates and small particles, we
integrated fluorescence signals by trapezoidal method instead
of taking average. Hence, integrated spike signals for every
10 m depth, hereafter referred to Fluorescence-Spikes in mg
m�2, is a proxy of fluorescent aggregate abundance over 10 m.
Integrated entire fluorescence signals (spikes and background)
for every 10 m is a proxy of total fluorescent abundance
within the depth bin, hereafter referred to Fluorescence-Total in
mg m�2.

Turbidity and proxy for sediment load
Intensity of light backscatter from suspended particles as a

measure of turbidity was measured using the same source as
the LED fluorescence probe (Nichia NLPB310, 400–480 nm
waveband). As we did not have direct measurements of sedi-
ment load at our sampling sites, we used the ratio of

fluorescence to turbidity (sediment load: nonfluorescent
turbidity � 1 � fluorescence/turbidity) as a proxy. Note that
this proxy is relatively crude as it assumes that particles
that are not fluorescent are inorganic.

Salinity and temperature
Conductivity (ms) and temperature (

�
C) are measured with

a platinum wire thermometer and an inductive conductivity
cell, and salinity was calculated from conductivity and tem-
perature. Average temperature and salinity were calculated
using all measurements at each site.

Aggregate images and derived properties
We mounted a mini CMOS camera (DSL II 190, Little Leon-

ard Inc.) on the TurboMAP-L to collect images of aggregates—
57,669 images were collected over 148 profiles in total. The
camera was fitted at 10 cm away from the LED fluorescence
probe to use the illumination from LED fluorescence probe
(460 nm, blue). Images were sampled at 5 Hz in the direction
of travel—facing downwards, which is equivalent to an image
every 10 cm. All images were recorded in RGB color
(1024 � 1280 pixels, pixel resolution of 59 μm). We cropped
the brightest regions of the images (the region close to the
light is bright) into a field of view with 2 cm � 2 cm, provid-
ing sampling volume � 8 cm3/image for further analysis. The
blue channel of each image was selected and the brightness

Fig. 1. Observation sites. The colors of the text boxes indicate the site grouping: dark blue is “Kuroshio,” light blue is “Kuroshio islands,” light green is
“coast,” and dark green is “lake.” Gray arrow indicates the path of the Kuroshio. Sites are overlaid on the bathymetry of the region as indicated by the
color scale.
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balance across the image was corrected by subtracting the
background image (average of multiple images).

Streaked images were identified by assessing the 2D image
spectrum using a 2D Fast Fourier Transform (2D FFT) (Franks
and Jaffe 2001; Doubell et al. 2009). When images are not
smeared, the 2D spectrum is a symmetric circle, whereas for
streaked images, asymmetry is seen in the 2D spectrum. To
test for asymmetry, two perpendicular sets of 1D spectra from
2D spectrum (i.e., a x-axis and y-axis contour plot) were cho-
sen, and the ratio of variance for each wavenumber was calcu-
lated for each perpendicular pair. The variance ratio is
approximately 1 in unstreaked images, with images rejected
from further analysis if the average variance ratio for one
perpendicular pair exceeded 1.5 or 1/1.5 (Franks and
Jaffe 2001, 2008; Doubell et al. 2009). This criterion
assesses smearing across all aggregates imaged in the field
of view and minimizes the rejection of images that contain
rare individual long and thin aggregates. We carried out a
sensitivity analysis using lower and upper ratios of 1.4 or
1/1.4 and 1.6 or 1/1.6 and found that aggregate size distri-
butions (i.e., slopes of aggregate number size spectra—
described in the next section) were not significantly
(ANCOVA) affected by the streak metric. Additional labora-
tory tank experiments using particles of known size were
conducted to confirm that unfocused particles and streaked
images were removed by the size threshold and 2D spec-
trum criteria.

Screened images were binarized using Otsu thresholding
methods and individual aggregates were then approximated as
ellipses using the regionprops function in MATLAB (R2022a
Mathworks Inc.) to determine the aggregate sizes (major axis
length, MajAL, in cm; equivalent spherical diameters, ESD, in
cm). To test whether the choice of thresholding algorithm
affects our aggregate size distributions, we also applied Sobel
and Canny thresholding algorithms to binarize images and
found no significant difference in the slopes (ANCOVA). To
focus on the larger size fraction of aggregates expected to be
influenced by turbulence (McCave 1984), only objects with
MajAL > 0.03 cm were considered as our target aggregates. Vol-
ume of an individual aggregate as Vind was estimated from the
following equation:

V ind ¼ π

6
ESD3: ð3Þ

The total volume concentration of aggregates for every
10 m (i.e., 0–10 m, 10–20 m, 20–30 m depth, etc.), the frac-
tion of water volume occupied by aggregates, Vagg, was
calculated:

Vagg ¼ Sumof Vind

Sample volume for10m
: ð4Þ

Since DSL camera captures � 10 images m�1, we selected
10-m depth bins to obtain a sufficient number of images of

aggregates to calculate Vagg. The unit of Vagg is in cm3 m�3,
which is equivalent to parts per million, ppm.

