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Field evidence of flocculated sediments
on a coastal algal reef
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Flocculation of sediments is crucial for morphodynamics, biogeochemical cycles, and ecological
processes in aquatic environments. Here we present field evidence that bio-cohesion primarily drives
the flocculation of suspended sediments on a coastal algal reef. Results from concurrent
measurements of sediment mass and volume concentrations, along with Reynolds stress, reveal
unexpected trends, and the data deviate from the classic Rouse formula when non-cohesive sediment
is assumed. Direct estimates of particle effective density show a dependence on mean patrticle
diameter, with a fractal dimension of 2.18. The reduced effective density (or settling velocity) and low
fractal dimension are typical of flocs containing lower-density saltwater and organic materials.
Additionally, organic content negatively correlates with effective density and positively correlates with
the mean particle diameter, confirming that bio-cohesion drives the observed flocculation. These
results provide quantitative evidence that organic matter promotes macrofloc formation and floc size

growth in a reef environment.

In modern reef ecosystems, crustose coralline algae contribute impor-
tantly alongside corals as primary reef builders. Variations in environ-
mental conditions within coral reef ecosystems can result in CCA-
dominated habitats or entire regions built by CCA, known as algal reefs'".
Similar to coral reefs, algal reefs provide a coastal habitat for a diverse
range of marine organisms'~. Both CCA and corals are known to be
highly sensitive to sediments®’. Reef ecosystems can be damaged by
elevated suspended sediment concentration (SSC), or termed suspended
particulate matter, i.e., irregular natural aggregates composed of organic
matter (OM) and mineral sediments’ ', due to bleaching that reduces
growth rates of corals and alters biological, biochemical, and physical
functions of marine organisms™'. Therefore, understanding the
mechanisms that govern local sediment dynamics is crucial for preser-
ving these ecosystems and reacting to changes in biological activity
caused by climate change.

There is a rich literature on coral reef sediments focusing on
examining the correlation between SSC, sediment trapping rates, and
local waves and currents'”™"°. However, few studies have simultaneously
quantified sediment properties and hydrodynamic drivers, leaving cri-
tical knowledge gaps in sediment suspension, settling, and transport
mechanisms'®". For instance, flocculation controls the settling velocity of
suspended sediment and dictates the health of an ecosystem via sedi-
mentation. While some studies have argued that flocculation may occur

in coral reefs'"™"’, most studies on sediment dynamics in coral reefs

typically assume sediments to be non-cohesive’*”. Hence, the physical
evidence, transport properties, and formation mechanisms of flocculated
sediment in reef systems remain lacking.

Floc dynamics have been widely studied in aquatic environments such
as rivers and estuaries”. For instance, variations in SSC and particle size
distribution (PSD) are studied to highlight the importance of flocs in
sediment fluxes and composition”*°. The gradient of floc concentration can
be related to hydrodynamic stresses and settling velocity using Rouse’s
formula”"". However, the impact of OM on floc dynamics remains only
partially understood™”. Evidence from laboratory studies” ™ and field
observations in estuaries and nearshore waters’ ™ indicates that bio-
cohesion affects floc size distribution, enhances stickiness, promotes floc-
culation of suspended sediment, and alters floc PSD.

While recent studies have emphasized the role of bio-cohesion in
promoting floc formation in estuaries, rivers, and sandy/muddy
coasts’”*, there is still limited study of floc dynamics in reefs, which are
organic-rich coastal environments. In the observations presented below,
we report the quantified characteristics of flocs from a coastal algal reef.
Vertical profiles of SSC are examined using the Rouse formula. By
analyzing microscope images, PSDs measured at two vertical positions,
and organic content (OC), we concluded that bio-cohesion plays a crucial
role in determining floc properties and the resulting settling velocities.
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Fig. 1 | Time-series of hydrodynamic and suspended sediment conditions.

a Friction velocities estimated by the eddy covariance method at ADV2 (0.3 m above
the bottom) and root-mean-square wave orbital velocity estimated by the linear
wave theory. b Mass concentration, C,, measured by OBS1 to OBS4 located at
0.15m, 0.3 m, 0.52 m, and 0.77 m above the bottom, respectively; ¢ bulk volume
concentration, C,, and d mean diameter, d,, of suspended sediment measured by
LISST1 and LISST2 located at 0.2 m and 0.4 m above the bottom.

