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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• The fate and mass budget of biode-
gradable microplastics (MPs) are
elucidated.

• MPs distribution and behavior varied in
marine environments.

• The transport of MPs is simulated using
a 3D hydrodynamic model.

• Settling velocity is a significant driver of
the deposition and transport of MPs.

• The concentration of MPs in the sedi-
ment stabilizes with a degradation rate
of > 2.44×10–3 d–1.
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A B S T R A C T

Microplastics (MPs) pollution is a prevalent environmental problem that affects ecosystems globally. Despite the
growing research on the environmental effects of MPs, a significant research gap remains in understanding the
differences of environmental behavior and distribution patterns between biodegradable MPs and traditional MPs.
Using a three-dimensional hydrodynamic model and treating MPs as tracers with vertical velocity, this study
simulated the transport of positively, neutrally, and negatively buoyant biodegradable MPs from rivers. The
results show that positively buoyant MPs have significant seasonal variations and are mainly distributed in the
surface layer. Neutrally buoyant MPs are distributed in all water depths, with a high (low) concentration in the
eastern (western) Seto Inland Sea (SIS), characterized by winter mixing and summer stratification. Negatively
buoyant MPs accumulate in the sediments and exhibit lower concentrations in seawater. Positively and neutrally
buoyant MPs mainly outflow from the SIS into the Pacific Ocean, whereas negatively buoyant MPs hardly leave
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the SIS and are primarily deposited and degraded near river mouths. A settling velocity of –10–6 to –5× 10–5 m
s–1 (downward) greatly affects the concentration of MPs in seawater. However, large upward and downward
velocities outside this range do not result in pronounced changes. Compared with traditional MPs, biodegradable
MPs are less environmentally persistent by not accumulating in sediments and keeping a low concentration there,
which contributes to the reduction of transport flux of MPs to the Pacific Ocean.

1. Introduction

Environmental pollution owing to microplastics (MPs, <5 mm) has
become an increasingly serious global problem [1-4]. Owing to varia-
tions in their physical properties (e.g., density, size, and shape), MPs
settling and rising velocities also exhibit variability [5-7]. Based on such
properties, MPs are classified into three categories: positively buoyant,
negatively buoyant, and neutrally buoyant [8]. MPs can also be cate-
gorized into biodegradable and non-biodegradable types based on their
degradation properties [9]. The fates and trajectories of these distinct
types of MPs vary because of physical, chemical, and biological pro-
cesses in marine environments [10,11].
The settling velocities of MPs in water are strongly influenced by

their density and diameter [12], typically increasing proportionally with
particle diameters [5,7,12] and density [5]. Based on terminal velocity
experiments of oceanic samples and theoretical formulas, the vertical
velocities of positively and negatively buoyant MPs range between 10–2

(upward) and –1.27× 10–1 m s–1 (downward) [13,14,6,15,16,7].
Furthermore, the transport of MPs in the ocean is controlled by

physical processes such as vertical mixing, horizontal transport, depo-
sition, and resuspension [10,11]. These variable external and internal
influences cause MPs to exhibit distinct transport dynamics and distri-
bution patterns across various marine environments. Model predictions
reveal that MPs in seawater can either float and sink to the sea bottom,
or oscillate vertically over time [15]. Globally, positively buoyant MPs
are primarily found in surface garbage patches, whereas negatively
buoyant MPs are located in the deepest seafloors [8].
In East Asia, the main deposition areas of MPs are the Japan Sea and

the Yellow Sea [8]. Transport processes vary with the seas owing to their
different regional circulation patterns. For example, the vertical velocity
in the China Seas prevents positively buoyant MPs from being trans-
ported out to the northwest Pacific Ocean, and the movement distances
of negatively buoyant MPs are two orders of magnitude smaller than
those of positively buoyant MPs [17]. MPs and mesoplastics are selec-
tively transported by a combination of Stokes drift and terminal velocity
in the Seto Inland Sea (SIS) and coastal waters in the Japan Sea [18,19].
Plastics account for approximately 11 % (275 million MT) of

