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Abstract The floc size distribution (FSD) is crucial to predict cohesive sediment dynamics in aquatic
environments. Recently, increasing attention has been given to biofilm effects on the FSDs of suspended
particles since the presence of biofilms on particle surfaces may lead to larger flocs and thus higher settling
velocities. In this study, results from a settling column experiment conducted by Tang and Maggi (2018;
https://doi.org/10.1002/2017JG004165) under nutrient‐free and biomass‐free, nutrient‐affected and
biomass‐free, and nutrient‐affected and biomass‐affected conditions, with different suspended sediment
concentrations, shear rates, and nutrient concentrations, have been used to validate modeled FSDs that is
based on the population balance equation solved by the quadrature method of moments. In addition to the
processes of aggregation and breakage, the effects of biofilm are expressed in the growth term of the
population balance equation. The logistic growth pattern is used to account for an increase in biomass,
which is primarily controlled by the specific growth rate and the carrying capacity. In this study, the biofilm
growth rate is assumed nutrient dependent, and the carrying capacity of floc size is hypothesized to be
proportional to the Kolmogorov microscale. With eight size classes to interpret a simulated FSD, the
predicted and observed FSDs exhibit a reasonable match for all nutrient‐free and biomass‐free, nutrient‐
affected and biomass‐free, and nutrient‐affected and biomass‐affected conditions. This simplified
bioflocculation model fills the gap between the simulations of the FSDs of cohesive sediments without and
with biofilms and has the potential to be included in large‐scale models in the future.

Plain Language Summary In estuaries or adjacent coastal regions, the transport of suspended
sediment is responsible for many environmental and engineering issues, for example, siltation and
dredging in navigation channels and harbors, water quality, water clarity, pollutants transport, and
ecosystem responses. Suspended sediment particles can flocculate and thus can form aggregates with size,
shape, density, and settling velocity largely different from the building particles. A challenge to predict the
particle behaviors originates from a lack of flocculation models that are able to address the variations in
floc size distributions. The aim of this study is to develop a flocculation model that includes besides the
“classical” aggregation and breakage driven by turbulence also a biological process, which is biofilm growth.
The biofilm growth and its impact on flocculation and thus floc size are simulated in a similar way as the
growth of microbes but with different growth rates. The model is validated with laboratory experiments that
have shown that the sizes of flocs made solely with sediment particles largely increase when incubated
microbes are present. This model provides a sound basis to simulate the behavior of natural particles
(minerals, organic, and biological particles) and particles from human origin (plastics) in future
environmental risk assessment studies.

1. Introduction

Biofilms are easily found on moist organic (e.g., decaying leaves and wood) or inorganic (e.g., submerged
rocks, suspended particles, and plastic debris) surfaces. They are a collection of microorganisms (such as
bacteria, algae, fungi, and protozoa) embedded in a matrix of exopolymers or extracellular polymeric sub-
stances (EPSs; Branda et al., 2005), with the term “film” referring to bacterial adhesion, aggregation, and
multiplication on surfaces (Hoiby, 2017). If biofilms are referred to as the “city of microbes” (Watnick &
Kolter, 2000), the EPSs represent the “house of biofilm cells” (Flemming et al., 2007). The microbes live
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on the energy or nutrients from other surrounding microorganisms (Prakash et al., 2003), while the EPSs,
which contribute 85–98% of the organic matter of biofilms (Flemming, 1998), can trap various organic
and inorganic particles and cells such as clay, silica, debris, humic substances, and diatom cells
(Riebesell, 1991).

In open‐water environments, the structured biofilm communities and the secretion of EPS are a microbial
adaption for ocean systems (Decho & Gutierrez, 2017). Besides biofouling (e.g., Barton et al., 2008;
Delauney et al., 2010; Kerr et al., 1998; Metosh‐Dickey et al., 2004; Zobell & Allen, 1935), biofilms are signif-
icantly highlighted for their influences on ecosystem health such as food web support (e.g., Saint‐Béat et al.,
2014), carbon and nutrient cycling (e.g., Ziegler & Lyon, 2010), photosynthetic activities (e.g., Lefebvre et al.,
2011), or in determining the fate of pollutants (e.g., Quigg et al., 2016). These environmental impacts are
related to the dynamics of biofilm‐associated cohesive aggregates. This is because single cohesive particles
are seldom present in the water columns but appear as flocs (or aggregates). During the formation of mud
flocs, nutrients are adsorbed that feed species such as invertebrates in the food web. The occurrence of flocs
reduces the water turbidity as compared with the constituent particles (Downing, 2006; Gibbs & Wolanski,
1992); as a result, more light is available for photosynthesis. Thus, biofilms and their excretions surrounding
sediment particles considerably influence the particle sizes, shape, densities, roughness, porosities, and their
settling velocities and optical signatures (Decho et al., 2003; Fettweis & Baeye, 2015; Zhao et al., 2012). At the
first stage, biofilms have appeared when free‐floating microorganisms collide and take roots on the surface
of suspended sediment particles. This attachment is then strengthened since the microorganisms excrete
slimy EPS as biological glue, which are mainly composed of polysaccharides, proteins, extracellular DNA,
and lipids (Jachlewski et al., 2015). After that, the biofilms begin to grow, with their growth rate depending
on various parameters such as nutrients, oxygen, temperature, and turbulence. During this stage, the bio-
films act against UV (ultraviolet) light and toxic antibiotics as protective barriers of the microbes (Prakash
et al., 2003). Finally, biofilm cells may also leave the surface and establish themselves in a new niche.
Detachments of biofilms can be caused by hydrodynamics, predator grazing, nutrient availability, and che-
mical toxins (Huang et al., 2013).

In this study, attention is given to the substrates of cohesive particles (clay and silt), which have significant
impacts on both engineering issues such as channel siltation (e.g., Fettweis et al., 2016; Guo et al., 2017; Song
& Wang, 2013) and ecological issues such as contaminant transport (e.g., Cheng et al., 2015; Droppo et al.,
2016; Li et al., 2017). Previous work has largely focused on biofilm effects on sediment stability and erodibil-
ity (e.g., Chen et al., 2017; Droppo et al., 2016); nevertheless, biofilms in suspended sediment particles also
have considerable influence on fine sediment aggregation in coastal and estuarine environments. And this
may lead to predictions of biased floc size distributions (FSDs) by numerical models, and thus biased settling
velocities and deposition rates notably during spring and summer algae bloom periods when microorgan-
isms are highly activated. Due to the complexity of biological effects, most numerical models only account
for the mineral fraction. Examples of this approach include the one‐class population balance equation
(PBE) by Winterwerp (1998), the two‐class model by Lee et al. (2011), the three‐class model by Shen, Lee,
et al. (2018), and multiclass models such as by Maggi et al. (2007) and Shen and Maa (2015, 2016a, 2017).
One exception isMaggi (2009), where the organic and inorganic fractions of aggregates are represented using
two single‐class equations with an additional growth term to identify biomass coating, which is among the
early contributions to illustrate the effects of microorganism on particle aggregation. Nevertheless, the entire
FSD curve cannot be properly displayed with only one size class. Other dynamic mechanism‐based models
(such as Langevin dynamic model, Stokesian dynamic model, and Lattice Boltzmann model) that can reveal
bioflocculation processes on a microscale but at the current stage cannot be applied in large study domains
are reviewed by Lai et al. (2018).