Number size spectra
In this study, we are using number size spectra (Petrik

et al. 2013) to describe our aggregate size distribution, and the
results are comparable to past model outputs and field mea-
surement. The number of aggregates, Nagg, in logarithmically
increasing MajAL-bins was calculated using all aggregates in
each group (Kuroshio, Kuroshio island, Coast and Lake). Nagg

was divided by the bin width (ΔMajAL) and the sample vol-
ume (Vim) to obtain normalized aggregate abundance
(n¼ Nagg

ΔMajAL/Vim), and log10(n) was plotted against the logarithm
of the average bin size (log10(MajAL)) to construct a number
size spectrum. Any bin with the insufficient number of aggre-
gates N<10 was discarded before computing the spectrum.
We noticed a change in the slope within each number size
spectrum, and hence fitted a bilinear regression using the least
squares method. To do so, we fitted a series of two slopes to
each number size spectrum with the breaks varying from the
second to the second-last bin; that is, a slope from 1st bin to i-
th bin (slope of small aggregates) and another slope from i-th
bin to the last bin (slope of large aggregates). We calculated
the sum of mean squared errors of each pair of slopes, and the
best-fit slopes were established when the error was smallest.

Following this operation, we constructed number size spec-
tra for individual sites, location groups and turbulence levels.
For the individual sites, we used all the images that were col-
lected at the site, so that the number size spectra show the
aggregate size distribution through the water column at
the site. For the location groups, we merged the images from
the sites that are in the same group to construct number size
spectra. For example, to construct the number size spectrum
of Kuroshio in 2009 and Kuroshio in 2013, hence the number
size spectrum describes the general trend of aggregate size dis-
tribution from the location group. Finally, we constructed
number size spectra for six different levels of turbulence
kinetic energy dissipation rate (10�11 < 10�10, 10�10 < 10�9,
10�9 < 10�8, 10�8 < 10�7, 10�7 < 10�6, 10�6 < 10�5 W kg�1)
using the raw data across all 10 sites to investigate the univer-
sal influences of turbulence on aggregate dynamics regardless
of locations (variation of turbulence kinetic energy dissipa-
tion rate measured at each site is shown in Supporting
Information Fig. S2). The reason for the turbulence bins is
that the calculation of a full number size spectrum requires
a large number of aggregates. In our case, we needed more
than > 10,000 aggregates per spectrum. We carried out
ANCOVA and found that the slopes of number size spectra
across six levels of turbulence kinetic energy dissipation
rates are significantly different.

Statistical analyses
The relationship between the number size spectra slopes of

the aggregates (both small and large) and different
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environmental parameters was explored using simple linear
regression in R (v4.3.2).

Results
Biological and physical variability for location group

Water mass properties showed Kuroshio and Kuroshio
Islands had relatively higher salinity water (34.1–35.1 PSU;
Supporting Information Table S1; Fig. S3), compared to Coast
(31.2–34.7 PSU). Similar water mass properties between
Kuroshio and the Kuroshio Islands indicated a strong influ-
ence of the Kuroshio on the island region. However, biolog-
ical and physical variables (fluorescence, turbidity,
aggregate volume concentration, and turbulence) were rela-
tively lower at the Kuroshio Islands (Fig. 2; Supporting
Information Table S2). Temperature did not show clear
trend between different groups because of the seasonal vari-
ations (Supporting Information Table S1). Overall, at the
oceanic location groups, biological and physical variables
generally decreased from inshore (Coast) toward offshore
(Kuroshio). Lake Biwa exhibited lower biological and physi-
cal variables than the oceanic locations, highlighting the
difference between freshwater and oceanic systems.