Results

Hydrodynamics and suspended sediments

The study was conducted in the intertidal zone of an algal reef located in
Taoyuan, northern Taiwan (25° 2'40.44” N, 121° 3'25.21” E). The reef is
mainly created by CCA, providing habitat for a diverse algal-reef ecosystem,
which has been declared a marine protection area along the coast****’. The
main field experiment (Supplementary Fig. S1) was conducted from April
20th to May 27th, 2022 (38 days). To supplement the data and strengthen
the findings, we designed another one-tidal-cycle field experiment (Exp2) to
measure OC on January 7, 2023.

Turbulent mixing in most coastal reefs is driven by both mean currents
and surface waves*'. At the study site, surface waves, along with tidal cur-
rents, play an important role in generating boundary-layer turbulence and
driving sediment suspension quantified by friction velocity (see hydro-
dynamic data in Methods). The friction velocity estimated using the eddy
covariance method u,, agrees with that obtained by the log profile fit u,
(see Supplementary Fig. S2). Figure 1a shows the time series of #, z and root-
mean-square wave orbital velocity. While the semidiurnal fluctuation can be
identified due to tidal current, the overall magnitude modulation u,, is
correlated with the wave orbital velocity.

From the time series of sediment mass concentration C,, at four dif-
ferent elevations measured by OBSs (Fig. 1b), we observe the expected
negative vertical gradients away from the bottom. On the contrary, from the
time series of particle bulk volume concentration, C,, the value recorded by
LISST2 located at 0.4 m above the bottom (blue dots in Fig. 1¢) is almost
always larger than that of LISST1 (black dots) located at 0.2 m above the bed,
suggesting a positive concentration gradient. Remarkably, there is a differ-
ence in measured mean particle size d,,, from the two LISST sensors; the
particle size d,, is larger for LISST2 located higher in the water column. The
surprising observation of larger particle volume concentration and particle
sizes higher in the water column while the mass concentration remains lower
may be explained by the possibility that sediments are flocculated. As the
higher-density mineral particles form flocs with their sizes much larger than
the individual mineral particles, the volumetric concentration of particles
(flocs) seen by LISST increases and it is consistent with the increased particle
size observed. Meanwhile, the increased pore space in the flocs may be filled
with pore water and organic materials of lower densities. We hypothesize
that suspended particles may contain low-density components due to floc-
culation and the following results will prove this point and strengthen the
evidence that observed sediments in the algal reef are flocculated.

Fig. 2 | A sample of a microscopic view of the collected suspended sediment. The
brightly colored objects in the photos represent mineral particles, while the darker
colors represent OM.

Evidence from microscope images

A micro-CT scanner is useful for performing three-dimensional recon-
structions of flocs to understand their internal porosity and composi-
tional structures®”™*. For qualitative but direct evidence, we used a
microscope to examine the suspended particles in the collected water
samples as illustrated in Fig. 2, where the bright-colored objects represent
mineral particles, while the dark-colored materials represent OM. The
photos show that, in addition to crystalline quartz, there is an abundance
of irregular, gelatinous-like substances, which are recognized as OM, or
biofilms (extracellular polymeric substances). These OMs sometimes
bond with silica-like particles to form larger aggregates. Typical specific
weights of OMs are much smaller than mineral particles, almost close to
water. For example, tests conducted in biological reactors found that the
wet density of biofilm is about 1000-1140 kg m~* (ref. 45). The density of
OM is assumed to be 1000 kg m ™ in estuarine surface water*. How does
the OM connect mineral particles and generate flocs with reduced
effective density?

Evidence from floc effective density

Particle settling velocity can be estimated from the mass concentration data
measured at different vertical elevations by comparing with the theoretical
Rouse concentration profile””:
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where C,,,, is a reference mass concentration of sediment at a height z=a
above the bed, h is the water depth, and f is the Rouse number defined as:

Wy

B= @

KUx ’

where w; is the particle settling velocity, x = 0.41 is the Karman constant,
and u,_ is the friction velocity estimate hereby u,, or u,; using two different
methods discussed in Supplementary Fig. S2. By adjusting f3 the Rouse
profile to fit with the measured sediment mass concentration profile (with a
quality control of R’ value greater than 0.85), we obtain B, from the
observed data that the corresponding particle settling velocity can be back-
calculated via Eq. (2).