On the other hand, experimental FSD data are valuable to validate any flocculation model. To simplify the
flocculation environments, clean sediments are often employed in laboratory experiments (such as in the
mixing chambers or the settling columns) in a first step to investigate the FSDs under different hydrody-
namic conditions (e.g., Keyvani & Strom, 2014; Shen & Maa, 2016b, 2017; Tran & Strom, 2017). Both unim-
odal (e.g., Maggi et al., 2007) and multimodal (e.g., Van Leussen, 1994) FSDs are observed in the
experiments. In general, the representative size of the FSD increases with increasing suspended sediment
concentration (SSC). For shear rate, an increase in size is observed up to a so‐called optimum shear rate,
further increase results in breakage of the flocs (Dyer, 1989); nevertheless, there is another explanation
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that the optimum shear rate is just the lowest shear that can keep larger flocs in suspension and shear always
lead simultaneously to both collisions (which promote growth) and breakup (Zhang et al., 2019). Recently,
Tang andMaggi (2016) have carried out a settling column experiment to determine the FSDs of nutrient and
biomass‐affected kaolinite suspensions under shear dominant conditions. A biogeochemical model was later
adopted by Tang and Maggi (2018) to mimic the nitrogen cycle in suspended sediments. The purpose of our
study is to predict the equilibrium or quasi‐equilibrium FSDs (rather than only the representative sizes of the
FSDs) of cohesive sediments, including the processes of aggregation, breakage, and biomass growth, by
using a quadrature‐based multiclass PBE and the observed FSDs and the measurements of time evolutions
of nitrate and ammonia in Tang (2017)’s experiment. The rest of this paper is organized as follows. The floc-
culation model is described in section 2, with the biofilm growth term addressed in the PBE source and sink
terms. In section 3, the experiments and materials to validate the model are briefly introduced. Results and
discussion are presented in sections 4 and 5, respectively, and the concluding remarks are delivered in
section 6.

2. Flocculation Model
2.1. Governing Equation

The PBE is essentially a conservation equation on the number density n (ξ, t) of aggregates by a single or a
combination of properties ξ at time t, in which ξ can be various internal features of the particles such as size,
density, mass, volume, shape, and composition. In this study, the number density function defined based on
particle size L (i.e., ξ= L) is focused on (e.g., Maggi et al., 2007; Shen &Maa, 2015; Winterwerp, 1998), since it
is the fundamental property to provide critical clues of the floc settling and organisms attaching. After
neglecting advection, diffusion, and settling, the governing equation of PBE in terms of the number density
n (L, t) of flocs with size L and at time t in a homogenous system can be expressed as (Marchisio, Pikturna,
et al., 2003):

∂n L; tð Þ
∂t

¼ −
∂
∂L

GL L; tð Þ ⋅ n L; tð Þ½ � þ A L; tð Þ þ B L; tð Þ; (1)

in which GL(L, t) is the growth rate (in units of meter per second) and A(L, t) and B(L, t) are the aggregation
and breakage source and sink terms, respectively.

It is crucial to note that although flocs are in many models assumed to mainly be composed of clay or silt‐
sized minerals, the nutrients and ambient microorganisms are ubiquitous in the water column (Figure 1).
Phytoplankton and bacteria concentrate on the surface or interspace of the flocs, uptake the attached nutri-
ents, and release EPS to form biofilms. The growth rate GL(L, t) in equation (1) describes nonparticulate sub-
stances that are added to the surface of a particle (Shen, 2016) with the term “growth” actually referring to
biofilm growth that should be distinguished with the term “aggregation” in this study. The net increase in
floc size due to biofilm effects is assumed to follow the logistic growth pattern (Tsoularis & Wallace, 2002;
Maggi, 2009; Kucharavy & De Guio, 2015; Shen, Toorman, et al., 2018):

GL L; tð Þ ¼ η ⋅ L ⋅ 1−
L
K

� �
; (2)

where η is the relative growth rate (in per second), although the word “relative” sometimes is omitted, which
may nevertheless result in confusion of terminology, and K is the carrying capacity of the environment. The
growth term is originally used to model crystallization of a homogeneous chemical species, like calcium
crystallization in a calcium‐dissolved solution. In our case, it is assumed that the biomass‐sediment floccula-
tion system is homogeneous, since it has the same building blocks. In other words, the heterogeneity is con-
sidered a property of the stable biomineral primary particles (Maggi, 2009). Based on equation (2), for a pure
growth process (i.e., no aggregation or breakage) with fixed η and K, L(t) simply increases monotonically to K
if the initial value L0 < K, while L(t) declines monotonically to K if L0 > K (see curves (i) to (iv) in Figure 2a).
Besides, the growth rate dL/dt has its maximum value at L = K/2 regardless of different L0 (see curves (i) to
(iv) in Figure 2b).

The relative growth rate η determines the time for L to approach K. On one hand, a larger η approaches the
steady state K much faster; on the other hand, the growth rates dL/dt, although they also reach the local
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maximum at L = K/2, have larger values for a larger η if L < K (see curves (i), (v), (vi), and (vii) in Figures 2a
and 2b). In reality, however, the relative growth rate is often not a constant and is instead taken to be a
function of the available nutrients according to the Monod equation (Monod, 1949)

η ¼ ηmax
N

Km þ N
; (3)

where ηmax is the maximum specific (relative) growth rate, Km is the half‐saturation concentration, and N is
the nutrient concentration. Note that the nutrient concentration, more clearly, the concentration of dis-
solved inorganic nitrogen (DIN), can be estimated by the summation of nitrate (NO3

−) and ammonia
(NH4

+).

The carrying capacity K in equation (2) describes the maximum floc size under a specific environment and is
assumed to be proportional to the Kolmogorov length scale λK and relatesKwith the energy dissipation rate ε
and the fluid kinetic viscosity ν:

Figure 1. Schematic diagram of flocculation processes of cohesive sediments in typical aquatic environments. The time
evolutions of floc size distributions are attributed to the processes of aggregation, breakage, and biofilm growth.

Figure 2. (a) An example of time variations of a particle with size L under shear rateG= 80 s−1 for the logistic growth (i.e.,
without aggregation and breakage effects) with the following parameter values: (i) Reference curve for biomass growth
rate η= 1.0 × 10−4 s−1, initial particle size L0 = 8 μm, and carrying capacity coefficient γF= 1.0; (ii) η= 1.0 × 10−4 s−1, L0
= 40 μm, and γF= 1.0; (iii) η= 1.0 × 10−4 s−1, L0 = 80 μm, and γF= 1.0; (iv) η= 1.0 × 10−4 s−1, L0 = 150 μm, and γF= 1.0;
(v) η= 2.0 × 10−4 s−1, L0 = 8 μm, and γF= 1.0; (vi) η= 5.0 × 10−5 s−1, L0 = 8 μm, and γF= 1.0; (vii) η= 2.0 × 10−5 s−1, L0
= 8 μm, and γF= 1.0; (viii) η= 1.0 × 10−4 s−1, L0 = 8 μm, and γF= 1.2; (ix) η= 1.0 × 10−4 s−1, L0 = 8 μm, and γF= 0.8; and
(x) η= 1.0 × 10−4 s−1, L0 = 8 μm, and γF= 0.6. (b) Plots of growth rate dL/dt versus particle size L for the above conditions.