Fluorescence-Total (a proxy of total fluorescence biomass for
10 m depth bins) and Fluorescence-Spikes (a proxy of fluores-
cent aggregate biomass in 10 m depth bins) showed similar
trends. Fluorescence-Total ranged from 101.8 mg m�2 to 103.4

mg m�2, while Fluorescence-Spikes ranged from 10�0.3 mg m�2

to 104.1 mg m�2 (Fig. 2a,b; Supporting Information Table S2).
At the oceanic sites, maxima for both proxies were highest at
the Coast and decreased offshore. Average fluorescence (both
proxies) was similar at the Coast and Kuroshio Islands, and
lower in the Kuroshio. This trend matches previously reported
seasonal averages (� 10�1 mg m�2 for the Kuroshio and
� 102 mg m�2 for coastal waters, Wang et al. 2011). The low-
est maxima and medians for both proxies were observed at
Lake Biwa site (Fig. 2a,b; Supporting Information Table S2).

The ratio between Fluorescence-Spike to Fluorescence-Total
(indicating the contribution of fluorescent aggregate biomass
to total fluorescent particle biomass) ranged from 0.1% to
45.3% across all sites, with a decreasing trend from coast
to offshore and overall lowest values for Lake Biwa (Fig. 2c;
Supporting Information Table S2). The highest contribution
of Fluorescent-Spikes (both maximum and median) was found
at the Coast. Site-specific maxima were 26.9% for Kuroshio
Islands and 29.0% for Kuroshio, showing no clear decrease
with the distance from the coastline, while site-specific
medians showed the typical decrease offshore. The lowest site-
specific maximum was, again, at Lake Biwa (17.4%).

Both turbidity and Vagg showed similar trends. Turbidity
ranged between 10�1 and 101 ppm across all sites, with
median values of 10�0.5 ppm (Kuroshio), 10�0.4 ppm
(Kuroshio Islands), 100.2 ppm (Coast) and 10�0.1 ppm (Lake
Biwa) (Fig. 2d; Supporting Information Table S2). Total

volume concentration of aggregates (Vagg) ranged between
101 and 103.6 ppm across all groups (Fig. 2e; Supporting
Information Table S2). In the oceanic systems, turbidity
and Vagg (both median and maximum) was highest at the
Coast. Median levels decreased offshore, but group-specific
maxima did not. Lake Biwa had the second highest median
turbidity and Vagg, and the overall highest turbidity. Turbu-
lence kinetic energy (TKE) dissipation rate ranged from
10�10.6 to 10�4.7 W kg�1 with wide variation across all sites
(Fig. 2f,g). Turbulence was highest (both median and maxi-
mum) at the Coast, with similar levels at the Kuroshio
Islands. The offshore Kuroshio had on average lower turbu-
lence yet the highest range. Lake Biwa experienced the low-
est median turbulence (Supporting Information Table S2).

Comparison between aggregate volume and fluorescence
We related Fluorescence-Spikes (a proxy of fluorescent aggre-

gate biomass, mg m�2) with the total volume concentration of
aggregates (Vagg, ppm) to investigate the fluorescent contents
of aggregates across different locations (Fig. 3a). Fluorescence-
Spikes and Vagg were not significantly correlated in the
Kuroshio (p = 0.09, R2 = 0.01, n = 185), potentially owing to
two distinct particle populations. For the other locations,
there was a significant positive correlation, albeit with a high
degree of scatter (Kuroshio Islands: p < 0.01, R2 = 0.01,
n = 164; coast: p < 0.01, R2 = 0.2, n = 239; lake: p < 0.01,
R2 = 0.29, n = 62). Across all locations, Fluorescence-Spikes and
Vagg were significantly positively correlated, though Vagg was a
relatively poor predictor (R2 = 0.19, p < 0.01, n = 650). Nota-
bly, the Kuroshio islands had similar Fluorescence-Spikes levels
to the Coast despite much lower Vagg, indicating that particles
here had a higher fluorescence content.

Number size spectra
Across the location groups, normalized aggregate abun-

dance (n) as a function of size (MajAL, cm) ranged from
8.5 � 10�4 to 8.2 � 10 cm�4, and decreased with increasing
size (MajAL, cm) (Fig. 3b). In the Kuroshio, normalized aggre-
gate abundance was the lowest of the four groups (8.5 � 10�4

to 2.8 � 10 cm�4 for MajAL > 0.05 cm). In addition, the bilin-
ear slopes of the number size spectra were the steepest of all
four groups (Table 2). At the Kuroshio Islands, normalized
aggregate abundance were higher than in the Kuroshio
(3.3 � 10�3 to 1.7 � 10 cm�4), and the number size spectra
slopes were less steep (Table 2). At the Coast, normalized
aggregate abundance was highest (7.6 � 10�2 to
8.2 � 10 cm�4) with the flattest number size spectra slopes
(Table 2). In Lake Biwa, the normalized aggregate abundance
had the highest range (6.3 � 10�3 to 7.4 � 10 cm�4) and steep
number size spectra slopes (Table 2).