municipal solid waste and are emitted from land into the ocean via rivers
and wastewater outflows [20-22,4]. Nihei et al. [23] analyzed the nu-
merical and mass concentrations of MPs collected at 185 sites on the
surfaces of 147 Japanese rivers and reported that these concentrations
showed significant positive correlations with both population density
and urban ratio. Notably, the SIS region, one of the most industrialized
areas in Japan, has a coastal watershed population that accounts for
24 % of the total population in Japan. MPs have been found in almost all
regions of the SIS in seawater, with high abundances in Beppu Bay and
Osaka Bay [14,24,18,25]. MPs have also been detected in the sediments
of Beppu Bay, with the first fragment found from a 1958.8–1961.0 CE
sediment layer [14].
MPs are difficult to degrade quickly and thus remain in the marine

environment for long periods [26]. For example, plastics such as poly-
ethylene (PE) carrier bags do not exhibit visible signs of biodegradation
in sediments even after 98 d [27]. The weight loss of multilayer plastic
materials in sediments is approximately 0.9 % after 1 year [28]. The
maximum weight losses of low- and high-density PE and polypropylene
(PP) after 6 months in seawater are 0.5–2.5 % [29].
To address these marine environmental pressures, new biodegrad-

able plastics are being developed [30,31]. Degradation in marine

environments can induce obvious weight loss in biodegradable materials
[28,32,33], with MPs made from different materials degrading at
different rates. For example, under seawater (sediment) conditions, the
mass loss of polylactic acid was as high as 24.6 % (75.3 %) after 1 year
[28]. Polyhydroxyalkanoate particles in marine sediments experienced
a 51 % mass loss after 424 d [9].
As the production capacity of such degradable plastics gradually

increases, their environmental impact becomes a concern [34,30,31].
Furthermore, the generation of ocean plastic debris and its observed
abundance in oceans is imbalanced [35,36,20,37]. This makes the
determination of the distribution and transport processes of MPs diffi-
cult through observations alone, thereby necessitating further explora-
tion and clarification [37,38].
Thus, this study uses a hydrodynamic model to investigate the fate

and mass budget of riverine (land-derived) MPs in the SIS. By treating
MPs as passive tracers with a vertical velocity and simulating three types
of biodegradable MPs, we intend to determine when and where MPs
accumulate in the water column and sediments. The results of this study
provide fundamental information to minimize the harm of MPs to
humans and the marine ecosystem.

2. Model configuration

2.1. Study area

The SIS is the largest semi-enclosed coastal sea in Japan. Its
geographical extent and bathymetric distribution are shown in Fig. 1.
The average depth is approximately 38 m, with the deepest area located
near the Hayasui Strait, which connects Iyo-Nada (“nada” refers to
broad basins separated by islands and narrow straits) to the Bungo
Channel. Except for Iyo-Nada and Beppu Bay, the coastal areas of SIS are
relatively shallow, with depths of < 60 m. The river systems around the
SIS consist of 21 first-order rivers and many second-order rivers. The
intrusion of shelf water into the SIS through the Bungo and Kii Channels
is influenced by perturbations of the Kuroshio, one of the strong western
boundary currents in the Pacific Ocean [39-41]. Significant seasonal
variation occurs in the circulation of this region, exhibiting different
summer and winter patterns under the control of tidal mixing, surface
heating, riverine freshwater, and wind forces [42].
SIS is one of the most heavily impacted marine environments in

Japan due to its proximity to highly industrialized and urbanized re-
gions, leading to considerable anthropogenic input, including MPs
pollution [23]. The concentration of MPs in the SIS is 1.2 times higher
than the world average value [43] and MPs pollution is at medium to
high levels [44]. This region exhibits geographical difference, with
dense urban development in the east and predominantly rural and
agricultural lands in the west. Its semi-enclosed nature and relatively
slow water exchange with open ocean make it particularly susceptible to
the accumulation and retention of pollutants [45,46]. In addition, the
SIS is an ecologically important area characterized by abundant fisheries
resources and marine biodiversity [47]. It is crucial to assess the po-
tential threats posed by MPs pollution.

2.2. Hydrodynamic module

Based on the Princeton Ocean Model [48], a hydrodynamic model
for the SIS has been established to simulate the seasonal variation of
water circulation [42] and the dispersion of dissolved pollution matter
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from rivers in the SIS [49]. This model has been validated in previous
studies through extensive comparisons of simulated results with obser-
vational data, including temperature, salinity, and current fields in the
SIS [42,49].
The model has a horizontal resolution of 1/120◦ in the meridional

direction, 1/80◦ in the zonal direction, and 21 sigma layers in the ver-
tical direction. The model used climatology daily data to drive the hy-
drodynamic module, including sea surface temperature, wind stress,
shortwave and longwave radiations, sensible and latent heat fluxes. The
open boundary conditions, including the tidal current and subtidal
current, water temperature, salinity, and surface elevation, were derived
from a robust diagnostic model by Guo et al. [50]. The model domain
included 21 first-order rivers and five second-order rivers (Fig. 1). Daily
river discharges from 1993 to 2016 were obtained from the Ministry of
Land, Infrastructure, and Transport, and their climatology daily data
were used in the model. Further details of this model can be found in Zhu
et al. [49] and Chang et al. [42].