10.1029/2018JC014493Journal of Geophysical Research: Oceans

SHEN ET AL. 4101



K ¼ γF ⋅ λK ¼ γF ⋅ ν3=ε
� �1=4

; (4)

in which γF is an coefficient accounting for other impacts that will influence K. In fact, the Kolmogorov
length scale controls the ultimate floc size (Keyvani & Strom, 2014; Van Leussen, 1988). For example, in
our measurements at Belgian coast, the Kolmogorov scale is always larger but proportional to the floc sizes
L. Therefore, we set Kolmogorov length scale as a bound on the upper size limit of the flocs. An increment of
the carrying capacity coefficient γF results in an increase in the carrying capacity K, and vice versa (see
curves (i), (viii), (ix), and (x) in Figure 2a). The growth rates dL/dt are larger against a larger γF, and the max-
imum values of dL/dt are different since the values of γF, and thus K/2, are altered accordingly. Without a
deep understanding of the behavior of the microbes and the nutrient cycling, γF = 1.0 is assumed at present.

The number of flocs with size Lmay increase when two smaller particles collide and attach to each other or
may decrease when flocs with size L collide with other particles and create aggregates with size larger than L
(Figure 1). Thus, the aggregation source and sink terms A(L, t) can be written as

A L; tð Þ ¼ L2

2
∫
L

0

β L3−λ3
� �1=3

; λ
� �

⋅α

L3−λ3
� �2=3 ⋅ n L3−λ3

� �1=3
; t

� �
⋅ n λ; tð Þ

2
4

3
5dλ

−n L; tð Þ∫∞0 β L; λð Þ ⋅ a ⋅ n λ; tð Þdλ;

(5)

in which λ has the same dimension as L. The collision frequency β for two particles with size L and λ can be
determined by equation (6) for a shear dominant environment (Camp & Stein, 1943):

β L; λð Þ ¼ G
6

Lþ λð Þ3; (6)

in which the shear rate G can be expressed by

G ¼
ffiffiffiffiffiffiffi
ε=ν

p
: (7)

The shear rate determines also the carrying capacity K for biomass growth through equation (4). The
aggregation correction factor α is a model fitting parameter accounting for particle geometry corrections
β0 (β0 ¼ βnf =β in which the collision frequency β for spheres is expressed by equation (7) and βnf is the

collision frequency for fractal particles), contact efficiency E0 (E0 ≤ 1), and attachment probability α0
(α0 ≤ 1) and can be written as α = β0 ⋅ E0 ⋅ α0 (Shen & Maa, 2015). Note that for two particles with
volume 1,000 times different (i.e., vj/vi = 1000), β0 may be in order of 10 for nf ≈ 2.0 and in order of
102 for nf ≈ 1.5 (Jiang & Logan, 1991; Lee et al., 2000). Thus, the correction factor α could be larger than
one for fractal particles.

The breakage source and sink term B(L, t) in equation (1) describes the birth of flocs with size L from the split
of a larger particle and the decrease of the number of flocs with size L due to the breakage of the floc itself.
Thus, the term B(L, t) can be formulated as

B L; tð Þ ¼ ∫
∞
L a λð Þ⋅b Ljλð Þ⋅n λ; tð Þdλ−a Lð Þ⋅n L; tð Þ; (8)

in which a is the breakup frequency function (Winterwerp, 1998)

a Lð Þ ¼ Eb ⋅
μ
Fy

� �1=2

⋅G3=2 ⋅ L ⋅
L
lp
−1

� �3−nf

; (9)

where Eb is a breakage fitting parameter, μ is the fluid dynamic viscosity, Fy is the floc strength, lp is the
representative size of primary particles, and nf is the fractal dimension. Possible improvements of equa-
tion (9) can be found in Kuprenas et al. (2018).

Moreover, the fragmentation distribution function b(L| λ) illustrates the distribution of the resulting daugh-
ter particles after a parent particle λ is destroyed. The binary (equation (10)), ternary (equation (11)), and
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uniform (equation (12)) distributions may be selected based on the observed FSD under different conditions
(Shen & Maa, 2016a).

b Ljλð Þ ¼ 2 L ¼ λ=21=3

0 otherwise

(
; (10)

b Ljλð Þ ¼
1 L ¼ λ⋅ 1=2ð Þ1=3

2 L ¼ λ⋅ 1=4ð Þ1=3
0 otherwise

8><
>: ; (11)

b Ljλð Þ ¼ 6L2=λ3 0<L<λð Þ: (12)

Notice that the binary breakup accounts for a parent particle λ breaking up into two particles with volume
ratio 1:1, the ternary breakup represents a parent particle λ splitting into three smaller particles with volume
ratio 1:1:2, and the uniform breakage describes the daughter particles with any size (0, λ) having the
same number.

2.2. Solution Method

The quadrature method of moments is adopted to solve the governing equation (equation (1)), with the
growth rate given in equation (2), and the aggregation and breakage terms expressed by equations (5) and
(8). Providing that the FSD is represented by a series of delta functions (McGraw, 1997),

n L; tð Þ ¼ ∑
Nd

i¼1
wi tð Þδ L− Li tð Þ½ �; (13)

in which Nd is the number of size classes and Li and wi (i = 1, 2, … , Nd) are the representative size and the
corresponding weight of each class; the FSD information can be stored in its moments defined by

mk=p ¼ ∫
∞
0 Lk=pn L; tð ÞdL ¼ ∑

Nd

i¼1
wiLi

k=p; (14)

in which p is the adjustable factor andmk/p is the (k/p)th‐order moment of the number density function n(L,
t). Note that the regular momentsm0,m1 (i.e., k = p), andm2 (i.e., k = 2p) are proportional to the total num-
ber, length, and surface area, respectively. In particular, the moment m3 (i.e., k = 3p) represents the total
solid volume of the flocs (V), which implicitly consists of two sections: the mineral solid volume (VM) and
the biomass volume (VB; Maggi, 2009). The number based mean size d1,0 can be calculated as d1,0 =m1/m0.