The flattest slopes were found at Tokyo Bay in February for
both small and large aggregates (respectively, �1.37 and
�3.53; Supporting Information Table S3; Fig. S4). The steepest
slope of small aggregates was in the Kuroshio in 2013 (�2.97),

Takeuchi et al. Turbulence forms strongly bonded aggregates
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(Figure legend continues on next page.)
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while the steepest slope for large aggregates was at Miyake
(�5.71). The slopes of the number-size spectra in Tokyo Bay
were shallower during winter (�1.37 for small aggregates and
�3.53 for large aggregates) compared to summer (�1.81 for
small aggregates and �4.08 for large aggregates).

Overall, our number size spectra slopes had a slightly wider
range (�1.37 to �5.71; Table 2; Supporting Information
Table S3) than previous field measurements (�2 to �5, Table 1
in Omand et al. 2020). However, our range nicely brackets the

previous measurements, and hence appears realistic.
The slight discrepancy may be due to methodological differ-
ences: Omand et al. (2020) used equivalent spherical diameter
to calculate bin sizes, while we used major axis length.

Number size spectrum characteristics in relation to
turbulence

Our number size spectra for different levels of turbulence
kinetic energy dissipation rate (ε, TKE dissipation rate, W

(Figure legend continued from previous page.)
Fig. 2. Comparison of biological and physical variables across location groups (Kuroshio, Kuroshio Islands, Coast, and Lake). Boxplots show maximum,
75th percentile, median, 25th percentile and minimum for (a) Fluorescence-Total (mg m�2), (b) Fluorescence-Spikes (mg m�2), (c) ratio between aggregate
fluorescence relative to total fluorescence (Fluorescence-Spikes /Fluorescence-Total) (%), (d) 1-m averaged turbidity (ppm), (e) total volume concentration
of aggregates Vagg (10-m bins) (ppm), (f) turbulent kinetic energy (TKE) dissipation rate (1-m average) (W kg�1), (g) ratio of different levels of TKE dissi-
pation rate. Colors in (a–f) indicate the location group (corresponding to Fig. 1). Dark blue is Kuroshio, light blue is Kuroshio islands, light green is coast,
and dark green is lake. Colors in (g) indicate turbulence levels as shown in legend.

Fig. 3. (a) Relationship between integrated (10-m bins) fluorescence of aggregates (Fluorescence-Spikes, mg m�2) and total volume concentration of
aggregates (Vagg, ppm). Lines show regressions (see the text for statistics). (b) Number size spectra-normalized aggregate abundance (n, cm�4) as a func-
tion of size (MajAL, cm) for each group. The dots represent aggregate abundance (number of aggregates in each bin size divided by the bin width, n,
cm�4), and the dashed lines indicate bilinear regression lines of each spectrum. Colors indicate location groups corresponding to Fig. 1 (dark blue is
Kuroshio, light blue is Kuroshio Islands, light green is coast, and dark green is lake).

Table 2. Bilinear regression lines of number size spectra and aspect ratio spectra for each location group. Size spectra intersection
length describes the aggregate size where the slopes of small and large aggregates meet. The total number of particles to compile the
spectra is included.

Group
Slope of small
aggregates

Slope of large
aggregates

Intersection
length (MajAL, cm)

Number of
aggregates

Number size

spectra

Kuroshio �2.80 �4.79 0.19 276,200

Kuroshio islands �1.89 �4.58 0.21 120,440

Coast �1.56 �3.73 0.21 735,749

Lake �2.44 �5.42 0.19 161,608

Takeuchi et al. Turbulence forms strongly bonded aggregates
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kg�1) (Fig. 4b; Supporting Information Table S4), constructed
using all non-averaged data from the 10 locations, show the
influences of turbulence on aggregate dynamics regardless of
locations. For the weakest turbulence bin (10�11 < ε

<10�10 W kg�1), a full spectrum was not obtained due to an
insufficient number of aggregates in the largest size bins
(MajAL > 0.36 cm). Normalized aggregate abundance (n,

cm�4) increased with higher turbulence levels (Fig. 4b;
Supporting Information Table S4). In line with this observa-
tion, the median of total volume concentration of aggregates
(Vagg, ppm) also increased with increasing turbulence
(Fig. 4a; Supporting Information Table S4). Maxima of Vagg at
each level of turbulence also increased until turbulence
reached the second highest level (10�7 < ε 10�6 W kg�1),