2.3. MPs transport module

2.3.1. Processes of the riverine MPs in the SIS
Rivers and streams are widely recognized as the primary sources of

MPs in coastal oceans [21]. In this study, we considered the riverine MPs
input into the SIS as the only MPs source. As initial conditions, no MPs
were transported into the seawater and sediments.
The physical and biogeochemical processes controlling the behavior

of MPs in the SIS are advection and diffusion, deposition, resuspension,
and degradation processes (Fig. 2). Correspondingly, the fates of
riverine MPs into the SIS are outflow to the open ocean, sinking into the
sediment, degradation in seawater and sediment, and retention in the
SIS (Fig. 2).
The mass budget of MPs in Fig. 2 can be summarized by Eqs. (1)–(3):

Massriver input = Massseawater +Masssinking +Massoutflow +Masspelagic degradation
(1)

Masssinking = Masssediment +Massbenthic degradation (2)

Massoutflow = MassBungo Channel +MassKii Channel (3)

where the total mass of river input (Massriver input) is balanced by those
remaining in the seawater (Massseawater), sinking into the sediment
(Masssinking), outflowing to the open ocean (Massoutflow), and degrading in
seawater (Masspelagic degradation). The mass of sinking into the sediment is
balanced by those remaining in the sediment (Masssediment) and degrad-
ing in sediment (Massbenthic degradation). The mass of outflow to the open
ocean has two exits, the Bungo (MassBungo Channel) and Kii (MassKii Channel)
Channels.

2.3.2. Governing transport equation
Generally, Eulerian and Lagrangian approaches are used to solve

particle transport problems. The Lagrangian approach focuses more on
the movement of individual particles, whereas the Eulerian framework
characterizes particles based on their mass or volumetric concentrations
[8]. As this study focuses on the distribution pattern of concentration of
MPs instead of the behavior of individual particles, the Eulerian
approach was more appropriate for calculating the budget and distri-
bution of MPs in the SIS.
The three-dimensional advection–diffusion equation for the trans-

port of MPs in seawater is given in Eq. (4), and the change of mass in
sediments in Eq. (5):

Fig. 1. Bathymetry (m) of the model domain. The blue and green dots along coast denote the positions of first- and second-order rivers, respectively. The black line
and solid yellow squares with number from 1 to 450 denote selected section used in Fig. S4–S6.

Fig. 2. Conceptual scheme of the microplastics (MPs) transport module.
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∂M
∂t = − Eb + Ssed (5)

where Ws is the MPs settling velocity, AH is the horizontal diffusion
coefficient, KH is the vertical diffusion coefficient, S and Ssed are the
terms for sources or sinks in the water column and sediment,M is the
mass for unit area, and Eb is the net sediment flux. Depending on their
physical properties (e.g., density, size, and shape), MPs exhibit different
behaviors in the water column. Thus, we considered three types of MPs
with different settling velocities (Table 1).

2.3.3. Biodegradation process
We considered the degradation process as the only source–sink term

for the MPs in seawater and sediment, with the equations given as fol-
lows.

S = − γwC (6)

Ssed = − γsedM (7)

where γw is the pelagic degradation coefficient and γsed is the benthic
degradation coefficient. Based on the experimental data provided by
Kureha Corporation (Method S1), an exponential function fitting was
applied to determine these coefficients (Fig. S1). Because the degrada-
tion rates of plastics vary widely, four groups of degradation experi-
ments were conducted to characterize the impact of the degradation
process (Table 2). In the first group (No. 1 in Table 2), the degradation
rates of biodegradable MPs in seawater and sediment were given by
fitting the measurements in the laboratory. This group of parameters
was applied to Cases 1–3. In the fourth group (No.4 in Table 2), obser-
vations of non-biodegradable materials [29] were used (Fig. S2) to fit
the degradation coefficients of non-biodegradable MPs (traditional MPs)
under the assumption that the degradation rates in seawater and sedi-
ment were the same. The second and third groups used values that were
intermediate between those of the first and fourth degradation rates
(Table 2). The last three groups of parameters were applied to a sensi-
tivity analysis.