By applying the moment transformation (equation (14)) for the governing equation (equation (1)), the
moment equation can be simplified to (Shen & Maa, 2015; Su et al., 2007):

∂mk=p

∂t
¼ 1

2
∑
Nd

i¼1
ωi∑

Nd

j¼1
α Li; Lj
� �

⋅β Li;Lj
� �

⋅ωj⋅ Li3 þ Lj
3

� � k3p
−∑

Nd

i¼l
Li

k=pωi∑
Nd

j¼1
α Li;Lj
� �

⋅β Li;Lj
� �

⋅ωj þ ∑
Nd

i¼1
aibi

k=pð Þ
ωi−∑

Nd

i¼1
Li

k=paiωi

þk
p
∑
Nd

i¼1
wi⋅GL Lið Þ⋅Li k=pð Þ−1;

(15)

in which

bi
k=pð Þ ¼ ∫

∞
0 Lk=pb Ljλð ÞdL: (16)

It is essential to note that with the assumption of binary (equation (10)), ternary (equation (11)), and uniform

(equation (12)) breakup, the integral in bi
k=pð Þ

can be expressed by equations (17), (18), and (19), respectively
(Shen & Maa, 2016a).
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bi
k=pð Þ

Lð Þ ¼ 2 3−k=pð Þ=3Lk=p; (17)

bi
k=pð Þ

Lð Þ ¼ Lk=p 2
−k
3p þ 21−

2k
3p

� �
; (18)

bi
k=pð Þ

Lð Þ ¼ 6p
k þ 3p

Lk=p: (19)

At each time t, when the first 2·Nd moments (i.e.,m0,m1/p, …m[2·Nd −1]/p) are available, the FSD can be dis-
played by Nd size groups with their representative sizes Li and corresponding weights wi (i = 1, 2, … , Nd), by
using the Wheeler's algorithm (Wheeler, 1974) to find the eigenvalues and eigenvectors of a real, symmetric
and tridiagonal Jacobi matrix within which the elements are represented by the moments at time (t−dt).
Thus, the moments can be renewed, after the source and sink terms (right‐hand side of equation (15)) are
updated with computed Li and wi. With the adjustable factor p = 3 to alleviate the ill condition of the above
Jacobi matrix, eight size classes (i.e., Nd = 8) are guaranteed to present the equilibrium FSD and thus is used
for all cases in this study. Notice that at t = 0, all particles are assumed concentered around the median size
of primary particles lp (i.e., Nd = 1). The program will spread the initial point distribution to multiclass dis-
tribution by checking both the minimum distance of adjacent sizes and the ratio of minimum andmaximum
weights (Shen & Maa, 2015; Yuan & Fox, 2011).

3. Materials and Methods
3.1. Experimental Setup

The settling column test carried out by Tang (2017) was employed to validate this flocculation model. Thus,
an overview of the experimental conditions from Tang (2017) is presented here to provide context for the
modeling analysis. As shown in Figure 3a, the transparent Perspex column, with a cross‐section of 210
mm× 140mm and a height of 870mm, was divided into three sections: the settling section, the water quality
measuring section, and the FSD measuring section (Tang & Maggi, 2015). All the three sections were filled
with tap water during the experiment. The settling section (140 mm × 140 mm × 600 mm) was the place for
fine sediment suspensions colliding, aggregating, and falling. Oscillating grids were used to generate
approximately isotropic and homogenous turbulence fields with average shear rates ranging from 32 to 96
s−1. The water quality measuring section (70 mm × 140 mm × 600 mm) was partitioned within the settling
section by a vertical separator to provide space for a water quality meter that measures parameters such as
the concentration of nitrate (NO3

−), ammonium (NH4
+), and dissolved oxygen (Tang & Maggi, 2015). A tri-

angular slope at the bottom of this section allowed deposited sediments to transport to the settling section by
turbulence. The FSD measuring section was located at the bottom of the column (210 mm × 140 mm × 270
mm height), separated by a diaphragm with a few 5‐mm sampling holes for flocs passing through.

Tang (2017) tested three different sediment concentrations ck = {0.1, 0.2, 0.4} g/L in the settling column
experiments. For each SSC, seven different sediment types were used under the broader categories of (i)
nutrient‐free and biomass‐free (NFBF); (ii‐iv) nutrient‐affected and biomass‐free (NABF), with NH4NO3

concentrations 1.5, 3.0, and 6.0 mM; and (v‐vii) nutrient‐affected and biomass‐affected (NABA) conditions,
also with the above NH4NO3 concentrations. The NFBF and NABF samples were prepared using only kao-
linite (type Q38, with primary particles ranging in size from 0.6 to 38 μm), while the NABA samples were
incubated with natural sediment collected from Blackwattle Bay (Sydney, Australia) for 21 days at 21 °C
before the start of the experiments. For each independent condition, the grid oscillation frequency was initi-
ally set so that G = 32 s−1 and then increased every 3 hr according to the following pattern: G = {32, 48, 64,
80, 96} s−1 (Figure 3b). During the FSD measuring period, the grids were temporally stopped to allow the
particles to settle to the image acquisition section. Note that the flocs may have time to grow when the grid
was turned off and when the flocs were measured, which should be noticed in future experiments. The floc
images were acquired by the micro particle image velocimetry (μPIV) system, which consists of an imaging
system and an illumination system that produced image resolutions of 0.375 to 4.435 μm2 per pixel with
magnification ratios ranging from 0.58 to 7. The FSDs around time t = {3, 6, 9, 12, 15} hr before grid fre-
quency changing were thus processed to show the equilibrium or quasi‐equilibrium FSDs under shear rates
G= {32, 48, 64, 80, 96} s−1 for different environments. The reported FSDs as well as their representative sizes
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were adopted to compare with the model predictions. More details can be found in Tang and Maggi (2015,
2016) and Tang (2017).

3.2. Model Setup

For the NABA conditions, the time series of measured DIN concentrations (i.e., concentrations of NO3
− and

NH4
+) for ck = {0.1, 0.2, 0.4} g/L (Figure 4) are used as model inputs to estimate the relative growth rate of

biomass (η). The initial concentrations of NH4NO3 in the beakers before incubation are 1.5, 3.0, and 6 mM
(M = mol/L), respectively. The nutrients are consumed over time and diluted when the incubations are
transferred to the settling column that is filled with 15‐L tap water. For NABF conditions, assuming no
adsorption and no consumption, the final DIN concentration in the column should be 0.1, 0.2, and 0.4
mM. This is, however, not fully met, for example, for ck = 0.4 g/L or for ck = {0.1, 0.2} g/L and an initial
NH4NO3 concentration of 3.0 mM (Figure 4). The effects of ionic concentrations are represented in the
model by selecting different correction factor α. The DIN concentration under NFBF condition is not zero
(<0.1 mM), due to the use of tap water in the settling column.

The maximum specific growth rate ηmax, and thus the relative growth rate η, is set as null for the NFBF and
NABF conditions. For the NABA conditions, ηmax is determined by shifting theD50 (median size) ~ t curve at
NABF condition to the corresponding NABA condition with the same sediment concentration ck and nutri-
ent concentrationN, since the measuredD50 at t= {3, 6, 9, 12, 15} hr for both conditions are available. A con-
stant ηmax is used for all shear rates for the same SSC and nutrient conditions. As typical values in estuaries
and coastal waters, the half saturation parameter Km for DIN is selected as 1.0 × 10−6 M (Maggi, 2009), the
median size of primary particles (lp) is chosen as 8 μm (Tang, 2017), and an averaged fractal dimension (nf) of
2.0 (e.g., Lee et al., 2011; Maggi, 2009; Winterwerp, 1998) is applied for all cases. The breakage coefficient
(Eb) is fixed as 2.0 × 10−5 to make the flocculation intensity based on the aggregation correction factor α,
since Shen and Maa (2016a) indicate that the same ratio of α/Eb will result in the same prediction of

Figure 3. Laboratory system of Tang (2017) for flocculation tests. (a) The experimental facility: (I) the settling section, (II)
the water quality measuring section, and (III) the floc size distribution measuring section. (b) Sequence of shear rates in
the experiments. The shear rates increase every 3 hr by changing the frequency of oscillating grids. The sediments are
incubated before transferring into the settling column for nutrient‐affected and biomass‐affected (NABA) conditions,
whereas the samples are not incubated for nutrient‐free and biomass‐free and nutrient‐affected and biomass‐free
conditions.