Fig. 4. Relationship between aggregate number size spectra in relation to different turbulence levels. (a) Total volume concentration of aggregates
(Vagg, ppm) in log-10 scale across different levels of turbulence. The box color corresponds with the color indicated turbulence in Fig. 4b. (b) Number
size spectra (n, cm�4) for different turbulence levels (ε, TKE dissipation rate W kg�1) as a function of size (MajAL, cm). Profiles from all sites were used to
construct the spectra. Lighter colors indicate weaker turbulence and darker colors indicate stronger turbulence. (c) Relationship between turbulence and
small and large aggregates slopes (solid and dashed lines, respectively). (d) Relationship between turbulence and the particle lengths where small and
large aggregates slopes intersect. Gray points in panels c and d indicate points of lower confidence owing to incomplete particle size spectra. See
Supporting Information Table S5 for details.

Takeuchi et al. Turbulence forms strongly bonded aggregates
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hereafter it decreased (Fig. 4a; Supporting Information
Table S4).

Number size spectra slopes of both small and large aggre-
gates became significantly flatter with increasing turbulence
(small: p = 0.02, R2 = 0.88, n = 5; large: p < 0.01, R2 = 0.95,
n = 5) (Fig. 4c; Supporting Information Table S5). Note that
we excluded the weakest turbulence level (10�11 < ε <
10�10 W kg�1) from this correlation as we could not construct
a complete number size spectrum for this range. We also
observed the significant increase (p = 0.04, R2 = 0.80, n = 5)
in the intersection length of small and large aggregate slopes
with increasing turbulence (from MajAL = 0.11–0.23 cm;
Fig. 4d; Supporting Information Table S5). Site-specific num-
ber size spectra and average turbulence also showed the same
trend: flatter slopes with increasing turbulence (small aggre-
gates: p = 0.03, R2 = 0.68, n = 10; large aggregates: p = 0.11,
R2 = 0.54, n = 10) and a shift in the intersection length
toward larger sizes (p < 0.01, R2 = 0.61, n = 10) (Supporting
Information Fig. S5).

Relationship between slopes and environmental
parameters

Number size spectra slopes for both small and large aggre-
gates correlated to varying degrees with the environmental
factors. There was no significant correlation with either fluo-
rescence, nonfluorescent turbidity (proxy for sediment load)
or temperature for salinity, and there was no significant corre-
lation when considering all sites. However, when excluding
Lake Biwa (i.e., only marine sites), slopes for large aggregates
were significantly steeper with increasing salinity (p = 0.04,
R2 = 0.39, n = 9; no significant correlation for small aggre-
gates: p = 0.09, R2 = 0.27, n = 9). Increasing turbidity resulted
in significantly steeper slopes for both small aggregates
(p = 0.006, R2 = 0.59, n = 10) and large aggregates (p = 0.03,
R2 = 0.37, n = 10). Increases in both particle concentrations
(for the size bin MajAL = 1 mm) and TKE dissipation rate were
significantly associated with steeper slopes for small aggregates
(p = 0.03, R2 = 0.41, n = 10; p = 0.003, R2 = 0.64, n = 10) but
not for large aggregates (p = 0.07, R2 = 0.28, n = 10; p = 0.11,
R2 = 0.21, n = 10).

Turbidity was significantly correlated with both TKE dissi-
pation rate (positive correlation; p = 0.03, R2 = 0.41, n = 10) and
salinity when not considering Lake Biwa (negative
correlation; p < 0.05, R2 = 0.37, n = 9). Normalized aggregate
abundance of number size spectra in the bins MajAL = 0.3 mm
and MajAL = 1 mm was also significantly correlated with turbid-
ity (respectively, p < 0.001, R2 = 0.79, n = 10; p < 0.001,
R2 = 0.82, n = 10).

Discussion
Comparison between our 10 contrasting locations

suggested that aggregate dynamics showed consistent patterns
in response to different levels of turbulence despite varying

particle compositions and influence of the local ecosystems.
The focus of our discussion is hence the effect of turbulence
on aggregate sizes and strength, although we also explore
potential confounding factors.

Fundamental effects of turbulence on particle dynamics
Measured turbulence kinetic energy (TKE) dissipation rates

(10�11–10�5 W kg�1) span the typical range observed in most
aquatic systems (excluding the surface and bottom boundary
layers) (Bluteau et al. 2016; Smyth and Moum 2019). This
agreement suggests our data likely represent the general char-
acteristics of marine ecosystems. Consequently, we divided
our dataset into levels of TKE dissipation rate, which we refer
to as weak (� 10�11 W kg�1) to strong (� 10�6 W kg�1).