2.3.4. Boundary conditions
The surface and bottom boundary conditions for the MPs in the

seawater are as follows:

KH
∂C
∂z = 0, z = η (8)

KH
∂C
∂z = Eb, z = − H (9)

where η is the surface elevation and H is the water depth. According to
Ariathurai and Krone [51], Eb is employed to estimate the net sediment
flux, which involves deposition (De) and resuspension (Re) processes, as
shown in Eq. (10):

Eb =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

De = Cbws

(
|τb|
τc

− 1
)

, if |τb| < τc

Re = E0
(
|τb|
τc

− 1
)

, if |τb| > τc
(10)

where Cb is the concentration of MPs in the bottom layer, τb is the
bottom stress, τc is the critical stress for resuspension and deposition,
and E0 is the erosion coefficient. The erosion coefficient E0 is usually
assumed to be a constant [52-55]; in this study, its value was set to 10–6

kg m–2 s–1. Furthermore, Re is limited by the amount of MPs inside the
sediments; that is, if no MPs are left in the sediment, Re is specified as
zero.
Notably, the MPs erosion mechanism remains unclear [56].

Compared with typical sediments such as mud and sand, the MPs con-
tent in sediments is not dominant. Therefore, we assumed that MPs
would not affect the resuspension process of sediments but would appear
during the resuspension process. Considering the sediment distribution
in the SIS [57], we set τc as 0.14 N m–2, which was previously used by
Ballent et al. [13].

2.3.5. River input
We directly observed the concentration of MPs in ten rivers (Table 3)

to obtain the flux of riverine MPs into the sea. To quantify the concen-
tration of MPs in the other rivers we did not observe, we grouped the ten
rivers into three categories according to the population living in their
watersheds. The average concentrations in the three groups were used as
a reference to estimate the concentration of MPs in the other rivers from
the related population. After determining the concentration of MPs, the
flux of MPs in each river was given by multiplying the daily river
discharge and concentration of MPs, which was treated as a constant
throughout the calculation.

2.4. Model validation

Because the MPs in the SIS were mainly sampled in the surface layer
[14,24,18], we used the calculation results with positively buoyant
non-biodegradable MPs by applying the settling velocity in Case 1 and
the degradation parameters in No. 4 (Table 2) to validate the model. For

Table 1
Setting velocity for model calculations (Cases 1–3).

Case MPs type Property Settling
velocity

State of
motion

Biodegradable

1 Positively
buoyant

Low density 10–2 m
s–1

Rising Yes

2 Neutrally
buoyant

Small MPs
and
nanoplastics

0 m s–1 Stationary Yes

3 Negatively
buoyant

High density –10–2 m
s–1

Sinking Yes

Table 2
Groups of different degradation parameters.

No. Data source γw(d
–1) γsed(d

–1)

1 γw1, γsed1 7.352× 10–4 4.818× 10–3

2 γw2 = (γw1 + γw4)/2, γsed2 = (γsed1 + γsed4)/2 3.985× 10–4 2.440× 10–3

3 γw3 = γsed3 = γw2 3.985× 10–4 3.985× 10–4

4 γw4[29], γsed4 = γw4 6.187× 10–5 6.187× 10–5

Table 3
Concentrations of the riverine MPs Nihei et al. [23].

No. River Population (ten thousand) Concentration (mg m–3)

a Kino 67 0.024
b Yamato 215 0.373
c Yodo 1100 0.111
g Asahi 33 0.044
l Saba 3 0.001
q Hiji 10 0.001
r Shigenobu 24.4 0.055
s Doki 3.9 0.844＊

t Yoshino 61 0.009
u Naka 4.7 0.057
others others ≤10 Average = 0.020

≤100 Average = 0.033
>100 Average = 0.242

Note: The value with an asterisk (*) was not used to calculate the average.
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such a comparison, the mass concentration in the model results must be
converted into a unit of piece numbers per unit volume of seawater [58].
We used a 0.3 mm particle size to calculate the mass of each particle
[58]. As PE and PP are the main polymer types in the surface layer of the
SIS, their mean density (0.9 g cm–3) was used in the conversion [14,18].
The model results of MPs in the seawater have the same order of