10.1029/2018JC014493Journal of Geophysical Research: Oceans

SHEN ET AL. 4105



equilibrium FSD for aggregation and breakage processes. This selection also ensures that the FSD in the
model arrives at equilibrium or quasi‐equilibrium state before the shear rate changes (i.e., within 3 hr).
The errors of predicted and observed FSDs are calculated by (Maggi et al., 2007; Shen & Maa, 2017)

E ¼ 1
2

∑
Nd

i¼1
wi;M−wi;E

		 		� �
; (20)

where∑
Nd

i¼1
wi;M ¼ 1,∑

Nd

i¼1
wi;E ¼ 1, andwMi and wEi are modeled and experimental weights at Li (i= 1, 2,… ,Nd).

Other model parameters and the FSD prediction errors under NFBF, NABF, and NABA conditions are
shown in Tables 1 and 2.

4. Results

In this section, simulation results of the equilibrium or quasi‐equilibrium FSDs for different SSC, shear rates
and nutrient concentrations are compared with the experimental data.
Selected FSD results were shown in section 4.1, and sensitivities of key
calibration parameters were illustrated in section 4.2.

4.1. FSD Predictions

Consider, for example, when the SSC is 0.1 g/L, the predicted FSDs for
shear rateG= {32, 48, 64, 80, 96} s−1, under NFBF, NFBA, and NABA con-
ditions with initial NH4NO3 concentration 3.0 mM, represent a reason-
able match with the observed FSDs (Figure 5a). For NFBF condition,
the FSDs at G = {32, 48, 64} s−1 are predicted using the same parameters

(Table 1), that is, α= 2.1 andbi
kð Þ
for binary breakage, with the FSD under

G = 32 s−1 for calibration and the FSDs under G = {48, 64} s−1 for valida-
tions. For G = {80, 96} s−1, the ternary and uniform fragmentation distri-
bution functions are used, respectively, to fit wider spread FSDs, and thus,
the parameter α is recalibrated accordingly. Note that the mechanism to
describe the daughter particle distribution after a parent floc splitting is

unclear. It is difficult to observe bi
kð Þ
directly, and therefore, bi

kð Þ
is often

determined based on assumptions and validated by fitting the measured
FSD (e.g., Lee et al., 2011; Mietta et al., 2008; Shen & Maa, 2016a). Some
predicted size classes are smaller than the median primary particle size,
lp, especially the size of the first class under G = 96 s−1. For NABF

Figure 4. Time variations of measured dissolved inorganic nitrogen (DIN) concentrations for suspended sediment con-
centrations (a) 0.1, (b) 0.2, and (c) 0.4 g/L, respectively (Tang & Maggi, 2018). For each suspended sediment concentra-
tion, seven kaolinite samples are prepared: (i) nutrient‐free and biomass‐free (NFBF) and (ii–vii) nutrient‐affected and
biomass‐free (NABF) and nutrient‐affected and biomass‐affected (NABA) with initial nutrients 1.5, 3.0, and 6.0 mM,
respectively.

Table 1
Model Parameters, the Predicted Median Sizes (D50P), and the FSD Errors
(E), for the NFBF Conditions Under SSC ck = {0.1, 0.2, 0.4} and Shear
Rates G = {32, 48, 64, 80, 96} s−1

ck (g/L) G (s−1) α bi
kð Þ

D50P (μm) E

0.1 32 2.1 Binary 23.6 0.04
48 2.1 Binary 22.7 0.13
64 2.1 Binary 21.4 0.08
80 2.1 Ternary 13.5 0.06
96 1.0 Uniform 10.1 0.10

0.2 32 1.7 Binary 29.8 0.05
48 1.7 Binary 27.6 0.06
64 1.7 Uniform 18.8 0.13
80 1.7 Uniform 18.0 0.15
96 1.7 Uniform 17.4 0.06

0.4 32 0.8 Binary 29.0 0.06
48 2.9 Ternary 28.6 0.08
64 0.8 Binary 25.4 0.09
80 0.5 Ternary 13.3 0.06
96 0.5 Ternary 12.8 0.11

Note. FSD = floc size distribution; NFBF = nutrient‐free and biomass‐
free; SSC = suspended sediment concentration.
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conditions (Figure 5a), the FSDs under G = {32, 48, 64} s−1 are predicted with binary breakage and α = 2.8,
which is 33% larger than α in NFBF conditions (Table 2). This is most likely due to the electrical double layer
depressed with more ions around that result in a larger probability of attachments (Shaw, 1992; see also

Lintern, 2003; Sobeck & Higgins, 2002). Under G = {80, 96} s−1, again the ternary and uniform bi
kð Þ

are
selected, with the parameter α around two times larger than α used in NFBF cases. For NABA conditions
(Figure 5a), the maximum specific growth rate (ηmax) of flocs is selected as 1.7×10−5 s−1 (Table 2), which

Table 2
Model Parameters, the Predicted Median Sizes (D50P), and the FSD Errors (E), for the NABF and NABA Conditions Under SSC ck = {0.1, 0.2, 0.4}, Nutrient
Concentration N = {1.5, 3.0, 6.0} mM, and Shear Rates G = {32, 48, 64, 80, 96} s−1

NABF NABA

ck
(g/L)

N
(mM)

G
(s−1) α bi

kð Þ
ηmax
(s−1)

D50P
(μm) E

ck
(g/L)

N
(mM) G (s−1) α bi

kð Þ
ηmax
(s−1)

D50P
(μm) E

0.1 1.5 32 3.4 Binary 0 29.9 0.04 0.1 1.5 32 8.5 Uniform 1.5×10−5 35.4 0.11
48 3.4 Binary 27.6 0.08 48 3.8 Binary 35.0 0.11
64 3.4 Binary 26.1 0.14 64 6.2 Binary 43.8 0.10
80 3.4 Uniform 18.0 0.06 80 7.2 Ternary 28.6 0.09
96 3.4 Uniform 17.4 0.09 96 1.0 Uniform 16.0 0.13

0.1 3.0 32 2.8 Binary 0 27.1 0.08 0.1 3.0 32 14.5 Ternary 1.7×10−5 37.7 0.10
48 2.8 Binary 25.6 0.07 48 14.5 Ternary 37.1 0.07
64 2.8 Binary 24.0 0.05 64 2.8 Binary 31.9 0.13
80 6.0 Ternary 19.8 0.11 80 6.0 Ternary 27.9 0.10
96 2.8 Uniform 16.1 0.04 96 2.8 Uniform 24.5 0.09