Interpreting changes to the size spectra slope under
turbulence

We observed flatter number size spectra slopes with increas-
ing turbulence intensity, indicating relatively higher abun-
dances of large aggregates compared to small ones, which can
result from higher net aggregation rates. One explanation for
this observation is the increased relative motion of particles,
which directly increases aggregation rates (Jackson 1990). In
addition, inertial particles tend to cluster in high strain
regions (Squires and Eaton 1991; de Jong et al. 2010) which
can increase aggregation rates by increasing particle concen-
tration in the region.

Another potential explanation for our observations is the
increase in aggregate strength in more turbulent environ-
ments, as shown by laboratory experiments and numerical
models (Alldredge et al. 1990; Wang et al. 2011; Zahnow
et al. 2011). In their numerical model, Zahnow et al. (2011)
found that aggregate strength (determined as the force that
bonds source particles together) increased with turbulence,
leading to higher net aggregation rates. Similarly, Wang et al.
(2011) observed in laboratory experiments that kaolinite clay
formed smaller yet stronger aggregates (measured as the force
that aggregate can withstand before disaggregation) under
strong turbulence (shear 40–60 rpm). Although kaolinite clay
may follow different aggregation processes than natural aggre-
gates, other laboratory experiments using naturally collected
aggregates also noted that strong aggregates can resist
turbulence-driven disaggregation (Alldredge et al. 1990). This
strength was attributed to their composition (high amounts of
transparent exopolymer particles, TEP) and chemical changes
associated with aging. While our study did not measure the
chemical composition, the consistency between our results
and these three studies supports the idea that aggregates in
natural environments become stronger when turbulence
increases.

Strongly bonded aggregates are likely more resistant to
turbulence-driven disaggregation (Gmachowski 2002), leading
to higher net aggregation and flatter slopes of the number size
spectra. This mechanism may explain the flatter slopes as

Takeuchi et al. Turbulence forms strongly bonded aggregates
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turbulence levels increased (Fig. 4c; Supporting Information
Fig. S5c). Flatter number size spectra, accompanied by an
increase in aggregate strength (bonds of inner particles), were
also observed in models (Zahnow et al. 2011).

Increasing turbulence has also been suggested to decrease
the porosity of aggregates by filling spaces with small particles
(Wang et al. 2011). Reduced porosity limits water flow through
aggregates (Engel et al. 2009), possibly enhancing particle bond-
ing (Jarvis et al. 2005) and hence leading to higher net aggrega-
tion (i.e., flatter slopes). Unfortunately, our image resolution is
too low to explore any changes in porosity.

Finally, the dominant disaggregation mechanism likely
changes as turbulence increases, from “surface erosion” to
“splitting,” which both produce different sizes of aggregates.
Typically, surface erosion occurs at weaker shear force (turbu-
lence) and produces a large number of small aggregates, while
“splitting” occurs at stronger shear force and produces rela-
tively large aggregates (Spicer and Pratsinis 1996; Zahnow
et al. 2011). Hence, as turbulence levels increase and splitting
becomes the predominant disaggregation mechanism, the
resulting production of relatively large aggregates would lead
to flatter number size spectra slopes.

Size spectra intersection length indicates resistance to
turbulence-driven disaggregation

Another feature of our number size spectra was the shift in
the aggregate length where small and large aggregate slopes
intersect (Fig. 4d). We carried out a literature review and found
that several studies indicate a change in slope, though the
authors did not fit it (Iversen et al. 2010; Forest et al. 2012;
Roullier et al. 2014). We found only one study where the
authors fit a split slope to particles imaged in the deep ocean
(> 2000 m depth) across the Atlantic and Arctic (Bochdansky
et al. 2016). Intriguingly, the slopes showed the opposite to
our observations (i.e., large-aggregate slope is flatter), which
was explained by a disproportionate abundance of larger
(> 379 μm) aggregates that were amorphous, porous, and con-
tained large amounts of TEP (Bochdansky et al. 2016). We
speculate that the difference between their observations and
ours may be because we investigated shallow profiles that
include the euphotic zone, where most of the particle produc-
tion occurs. Our profiles hence are more likely to capture
source particles and particle populations that formed via
aggregation (in the sense explained in our introduction),
while the particles in deep profiles may undergo different
dynamics, such as a prevalence in collision-based aggregation.
Deep-ocean size spectra are also likely heavily influenced by
the influx and outflux of sinking particles (“marine snow”),
microbial activity and self-assembly of gels (Verdugo
et al. 2008; Bochdansky et al. 2016), a reduced level of frag-
mentation by zooplankton and fish (e.g., Vinogradov and
Tseitlin 1983), and reduced exposure to disaggregation-
causing turbulence levels (Thorpe 2005).