concentration and similar spatial distribution as the observations
(Fig. S3). Specifically, the model results and observations both show a
high MPs abundance in the head of Beppu Bay and a decrease of MPs
concentration from the bay head to the bay mouth. In the areas close to
the coast, the model resolution is too low to resolve nearshore processes
and the difference between model results and observations is a little
large. MPs < 0.3 mm were unlikely to be captured because of the size of
the net used for sampling. In addition, trawl sampling was mainly
conducted at the sea surface and could not observe the abundance in the
subsurface and bottom layers. We complemented the observations with
numerical simulations and analyzed the characteristics of the spatio-
temporal variations of the different types of MPs in the model results.

3. Results

3.1. Seasonal variation of positively, neutrally, and negatively buoyant
MPs in the seawater and sediment

We examined the spatiotemporal variations of the three types of
biodegradable MPs in the SIS using Cases 1–3 (Table 1) with the
degradation parameters of No. 1 (Table 2). The model was initialized on
the first day of January with zero concentration of MPs at all the grid
points. The spatially averaged concentration (Cv) of MPs in the seawater
over the entire SIS showed a stable seasonal variation in the third and
fourth years. Therefore, the model results of the fourth year were used in
the analysis (Fig. 3).
The concentration of positively buoyant MPs in the seawater rapidly

increased from April to September and decreased from September to
December, showing a peak of 1.65× 10–3 mg m–3 in mid-September
(Case 1 in Fig. 3). A slight fluctuation and decrease were observed
from January to March.
Compared with positively buoyant MPs, neutrally buoyant MPs in

the seawater (Case 2 in Fig. 3) presented a smaller range of seasonal
variation and an earlier peak. The concentration of the neutrally
buoyant MPs increased from January to July, and then decreased until
December, reaching a peak of 1.56× 10–3 mg m–3 in late July. Their
concentration was generally higher than that of positively buoyant MPs,

except in August, September, and October.
Negatively buoyant MPs showed a lower concentration in the

seawater than the other two types of MPs by two orders (Case 3 in
Fig. 3). Those from rivers rapidly sunk after leaving the river mouth and
were deposited onto the sediments. Their concentration in the seawater
increased minimally in June, peaking at approximately 7.9× 10–6 mg
m–3, and subsequently decreased from July to December.
No positively and neutrally buoyant MPs were found in the sediment

owing to the lack of a deposition process. The mass of negatively
buoyant MPs in the sediment showed a stable lower value fromMarch to
April, increased in May, and reached the highest value from late
September to early October (Fig. 4). Subsequently, it gradually
decreased until the following year.

3.2. Spatial variation of positively buoyant MPs during the four seasons

The vertically averaged concentrations of positively buoyant MPs in
the seawater showed different horizontal distributions during the four
seasons (Fig. 5). In winter and spring, narrow bands of high concen-
tration were found along the south or southeast coasts of Iyo-Nada,
Harima-Nada, Hiuchi-Nada, Bisan Strait, and Osaka Bay. In summer,
concentrations were high over a relatively large area and still formed a
band along the north or northwest coasts of Beppu Bay, Suo-Nada,
Hiroshima Bay, Aki-Nada, Hiuchi-Nada, Bisan Strait, Harima-Nada,
and Osaka Bay. The distribution pattern in autumn differed from that
in summer, showing high concentrations along the south coast of Suo-
Nada, Bisan Strait, and the western area of Harima-Nada. Meanwhile,
the concentration in Osaka Bay decreased. Owing to their settling ve-
locities, MPs exhibit different distributions and behaviors in the marine
environment [59]. Some MPs float at the surface, and others are sus-
pended and oscillate in the seawater or sink to the seafloor [60,14,15,
61]. Because of their upward velocity, positively buoyant MPs (Case 1)
rise in the water column until they reach the sea surface and conse-
quently accumulate at the sea surface (Fig. S4 and Fig. S5). The simu-
lated profiles show that positively buoyant MPs are present in the top
0–5 m of the water column. According to the measurements of the depth
profile and the one-dimensional column model of positively buoyant
MPs, the concentration of MPs decreases exponentially with depth, and
MPs with lower upward velocities are more susceptible to wind mixing
[16].
The positively buoyant MPs present apparent seasonal variations in

the surface layer (Fig. S5). In January and April, a high concentration of
MPs was observed in areas shallower than 5 m. In July and October,
these high-value areas were deepened, with MPs becoming more
strongly vertically mixed in the regions of Aki-Nada to Hiuchi-Nada, the
Bisan Strait, the Harima-Nada, the Akashi Strait, and the Kii Channel
(Fig. S4). Owing to variations in MPs transport, only the bottom layer in