0.1 6.0 32 3.5 Binary 0 30.3 0.15 0.1 6.0 32 13.5 Ternary 2.0×10−5 37.3 0.14
48 3.5 Binary 28.0 0.11 48 9.0 Ternary 32.1 0.13
64 7.5 Ternary 22.5 0.08 64 9.0 Ternary 32.8 0.10
80 5.0 Ternary 18.4 0.07 80 7.5 Ternary 31.3 0.07
96 3.5 Uniform 17.6 0.05 96 5.0 Ternary 27.6 0.07

0.2 1.5 32 1.8 Binary 0 30.6 0.05 0.2 1.5 32 6.5 Ternary 1.0×10−5 34.6 0.08
48 1.8 Binary 28.4 0.06 48 2.0 Binary 33.9 0.10
64 1.8 Binary 26.7 0.13 64 2.0 Binary 34.1 0.09
80 3.5 Ternary 21.0 0.06 80 2.0 Binary 34.2 0.07
96 3.0 Uniform 21.9 0.09 96 2.0 Uniform 24.6 0.08

0.2 3.0 32 1.8 Binary 0 30.6 0.05 0.2 3.0 32 5.5 Ternary 1.0×10−5 32.7 0.10
48 1.8 Binary 28.4 0.06 48 4.5 Ternary 29.3 0.07
64 1.8 Binary 26.7 0.10 64 2.5 Binary 37.1 0.10
80 3.5 Ternary 21.0 0.08 80 1.8 Binary 32.6 0.10
96 3.0 Uniform 21.9 0.08 96 3.5 Ternary 26.4 0.05

0.2 6.0 32 1.8 Binary 0 30.6 0.07 0.2 6.0 32 8.0 Ternary 1.0×10−5 37.6 0.11
48 1.8 Binary 28.4 0.05 48 7.7 Ternary 35.4 0.08
64 1.8 Binary 26.7 0.09 64 6.2 Ternary 31.7 0.10
80 3.5 Ternary 21.0 0.10 80 2.8 Uniform 26.5 0.04
96 3.0 Uniform 21.9 0.10 96 2.8 Ternary 23.1 0.08

0.4 1.5 32 1.0 Binary 0 32.1 0.08 0.4 1.5 32 2.3 Uniform 1.0×10−5 35.6 0.15
48 2.3 Ternary 26.0 0.08 48 2.3 Ternary 29.1 0.08
64 1.0 Binary 27.9 0.08 64 3.6 Ternary 34.0 0.09
80 4.8 Ternary 31.8 0.07 80 1.2 Binary 35.3 0.10
96 2.3 Ternary 22.6 0.05 96 1.3 Ternary 22.9 0.04

0.4 3.0 32 0.92 Binary 0 30.9 0.08 0.4 3.0 32 3.2 Uniform 1.0×10−5 40.8 0.13
48 0.92 Binary 28.5 0.04 48 3.2 Ternary 32.8 0.10
64 0.92 Binary 26.9 0.10 64 3.6 Ternary 33.3 0.10
80 0.92 Binary 25.7 0.10 80 0.9 Binary 30.8 0.08
96 0.92 Binary 24.7 0.12 96 2.2 Ternary 27.6 0.05

0.4 6.0 32 1.9 Binary 0 31.4 0.05 0.4 6.0 32 12.0 Ternary 1.0×10−5 44.6 0.11
48 4.7 Ternary 26.2 0.12 48 10.0 Ternary 38.9 0.08
64 1.9 Binary 27.3 0.08 64 7.2 Ternary 32.9 0.08
80 1.9 Binary 26.1 0.05 80 3.6 Ternary 25.0 0.09
96 1.9 Binary 25.1 0.08 96 1.0 Binary 24.5 0.06

Note. FSD = floc size distribution; NABF = nutrient‐affected and biomass‐free; NABA = nutrient‐affected and biomass‐affected; SSC = suspended sediment
concentration.
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is roughly 1 order of magnitude smaller than the growth rate of microbes (Maggi, 2009). For the same bi
kð Þ

chosen for NABF and NABA conditions under G = {64, 80, 96} s−1, the same α is used; nevertheless, α is
readjusted for NABA condition under G = {32, 48} s−1 since the ternary breakage is applied instead to
match a wider FSD. The results in Figure 5a also show that the spread of FSDs under low shear is narrow
while under high shear is relatively wide when biofilm is absent; nevertheless, the spread is narrow at
median shear while relatively wide at low and high shear rates when microbes are abundant. In this case,

Figure 5. Examples of predicted floc size distributions (symbols) against measurements (lines) for sediment concentra-
tions of (a) ck = 0.1 g/L and (b) ck = 0.4 g/L. In each subfigure, the rows represent conditions of (i) nutrient‐free and
biomass‐free (NFBF), (ii) nutrient‐affected and biomass‐free (NABF) with N = 3.0 mM, and (iii) nutrient‐affected and
biomass‐affected (NABA) with N = 3.0 mM, and different columns are for shear rates 32, 48, 64, 80, and 96 s−1, respec-
tively. The predicted median sizes D50P are represented for comparison.
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the aggregation correction factor α is often larger than one in this study. This is because the collision
frequency β expressed by equation (6) may be largely underestimated due to their fractal properties,
which should be corrected in α (Shen & Maa, 2015). The median size (D50) of the FSD decreases with an
increase in shear rate, slightly increase with nutrients added, and are remarkably enlarged with incubated
microbes. The errors (E) (equation (20)) of FSDs shown in Figure 5a are between 0.04 and 0.13, which
shows better predictions than E given in Maggi et al. (2007) ranging from 0.11 to 0.21.

Keeping the sameN but increasing ck to 0.4 g/L, the simulated FSDs also agree well with the measured FSDs
for NFBF, NABF, and NABA conditions with various shear rates (Figure 5b). For NFBF conditions, α= 0.8 is
applied under G = {32, 64} s−1 for binary breakup while α = 0.5 is used under G = {80, 96} s−1 for ternary
breakup. Under G = 48 s−1, even the model is recalibrated, it is difficult to address the long tail of FSD curve
for particles less than 10 μm. This part could be improved by selecting a better fragmentation distribution
function in the future. Note that, usually, the same α should be used for all shear rates in similar environ-

ments if the same bi
kð Þ

is selected (e.g., Maggi et al., 2007; Shen & Maa, 2015). Therefore, a value of α =
0.92 with binary breakup are applied for all shear rates under NFBA conditions to represent narrow spread
FSDs throughout (Figure 5b). Although the observed peak floc size is difficult to be accurately captured, it
locates between the simulated L3 and L4. Thus, the deviations of the FSD predictions are not significant.
For NABA conditions (Figure 5b), the maximum specific growth rate ηmax = 1.0 × 10−5 s−1 is imposed for

all shear rates. Then, the daughter distribution functions bi
kð Þ
are changed with the parameter α determined

accordingly. Similar as that shown for NABA conditions in Figure 5a, a narrow spread FSD appears under
median shear (i.e., G = 80 s−1 in this case), while larger spread FSDs are observed under lower or higher
shear rates.