We observed the split slopes at all turbulence levels, indi-
cating that they are a universal feature of our number size
spectra. The immediate question that arises is: why is there a
change in net aggregation at a certain aggregate size (indepen-
dent of the turbulence level)?

The number size spectra intersection length indicates an
aggregate size at which the balance between aggregation
and disaggregation changes (i.e., disaggregation becomes
more critical), resulting in a notable decrease in large-
aggregate abundance. A possible explanation is that large
aggregates tend to be more porous (Logan and Hunt 1987;
Logan and Wilkinson 1990) and have a higher fractal
dimension (Burd and Jackson 2009; Zahnow et al. 2011). For
aggregates formed in natural environments, their source par-
ticles are typically diverse with different shapes and sizes. As
aggregates “grow,” they are hence likely to combine a multi-
tude of different source particle types, which - compared to,
for example, relatively uniform clay particles - do not pack
neatly, leaving more space and ultimately leading to higher
porosity. In addition, the disordered arrangement of source
particles likely results in weaker bonding as many of the
bonding forces (van der Waals forces, Lewis acid–base forces,
electrostatic repulsions) are both size and distance depen-
dent (Song et al. 2023). Indeed, larger aggregates have been
shown to be generally weaker (albeit based on mineral
aggregates) (Hamm 2002; Maggi and Tang 2015). This
increased weakness of large aggregates could shift the bal-
ance between aggregation and disaggregation toward
disaggregation.

Another explanation for the different net aggregation
behaviors of “large” vs. “small” particles could be the fluid
dynamics. The smallest size of eddies that exist in a turbulent
flow (expressed as Kolmogorov length scale) is dependent on
the turbulence level. Observations of sediment flocs showed
that flocs larger than the Kolmogorov length scale are more
likely to disaggregate in response to turbulence (Braithwaite
et al. 2012). Natural aggregates like those in our study likely
follow the same behavior, with aggregates larger than the Kol-
mogorov length scale experiencing higher rates of disaggrega-
tion. The consequence would be a change in the slope of the
number size spectra at the particle size corresponding to
the Kolmogorov length scale. For our turbulence range, the
Kolmogorov length scale ranged from 0.06 to 1.8 cm (at TKE
dissipation rate = 10�5 and 10�11 W kg�1, respectively).
Though the particle length where small and large particle
slopes intersect (0.11–0.23 cm) falls within this Kolmogorov
length scale range, the latter is much broader. Moreover, our
size spectra intersection lengths shifted toward larger aggre-
gates with increasing turbulence levels (Fig. 5d), which is the
opposite trend expected if the change in aggregate dynamics
was purely driven by the Kolmogorov length scale
(Braithwaite et al. 2012).

We suggest that the number size spectra intersection length
increases under stronger turbulence as a consequence of the
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more strongly bonded aggregates (see previous section). If this
strength perpetuates through the number size spectra, the
resulting aggregate population is relatively more resistant to
turbulence-driven disaggregation than those formed under
weaker turbulence. Subsequently, the aggregate size at which
net aggregation changes would shift toward larger aggregates.
Note that this conclusion is based on number size spectra
compiled across different sites, and does not follow a specific
“cohort” of particles like single-site profiles or laboratory-based
aggregation experiments. Our results hence point to general
characteristics of natural aggregates.

Confounding environmental factors affecting size spectra
Our data were collected over a wide range of environments.

We hence expect many factors other than turbulence to influ-
ence the number size spectra, including those we did not mea-
sure in our study, and three that we did measure and explore
in more detail: chlorophyll a (Chl a) concentration, sediment
load, and salinity.