Fig. 3. Time series of the spatially averaged concentration of MPs in the
seawater over the entire Seto Inland Sea (SIS) during the fourth computational
year in Cases 1–3. A low pass filter (15- days running mean) was applied to the
hourly data to remove the tidal variations. The left axis is for Cases 1 and 2. The
right axis is for Case 3.

Fig. 4. Time series of the spatially averaged mass of MPs in the sediment over
the entire SIS during the fourth computational year in Case 3. A low pass filter
(15- days running mean) was applied to the hourly data to remove the
tidal variations.
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the Bisan Strait remained at a high concentration in October.
The accumulation of positively buoyant MPs on the sea surface

formed a band along the south coast in winter and the north coast in
summer. This is likely related to the prevailing northwesterly winds in
winter and the prevailing southeasterly winds in summer, which induces
the convergence of surface water in the areas with high concentrations
of positively buoyant MPs. In addition to the winds, the local circula-
tions in Osaka Bay related to the river plume are the cause for the high
concentration in the head of Osaka Bay in summer. The geostrophic
balance with the density field through thermal wind relationships leads
to the formation of a cyclonic circulation in Suo-Nada, Hiuchi-Nada, and
Harima-Nada in summer [42], which also promotes the positively
buoyant MPs accumulated in the coastal areas. Beginning in the autumn,
the nearshore transport of positively buoyant MPs followed a trajectory
of the outflow along the western coast from the channels to the open sea
(Fig. 5).

3.3. Spatial variation of neutrally buoyant MPs during the four seasons

Zero settling velocity was used to simulate neutrally buoyant MPs
(Case 2), which represented small MPs and nanoplastic particles [8].
Neutrally buoyant MPs are more widely distributed from the river than
other MPs (Fig. 6). In winter, their overall concentrations were relatively
low, with slightly higher concentrations in Hiroshima Bay,
Harima-Nada, and Osaka Bay. From spring to summer, concentrations
began to increase in the same regions where they had been relatively
high. In autumn, the concentrations decreased slightly. In Osaka Bay,
these MPs were consistently present at high concentrations throughout
the year, owing to the influence of the Yodo River. Overall, high con-
centrations were observed in the eastern region and low concentrations
in the western region of the SIS. Neutrally buoyant MPs neither sink nor
rise in the seawater, which means that their particles are distributed at
all depths because of eddy diffusion. The vertical distribution is likely
controlled by the stratification. The surface and bottom concentrations

Fig. 5. Monthly mean of the vertically averaged concentration of MPs in the water column in Case 1.
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were essentially homogeneous in January but varied in July, which was
dependent on stratification in summer and vertical mixing in winter
(Figs. S4 and S5).

3.4. Spatial variation of negatively buoyant MPs during the four seasons

Negative buoyancy represents particles that settle in seawater owing
to their physical properties. Their concentrations in the seawater were
relatively low, except in the areas close to river mouths (Fig. 7). Notably,
the Bisan Strait is likely a convergence zone for this type of MPs because
of its strong tidal mixing as well as the inflows from the western and
eastern SIS [42].
The vertical distribution of negatively buoyant MPs differed from

those of the other types of MPs. High concentrations were concentrated
near the seafloor (Figs. S5 and S6). The depth of maximum concentra-
tion was between 20 and 30 m in the Bisan Strait. For negatively
buoyant MPs, downward settling velocity reduces the seasonal

difference in surface concentrations but increases that in bottom
concentrations.
Corresponding to the concentrations in seawater, negatively buoyant

MPs in the sediment were mainly distributed and accumulated near the
river mouth (Fig. 8). Their concentrations in the sediments decreased
outward with the distance from the estuary. Over the entire SIS, nega-
tively buoyant MPs were deposited in Beppu Bay, Suo-Nada, Hiroshima
Bay, Harima-Nada, Osaka Bay, Kii Channel, and along other coastal
regions. They were rarely deposited near the straits because of the large
bottom shear stress that easily makes them leave the sea bottom.