The results also show that in general, the FSDs under NABF conditions for the same ck and G are close,
regardless of the nutrient concentrations. For example, the FSDs under different initial NH4NO3 concentra-

tions are modeled using the same α and bi
kð Þ
(Figure 6), with the maximum FSD error E = 0.13 (Table 2). It

agrees with the observed FSDs in a mixing jar experiment by Shen and Maa (2016b) who use the same curve
to mimic the FSDs under salinity 0.5, 1.0, 2.0, 3.0, 5.0, and 9.0.

4.2. Sensitivity Tests

In order to understand the relationships between various calibration parameters and the model predictions,
the biomass‐affected FSDs under Ck = 0.2 g/L and N = 1.5 mM were further tested, with the best‐fit model

Figure 6. Predicted floc size distributions (symbols) under different shear rates G = {32, 48, 64, 80, 96} s−1 for nutrient‐
affected and biomass‐free (NABF) conditions with SSC 0.2 g/L. The observed floc size distributions (lines) with different
nutrients are close, and thus, they are simulated by using the same parameters.
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used as a reference (see dark solid line shown in Figure 7). The ternary, binary, and uniform breakage
patterns are selected under low, middle, and high shear rates (i.e., G = {32, 64, 96} s−1), respectively, to
better match the spread of observed FSDs. For all shear rates, the predicted FSD curve shifts to the right
(or left) for a larger (or smaller) value of the maximum specific growth rate (ηmax), nevertheless with
nearly no changes of the shape of the FSDs (Figure 7). The example also indicates the growth of flocs to
both mineral particles aggregation and biofilms attachments. The FSDs are more sensitive with the
alteration of ηmax under middle shear with binary breakage (Figure 7b) than the condition under low or
high shear with ternary or uniform breakage (Figures 7a and 7c). Additionally, it is interesting to point
out that the model simulated FSDs are not sensitive with the selections of the carrying capacity coefficient
γF for the cases represented in this study. This is because with a meaningful value of ηmax of the order of
10−5 s, the model does not reach an equilibrium state within the duration of the experiment. In estuary
and coastal environments, however, the flocs could have sufficient time to grow with their upper bound
controlled by both hydrodynamic conditions (by Kolmogorov microscale λK) and other unknown
influences (by coefficient γF).

5. Discussion
5.1. The Necessity of a Biofilm Growth Term in a Flocculation Model

It would also be good to know if the same results (i.e., FSDs and their representative sizes) could have been
produced with the original Shen and Maa (2015)’s model if it were calibrated to the data. The main differ-
ence between both models is that Shen and Maa (2015)’s model does not have the biofilm growth term
(i.e., the last term on the right‐hand side of equation (15)) and thus only deals with clean sediments (i.e.,
η = 0). One experiment with ck = 0.1 g/L and initial NH4NO3 3.0 mM under the NABA condition is selected
in order to investigate the differences in results between both models. In fact, with the correction factors α =
{20.0, 20.0, 7.5, 15.0, 7.5} for shear rates G = {32, 48, 64, 80, 96} s−1, respectively, the FSDs can be reasonably
simulated with the Shen andMaa (2015)’s model with the errors of FSDs ranging from 0.07 to 0.11. However,
α used in their model is significantly larger than α in this study (Table 2). This is because in the Shen and
Maa (2015) model the floc size can only increase due to collision and aggregation, whereas in our model
the aggregates can also grow because of biofilm coating. At current stage, it is difficult to judge if such a large
α in Shen and Maa (2015) model is still meaningful when considering the fractal properties of flocs.

More obvious differences between both models can be shown from the plots of time evolution of the
moments and their representative sizes (Figure 8). In this study, the moments of FSDs arrive at new
quasi‐equilibrium state after the shear rate changes at t = {3, 6, 9, 12, 15} hr (solid lines in Figure 8a). The
third regular momentm3, which represents total solid volume (V= VM+ VB) increases due to biofilm attach-
ments that combine nonparticulate organism within sediment aggregates. In Shen and Maa (2015)’s model,

Figure 7. Sensitivities of the maximum specific growth rate ηmax for floc size distributions under (a) low, (b) moderate,
and (c) high shear rates. The suspended sediment concentration is 0.2 g/L, and the biological effects are included with
nutrient concentration 1.5 mM.
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however, the total solid volume (V = VM) is conserved and unchanged, which results in smaller values ofmk

in their simulations (dashed lines in Figure 8a). The ratio of (VM+ VB)/VM is 2.8 at t= 15 hr in this case, and
in Maggi (2009)’s model, this ratio is approximately 1.5–3.0 for biomineral flocs at the Zeebrugge site.
Additionally, this study shows that the moment m0 (which represents total particle number in
suspension) rapidly drops off to 0.1% of the initial m0 under G = 32 s−1 because of flocculation and then
increases every 3 hr since the increments of shear rate from 32 to 90 s−1 gradually break up large flocs
and release more small particles in the water column, with the floc number m0 finally raises to 1 % of the
initial value under G = 90 s−1. In addition, the moments m1 and m2 follow, while the moment m4 (which
is proportional to the total surface area of particles falling per unit time; see Mehta, 2013) is opposite to,
the tendency of m0 curve, with an apparent jump at t = 6 hr when shear rate changes from 48 to 64 s−1.
After increasing to quasi‐equilibrium state in the first 1 hr, the mean (d1,0) and median (D50) sizes of FSD
are descending as shear rate increases (solid lines in Figure 8b). The predicted and experimental d1,0 and
D50 agree well under shear rate G = {32, 48, 64, 80} s−1 with a maximum error of 12% for d1,0 and 9% for
D50, although it shows a higher prediction under G = 96 s−1. In Shen and Maa (2015)’s simulations, the
d1,0 and D50 reach equilibrium states at t = {3, 6, 9, 12, 15} hr before the shear rates change (dashed lines in
Figure 8b). Notably at t = 9 hr, their model shows a better prediction of d1,0 than D50, while this study
represents a better match of D50 than d1,0. The deviations of d1,0 and D50 indicate that the distribution is
skewed and not normal. Note that since Shen and Maa (2015)’s model cannot address the biological part
of the biomineral flocs, our modeling approach contributed to a simple description of the biofilms
growing on the surfaces of suspended particles in natural environments. Further improvements may be
investigated by including intermolecular forces (e.g., van der Waals force and electrostatic repulsive
attractive force represented by classical or extended DLVO theory; see Derjaguin & Landau, 1941; Van
Van Oss, 2008; Verway & Overbeek, 1948) between mineral particles and biofilms in the correction factor
α or the floc strength Fy (Tang et al., 2001; Zhang et al., 2016). By then, our model has the potential to
better describe the process and better capture the data.