In studies of non-cohesive sediment transport, the settling velocity can
be estimated by a widely used empirical formula as follows™**:

w, = di (, /10.36D? + 1.049D3 — 10.36), 3)
m

where D is the dimensionless grain size,
D« =[(p, — p,)/pP, - (g/ )Y *d,, g is the gravitational acceleration, v is
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Fig. 3 | Scatterplot of Rouse number (B,) estimated from Rouse profile-fits of
SSC vs Rouse number (f,nq and fg,c) estimated by friction velocity (u+) and
settling velocity (ws). 8,4 is estimated by w, /(ku«) with w, determined by classic
formula with non-cohesive sediment density, where dark gray circles and light gray
squares are ux estimated by methods of eddy covariance (u+) and log-profile-fits
(u+p ), respectively. The blue circles are 3 . calculated using u«j and w, with effective
density estimated by LISST and OBSs (cohesive sediment, to be discussed latter).
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Fig. 4 | Averaged particle size distribution measured by the two LISSTs. The
distribution is quantified by the particle volumetric concentration in each size class
bin normalized by the bulk volumetric concentration. The vertical black solid and
dashed lines signify the diameters of 36 um and 133 pm.

the kinematic viscosity of seawater (m*s™"), p, = 1030kgm™ is seawater
density, and the density for non-cohesive sediment is specified to be
p, =2650kg m™>. Using the non-cohesive sediment settling calculated via
Eq. (3) and measured friction velocity (u,; or u,;), the resulting Rouse
number B ,; does not agree with the obtained 8 ; ; from the measured data
(Fig. 3). In fact, 8,4 is larger than f3,; with a factor ranging from 1.34 to
17.34 and a mean value of B, /B =393 +2.22 (R* =0.27), suggesting
that the estimated settling velocity using Eq. (3) for noncohesive sediment is
much larger than the measured value and most likely due to using a non-
cohesive sediment density of p,=2650 kg m ™. Results reported here are
similar to those presented by Lamb et al.”” who used a similar method to
argue that the sediment measured in fluvial environments is flocculated.
Using u- and w, estimated with an effective density directly calculated from
LISST and OBSs, the resulting f; . agrees better with S
(Baoe/ Bops= 1.24 £ 046, R* = 0.29). The reminder of this paper will explain
how the effective density is calculated from the measured data and the
reason causing the reduced effective density due to flocculation

Unlike non-cohesive sand particles, the density and size distribution of
the flocculated aggregates (flocs) are highly variable in the water column. It has

been reported that there are four-level groups of flocculated aggerates in
coastal water, including primary particles, flocculi, microflocs, and macro-
flocs. The transitions from flocculi to microflocs and from microflocs to
macroflocs are typically defined at 36 um and 133 pm, respectively'”**. From
the PSD quantified by the normalized volumetric concentration in each size
class bin (Fig. 4), it is clear that there were more flocculi and smaller microflocs
(particle diameter < 90 um) in the lower water column as measured by LISST1
(20 cm above the bed). Remarkably, LISST2 located at 40 cm above the bed
measured more macroflocs and larger microflocs (particle diameter > 90 pum)
than those at LISST1. The existence of larger-sized particles higher in the water
column suggests that the densities of those larger particles are much smaller
and reflect the consequence of the flocculation of suspended sediment over the
reef. Moreover, higher turbulence in the bottom boundary layer, closer to the
bed, encourages floc breakup™™* and this qualitatively explains why more
macroflocs may exist higher in the water column.

The effective density of flocs, p,, is defined as follows

Pe=Pr =Py = (PS;PW)PW (4)

51,52,

where p; = m;/V is the density of flocs, p, = =10*. C,,/C, is the apparent
density of ﬂocs In this study, the mass concentrationC,, (rng L") is mea-
sured by the OBS sensors, and the bulk volume concentration C, (uLL™) is
measured by the LISST. Namely, the effective density of flocs can be
obtained using Eq. (4). The settling velocity of flocs, w,, is then calculated by
Stokes’ law™ ™

P8 1
= ree 4q
W= g u )

where p=10"kgm™" s is the dynamic viscosity of seawater.