Chlorophyll a concentrations (a proxy for phytoplank-
ton abundance) were previously observed to lead to flatter
number size spectra, suggesting that relatively higher net
aggregation occurs when phytoplankton abundance is high
(Buonassissi and Dierssen 2010). This trend may be due to
higher Chl a concentrations indicating larger phytoplank-
ton sizes (references in Buonassissi and Dierssen 2010). We
also observed generally flatter slopes at the coastal sites,

where Chl a fluorescence concentrations were relatively
high and likely dominated by larger phytoplankton (Han
and Furuya 2000; Ramaiah and Furuya 2002; Tachibana
et al. 2016), compared to the offshore Kuroshio sites, where
Chl a fluorescence concentrations were lower and phyto-
plankton is typically dominated by nanoplankton and
picoplankton (Clayton et al. 2014). However, there was no
significant correlation between average total fluorescence
and the number size spectra slopes for either small or large
aggregates. A similar lack of correlation in a coastal study,
conducted approximately 10 km offshore of California in
water-column depths between 250 and 450 m (Franks and
Jaffe 2008), was partly attributed to too few particles to con-
struct full number size spectra. In contrast, we observed suf-
ficient particle numbers across all sites, strengthening our
conclusion that net aggregation across our sampling region
was determined by factors other than Chl a fluorescence
alone.

Working in the opposite direction to phytoplankton abun-
dance, high concentrations of sediments have been shown to
facilitate disaggregation (i.e., steeper number size spectra)
(Passow and De La Rocha 2006). Our proxy for sediment load
(“nonfluorescent turbidity”) did not correlate with number
size spectra slopes, indicating a minor role of nonfluorescent
turbidity on disaggregation.

Salinity has been directly linked to net aggregation, with
increasing net aggregation (i.e., flatter slopes) along a salinity

Fig. 5. Relationship between the slope of the number size spectra (“small aggregates”) and (a) total fluorescence, (b) salinity, (c) nonfluorescent turbid-
ity, (d) turbidity, (e) normalized aggregate abundance with a MajAL of 1 mm, and (f) turbulence. Dashed lines show regression line, where gray lines are
not significant (a–c), and black lines are significant (d–f). Regression statistics are listed in the “Results” section. Colors indicate location group as in
Fig. 1. The two offshore Kuroshio sites are highlighted with labels “K09” and “K13.”
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gradient from an estuary toward the open ocean (Mari
et al. 2012). This change in aggregation dynamics was attrib-
uted to a change in the sticking properties of TEP (Mari
et al. 2012), which appeared to be influenced directly by salin-
ity through changes in the molecular bonding of TEP
(Passow 2002; Wetz et al. 2009; but see also Meng and
Liu 2016). However, our data did not indicate a convincing
trend: the number size spectra slopes in the freshwater lake
were similar to marine sites, and higher net aggregation (albeit
not significantly different) was observed at the fresher sites,
contrary to expectations. One explanation is that the rela-
tively narrow salinity range at our marine sites (33–35 PSU)
may be insufficient to show salinity effects. Alternatively, the
fresher sites had stronger turbulence, which can increase TEP
production (Burns et al. 2019). Thus, the impact of salinity on
aggregate dynamics may be masked by stronger turbulence at
our coastal sites.2009

Finally, there are other, particularly biological and physical,
factors that may play a role, such as species composition
(Simon et al. 2002; Grossart et al. 2006), phytoplankton
growth phase (Alldredge and Gotschalk 1989; Kiørboe
et al. 1994), TEP production (Burns et al. 2019), density
gradients (Prairie et al. 2019), and biologically mediated frag-
mentation of aggregates (Dilling and Alldredge 2000; Dilling
and Brzensinski 2004; Kimura et al. 2024). In the Kuroshio,
the number size spectra slopes were steeper than expected
based on the linear regressions between slope and turbidity,
particle concentration and TKE dissipation rate (Fig. 5d–f). We
propose that intermittent turbulence in the Kuroshio (Nagai
et al. 2019) supports a responsive ecosystem characterized by
rapidly growing large phytoplankton (e.g., diatom) and a
predominantly herbivorous zooplankton community
(Nakata and Hidaka 2003). The resulting spectrum would be
steep, indicative of high net disaggregation or a short food
web structure (Platt and Denman 1977; Silvert and
Platt 1978). Sporadic growth of large phytoplankton is
supported by our observations of frequent fluorescent spikes
(Fig. 3), which contrasts the prevailing view of
nanoplankton and picoplankton dominating these waters
(Clayton et al. 2014). The rapid loss of aggregates (i.e., steep
slopes) then points toward biologically mediated fragmenta-
tion by herbivorous zooplankton and fish (Dilling and
Alldredge 2000; Dilling and Brzensinski 2004). Our data
hence help to explain the “Kuroshio paradox” (Sogawa et al.
2019) and why this region is a key spawning ground for
many fish species despite its oligotrophic nutrient condi-
tions and relatively little food (Saito 2019).

Data availability statement
All data used in this study are available from the

corresponding author (MT) upon request to marika.
takeuchi@noc.ac.uk.
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