5.2. Floc Size Interpretation: Multiple Classes and Multiple Peaks?

Knowing how many size classes are preferable to interpret a FSD is still an open question. Since our long‐
term target is to implement the flocculation model in large‐scale estuary and ocean models to improve the
predictions of sediment dynamics, using hundreds or thousands of size classes to display a FSD (e.g.,
Vanni, 2000) is not practical. For example, Sherwood et al. (2018) implemented Verney et al. (2011)’s floccu-
lation model in the Regional Ocean Modeling System (ROMS). Even with size classes less than 20, their
application was limited to a one‐dimensional vertical case. Only with reduced size classes (e.g., Lee et al.,
2011; Shen, Lee, et al., 2018; Shen, Toorman, et al., 2018) has it possibly applied for relatively large domains
such as in the Oslo Fjord using the TELEMAC system (http://www.opentelemac.org/).

Figure 8. Time variations of (a) simulated moments of floc size distributions and (b) predicted mean and median sizes (i.
e., d1,0 and D50) against measurements (symbols), for nutrient‐affected and biomass‐affected condition with suspended
sediment concentration ck = 0.1 g/L and nutrient concentration N = 3.0 mM. The observations are also recalibrated by
using Shen and Maa (2015)’s model for comparison (dashed line).
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With a small number of moments, it may be not sufficient to accurately reconstruct the FSDs. For example,
Prat and Ducoste (2006) and Marchisio, Vigil, et al., (2003) tracked particle aggregation and breakage with
three classes. They did not recover the size distributions from themoments, because three classes are not suf-
ficient to show a meaningful FSD. Instead, Shen and Maa (2015, 2016a) indicated that it is reasonable to use
eight classes to recover the FSDs by comparing with both analytical results and kaolinite laboratory experi-
ments. Consequently, although better FSD predictions may be achieved by tracking more moments, only
eight classes are selected in this study considering both accuracy and efficiency.

It is striking that the observed FSDs in Tang (2017)’s experiments, even for NABA conditions, only have one
major peak. This is in contrast with some measured FSDs in biofilm involved experiments that clearly show
multimodal features. For example, Shen and Maa (2016b) have produced bimodal FSDs of kaolinite suspen-
sions with different dosages of guar gum in one of their mixing chamber tests. Multipeak FSDs are also
reported in other studies focusing on the effects of organic substances on montmorillonite flocculation with
cationic (such as chitosan), neutral (such as guar gum), or anionic (such as xanthan) EPS (Furukawa &
Watkins, 2012; Zhang et al., 2013; Tan et al., 2012, 2014; Furukawa et al., 2014). The occurrence of multi-
modality may be because of heterogeneous particle composition, irregular shaped flocs, limitation of floc
size measuring technologies (that refer to spherical particles), and so on. The approaches to better observe
and simulate a multipeak FSD are still underway.

5.3. Limitations and Future Directions

It is critical to note that the logistic model (equation (2)) should be used with care for a wider application in
the field. Biofilms are comprised mainly of bacteria. Some of the bacteria are heterotrophic organisms, for
which the regulating nutrient is dissolved organic carbon instead of DIN. Even for photosynthetic bacteria,
the relative growth rate η depends on not only nutrient concentrations but also photosynthesis. Thus, a light
intensity term should usually be included, except for short‐term laboratory experiments under room light
condition such as used in this study. The change of floc size due to biofilm creation in natural waters may
also relate to temperature and flow disturbance (Concas et al., 2016; Wang et al., 2016). Incorporating all
these impacts into numerical models will significantly increase the model complexity and will make the
model forecast also strongly depending on the predictions of water quality parameters. The use of a simple
biological model as shown in this study may be a good alternative, as it is efficient in solving the bio‐
mediated FSDs. Nevertheless, a comprehensive hydrodynamic‐sediment‐ecological modeling system to
enhance the FSD predictions is still the final target.

Some other studies have focused on the biofilms covering the sediment bed surface (e.g., Droppo, 2009; Fang
et al., 2017; Gerbersdorf et al., 2008; Malarkey et al., 2015), and these biofilms could lead to a situation that
does not increase suspended flocculation. Contrarily, they could decrease floc size and floc formation by
impeding the aggregates and other material being entrained into suspension. Actually, biofilms on and
within both bed and suspended sediments influence nearly all sediment processes notably the settling, ero-
sion, and resuspension. With appropriate consideration of other forcings (tide, wave, wind, and surge; e.g.,
see Brown et al., 2013; Franz et al., 2017; Li et al., 2019; Santoro et al., 2017; Zhang et al., 2017; Zhang et al.,
2018) in estuarine and coastal waters, numerical models considering biofilm effects on aggregates could bet-
ter predict both short‐term sediment dynamics and long‐term morphological evolutions. This study, never-
theless, only focuses on biofilms around suspended sediment particles.

This model may also have the potential to investigate the dynamics of particles introduced by human activ-
ities into the aquatic environment such as microplastics. The transport and fate of microplastics in coastal
waters have received increased attention over the last few years (Rummel et al., 2017). The fact that some
microplastic particles with densities close to water, not only float on the water surface but are also detected
in bottom sediment samples (e.g., Claessens et al., 2011; Coppock et al., 2017; Imhof et al., 2012; Peng et al.,
2017), implies that microplastics are deeply involved in the flocculation processes of fine‐grained sediments,
which are in turn widely hypothesized to be one of the major sinks of the microplastics. It is important to
take into consideration the flocculated minerals and the absorbed microplastics and organic particles that
interact with each other to predict the FSDs (Ogonowski et al., 2018). The particle dynamics associated with
microplastics and natural cohesive sediments are more or less similar, except that fragmentation due to
weathering and waves is an additional mechanism to be considered for microplastics. As a consequence,
further studies are required to understand the multicomposition aggregates (e.g., plastic‐absorbed
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sediment flocs) controlled by various physical transport processes (e.g., advection, diffusion, and wind) and
biochemical reactions (e.g., flocculation, digestion, and weathering; Zhang, 2017).

6. Conclusions

In this study, the PBE is used to model the FSDs of cohesive sediments in aquatic environments, including
the processes of aggregation, breakage, and biofilm growth. The following conclusions are drawn:

1. Besides the aggregation and breakage terms, the effects of biofilm growth are described in the growth
term of PBE. The quadrature method of moments is used to solve the PBE. With the adjustable factor
selected as p = 3, the model is able to represent the observed unimodal FSDs with eight size groups
(Nd = 8).

2. In the growth term, the biofilm growth rate η is assumed nutrient dependent and following the logistic
growth. The maximum specific growth rate ηmax, determined by the comparisons of predicted and mea-
suredD50 ~ t curve under NABA and NABF conditions, is in the order of 10−5 s−1 in this study. Moreover,
the carrying capacity of floc size is assumed to be proportional to the Kolmogorov microscale and thus
changes with shear rate.

3. In the flocculation model, different fragmentation distribution functions may be selected to fit the
observed FSDs, since the FSDs under low and high shear rates may exhibit different FSD spread. In addi-
tion, the collision correction factor may be larger than one for a rapid flocculation, notably when biofilm
activities are abundant.

4. This simplified bioflocculation model highlights the increment of representative sizes of FSDs due to bio-
film coating. Although complex chemical and biological model may be preferable after a clear under-
standing of the processes and a robust coding of the wave, sediment, and water qualities, this model,
especially at the current stage, has the advantage to rapidly and efficiently apply in estuarine‐scale areas
in the near future.
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