Figure 5 shows the computed p, and w, as a function of d,,. The
observed p, varied between 100 kg m ™ and 1050 kg m ™ in the size range of
25-100 um (Fig. 5a), which are smaller than that of sand in seawater
(1620 kg m ™, dashed line in Fig. 5a). Statistically significant negative cor-
relations between p, and d,, with r of —0.80 (p < 0.001) are found in the
measured data. This negative correlation signifies the increase of pore space
in the floc, filled with lower-density pore water and OM, as the floc size
increases. The results w computed using Stokes” law (Eq. (5)) are in the
range from 0.2 mm s~ 'to 2 mm s, which is also smaller than that of sand
(dashed line in Fig. 5b). A high correlation between w, and d,, is obtained
with r of 0.89 (p < 0.001) are found for data of LISST1 and 2.

Incorporating self-similar fractal theory with the three-dimensional
fractal dimension denoted as F, the effective density of flocp, scales with
~d" 3 (ref. 54) and hence the scaling relationship for floc settling velocity is
w,~d" 3 (vefs. 55,56). From the measured p, or w, shown in Fig. 5, we can
further estimate F by calculating the slope of the regression lines. For the
regression of all data, we obtain F=2.18 (R* = 0.64 and 0.79 for p, and w,).
Data grouped by size between 60 pm and 70 um, F ranges from 2.26 to 2.28
(dark gray line) for the smaller size group and from 1.75 to 1.81 (light gray
line) for the larger size group with R* = 0.66 and 0.80. Typical F values for
flocs fall within the range of 1.8-2.2 (ref. 36).

The settling velocity calculated by using the Rouse number 8, esti-
mated from the Rouse-profile-fit of measured SSC via Eq. (2) (see Fig. 3) also
agrees with the settling velocity calculated p, directly estimated from the
measured data (gray line in Fig. 5b). The computed floc effective density and
settling velocity, as well as the resulting fractal dimension indicates strong
evidence of flocculation over the coastal reef.

Discussion and conclusions

We have presented compelling evidence that suspended sediments on the
algal reef off the coast of Taoyuan in northern Taiwan are flocculated. While
many studies have investigated flocculation in rivers and
estuaries™ > the data presented in this study revealed and quantified
the flocculation characteristics of suspended sediment in reef environments.
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Fig. 5 | Floc characteristics as a function of mean particle (floc) diameter, d,,,.

a Effective density, p,, and b settling velocity, w,. The gray lines are fitting curves for
the data of LISST1 and 2; the dashed black line in (a, b) is the p, and w; of sand. The
purple stars are the w, estimated from Eq. (2) using 8 calculated by fitting the
measured data with the Rouse profile.

The observed effective densities and settling velocities of flocs are much
smaller than those of non-cohesive sediments, and strongly correlate with
mean diameters of flocs with a fractal dimension clearly decreasing for larger
microflocs and macroflocs.

Flocs observed in the field are of high porosity, three-dimensional
structures that contain low-density OM and seawater™”. While the evi-
dence of flocculation is established at this particular algal reef site, it is
important to address the main cause of flocculation so that the findings
can be generalized. Floc formations are typically due to the presence of
functional groups from clay minerals in saltwater and transparent exo-
polymer particles (or more generally the extracellular polymeric
substance)”. We used X-ray diffraction analysis to analyze the sediment
samples and found that the proportion of clay minerals was relatively
small (about 3%, Supplementary Fig. S3). From the data using the weight
loss on ignition method in the Exp2, the weight proportion of the OM to
total suspended matter was found to be about 12-36% in the study site.
This is consistent with the microscope image (see Fig. 2) showing that
OMs would form a sticky substance with transparent exopolymer
particles™” and connect mineral particles. Figure 6a shows that the
effective density negatively correlates with the OC with a high sig-
nificance (r= —0.86, p < 0.001); moreover, the mean floc diameter posi-
tively correlates with the OC (r =0.60, p =0.004, Fig. 6b). The results
suggest that when the OC increases, the stickiness increases and
encourages flocculation®, leading to a greater reduction in the effective
density (Fig. 6a). The increase in OC and stickiness also results in a
weaker increase in the mean diameter of suspended sediment, consistent
with the data reported by Ye et al.”’ that an increase in the OC can reduce
the effective density, whereas the increase in particle size is less pro-
nounced. Due to the competing effect between effective density and floc
diameter, the dependence of settling velocity on mean floc diameter is

1500 , , , ,
—~ © (a)
@ O
£ 1000 | o) 1
(@))]
~ @%
o 500 @c%o 1
Q
0
60
£ ol (b) |
I O O |
bE 20 o
O I I I I
1 , , , ,
@ 08] (€)1
€ 06 % Q <
®O
ém 0.4 o} 630%%%
2 02! o © ]

OC (%)

Fig. 6 | Floc characteristics as a function of organic content, OC. a Effective
density, p,, b mean diameter, d,,, and c settling velocity, w,. The data is obtained in
the Exp. 2.

weak (Fig. 6¢) as we obtain a low correlation (r= —0.18, p = 0.42). With
the dominance of OM, the settling velocity is around 0.2-0.6 mms".
The simultaneously measured PSDs at two different vertical locations
show higher volume concentrations in the size range of macroflocs in the
upper water column, while the overall mass concentration is lower. This
directly infers a reduction of mineral constituents in macroflocs, or in other
words, a much lower effective density compared to the microfloc counter-
part. The observed PSDs show a non-unimodal peak distribution, resem-
bling the result of interactions among multiple modal peaks®*******%%! This
pattern is not characteristic of the fractal behavior typically seen in uniform
mineral flocs. The flocculation observed here is primarily promoted within
the size range of larger microflocs and macroflocs, with OM playing a crucial
role in the growth of flocs (Figs. 4 and 6). The aggregation of macroflocs
likely involves using flocs in the microfloc size range as fundamental con-
stituent particles”. This can be explained by the polymer bridging
mechanism formed by an extracellular polymeric substance in the OM*®".
These constituent materials of OM include various biologically produced
components, leading to complex bio-physical interactions™ and exhibiting
size-independent behavior®. In environments influenced by OM, the growth
of macroflocs is primarily determined by the nutrient-dependent growth
rate and carrying capacity, which is dictated by primary production as a
seasonal function of nutrients, light, temperature, and other factors, and
influenced by OM, turbulence, and the maximum size of microflocs,
respectively' ****’. Moreover, the observed effective density decreases as the
flocs grow, with a fractal dimension which is clearly smaller for larger flocs
(Fig. 5). These results suggest that flocs grow in a pseudo-fractal manner,
dependent on constituent materials produced by OM. This complexity
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causes the observed flocculation process on the reef to deviate from the
predictions of fractal theory for uniform mineral flocs®".

Laboratory studies”**** and field observations in estuaries and
nearshore waters ™ have shown that bio-cohesion greatly enhances the
stickiness that promotes macrofloc formation and alters the PSD, effective
density, and settling velocity. Our findings provide field evidence that OM
plays a crucial role in the physical flocculation process and the growth of
flocculated sediments. These results support that applying classical fractal
theory may be insufficient to fully capture the complexity of the flocculation
mechanism®®'. The results provide unique and rare field evidence on the
occurrence of cohesive sediment flocculation on a coastal reef due to the
dominance of bio-cohesion. Since flocculation with bio-cohesion changes
how the settling velocity is estimated, more extensive future research is
anticipated to improve the predictions of sediment transport in organic-rich
reef environments.

In the algal reef environment, algae™, SSC, and hydrodynamics' all
exhibit seasonal variations. In addition to biological factors that depend on
the season, changes in turbulence production in reef environments, caused
by mechanisms such as wave-breaking and colony-scale enhanced wakes,
may alter boundary-layer-generated turbulence. This, in turn, could affect
the adhesion mechanisms between microflocs and macroflocs in our study.
Similar to other field studies showing seasonal variations in floc
dynamics™®, future studies are needed to explore potential seasonal var-
iations in OC and floc characteristics on the reef.

Methods

Instrumentation and setup

The main experiment and the supplemental experiment are a result of a real-
time and long-term monitoring project initiated in 2019"*. Four 6M-Hz
acoustic Doppler velocimetries (ADV, Nortek Vector) were mounted in a
vertical array to measure the tides, waves, currents, and turbulence as shown
in Supplementary Fig. S1. Two ADCPs (Nortek Signature 1000) were
installed up-looking and down-looking on the reef seabed near the ADV
array, respectively.

The sediment mass concentration, C,, (mg L"), was measured using
four optical backscatter sensors (OBS, Campbell Scientific, OBS-3+-, and
ClariVUE10) that were oriented sideways with ADVs. Two LISST-200x
submersible laser diffraction particle size analyzers (Sequoia Scientific), as
shown in Supplementary Fig. S1, measured 36 size classes of particle volume
concentration denotes C,; (uL. L") and their summation is the bulk volume
concentration, C, (L L™"). A more detailed discussion of the instruments,
data processing methods, and results is provided in Supplementary Fig. S4.

A total of 21 data samples were collected in the supplemental experi-
ment (Exp2). Some of the water samples were immediately observed and
photographed on-site using a microscope, while others were analyzed in the
laboratory using the weight loss on ignition method. The marine samples
(2.05 L) were diluted with deionized water to remove salt, and heated at
105 °C for 12 h to remove the moisture and obtain the total mass of sus-
pended particulate matter (organic and inorganic content). The samples
were then heated at 550°C for 12h to obtain the mass of the
inorganic content™*. The OC (%) is defined as the ratio of the weight loss
using the ignition method from 105 °C to 550 °C, divided by the total weight
at 105 °C.

Estimates of friction velocity

Two methods were used to estimate the friction velocities: (1) eddy covar-
iance, and (2) log-profile-fit techniques. The turbulent fluctuations were
obtained using differencing technique®**. The eddy covariance technique
directly uses the decomposed turbulent fluctuations of ADV data to
determine the turbulent Reynolds stresses and friction velocity u, 5. Thelog-
profile-fit technique uses six to eleven (between 0.3 m and 2.54 m above the
bottom, depending on the tidal elevation) points of time-averaged mean
currents, including data from the ADV (ADV2-4) and the two ADCP
measurements to fit the log profile and obtain the corresponding friction
velocity u,;. To ensure a well-defined logarithmic region over the

measurement points used in the fit, only profiles with an R* value greater
than 0.9 were included in the analysis. More descriptions and results of the
Log-profile-fit technique are provided in Supplementary Fig. S2.

Hydrodynamic data

Supplementary Fig. S5 presents an overview of the measured time series of
several important quantities during the experiment period. The variation in
the local water depth, h, is mainly caused by the semidiurnal tide (Supple-
mentary Fig. S5a). Note that data with a water depth of less than 0.9 m were
excluded because the highest instrument was positioned at 0.7 m. The sig-
nificant wave heights, H,, computed using pressure data, vary from 0 m to
1.5m (Fig. 2b). Considering the wave breaking index Hy/h =0.42, results
indicate that the observed data are mostly under non-breaking waves. Only a
few data during high waves on May 1st and 16th may be affected by weakly
spilling breaking waves. Measured time series of the depth-averaged mean
current intensity, U, is highly correlated with water level driven by the semi-
diurnal tide (compare Supplementary Fig. S5a, c). This is consistent with
Delft-3D numerical modeling to study the effects of wind, waves, and tides on
driving the coastal currents®, which shows that the measured coastal currents
are mostly due to tides because of the strong tidal currents in the Taiwan
Strait. The currents are toward the west direction during flooding tides and
then switch toward the east-south-east direction during ebbing tides at the
study site. The wave-induced velocities (Fig. la) were estimated by
the representative root-mean-square near-bottom velocity, u;,, using linear-
wave theory for spectral waves*”". The ratio between u;, and U, ranges from
0 to 22 with a mean of 2.9 and std of 2.55 and the wave-induced motions are
greater than the mean current velocity due to the energetic shallow water
condition.

Data availability
The data are available at: https://doi.org/10.6084/m9.figshare.27289275.
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