4. Discussion

4.1. Key factors responsible for seasonal MPs variation

Seasonal variations in the concentration of MPs in seawater are
affected by riverine inputs, pelagic degradation, sinking to sediment,

Fig. 6. Monthly mean of the vertically averaged concentration of MPs in the water column in Case 2.
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and outflow (Fig. 9). Furthermore, the concentration of MPs in sediment
is determined by processes including deposition, resuspension, and
benthic degradation (Fig. 9).
The SIS exhibits a distinct seasonal rainfall pattern, with increased

precipitation during the summer months. This leads to higher river
discharge in the summer. Driven by rainfall, all three types of MPs
concentrations in seawater demonstrated a marked increase in June
(Fig. 3).
In addition to this shared trend, the concentrations of the three types

of MPs in seawater showed notable seasonal variations, even when
subjected to identical hydrodynamic conditions.
The disparity in the concentrations of positively and neutrally

buoyant MPs can primarily be attributed to fluctuations in the outflow
flux, as illustrated in Fig. 9a and b. Conversely, the seasonal variations
observed in negatively buoyant MPs are predominantly influenced by
the sinking flux, as depicted Fig. 9c. For positively buoyant MPs, a lag-
ged correlation was observed between the outflow and river input,

Fig. 7. Monthly mean of the vertically averaged concentration of MPs in the water column in Case 3.

Fig. 8. Mass density of MPs in the sediment in Case 3 on the last day of the
fourth year.
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exhibiting a significant positive correlation coefficient of R = 0.75
(p < 0.01), with a lag time of 116 d (Fig. S7). The seasonal variation of
positively buoyant MPs is significantly influenced by surface currents.
During the summer, the seawater in several Nadas becomes highly
stratified, leading to the formation of several bottom cold domes and
resulting in stable cyclonic eddies [42]. Under this circulation pattern,
positively buoyant MPs are primarily distributed near the coast and in
the Bisan Strait. Furthermore, the influence of southerly winds generates
a northward surface current, which impedes the transport of these MPs
to the open ocean in summer [42,49]. Consequently, positively buoyant
MPs barely left the SIS, and the fluxes of both channels were almost
negligible during this time. The timescales associated with the southerly
winds are approximately aligned with the lag times observed in the
correlation between outflow and river input.
As autumn approaches and surface cooling starts, the cold eddy

structures gradually disperse and the cyclonic eddies during the summer
start to weaken [42]. On the other hand, as a part of basin-scale estua-
rine circulation, the surface outflows toward the Kii Channel and Bungo
Channel exists in summer and continues in autumn [42]. Consequently,
the MPs initially concentrated along the coast and in the Bisan Strait
gradually disperse and are transported through these two channels into
the Pacific Ocean. Their peak outflow occurs at the end of October. The
intensified southward surface current patterns are attributed to stronger
northward wind forces during the fall and winter, which increase the
flow velocity by approximately 3.5 cm s–1 [49]. Due to the surface cir-
culation, a large amount of positively buoyant MPs outflow from the Kii
Channel from the fall season through the subsequent spring, with flux
values considerably exceeding those of neutrally buoyant MPs in both
channels.
In contrast, the seasonal variation observed in Case 2 was not pro-

nounced. Neutrally buoyant MPs do not accumulate within the surface
layer. Therefore, the effect of wind-induced surface circulation was not
significant. A lagged correlation was observed between the outflow and
river input of neutrally buoyant MPs, demonstrating a significant posi-
tive correlation of R = 0.79 (p < 0.01), with a lag time of 29 d (Fig. S8).
This lag time is approximately equivalent to the duration required for
the contaminant to be transported from the river mouth to the open
ocean [49]. However, the seasonal cycle of air-sea heat flux influences

the seasonal variation of pollutant concentrations by affecting hori-
zontal ocean currents and vertical stratification [49]. In autumn and
winter, sea surface cooling enhances vertical mixing of water column
and leads to a uniform distribution of neutrally buoyant MPs. In spring
and summer, surface heating induces and keeps the stratification of
water column, which causes neutrally buoyant MPs to stay in the surface
layer and therefore reduces their transport to deep water.
Negatively buoyant MPs (Case 3) rapidly sink to sediment once input

from rivers, resulting in the absence of any lag time associated with the
outflow. These MPs showed a significant positive correlation between
their concentration in seawater and the flux of riverine input (R = 0.83,
p < 0.01), as well as a significant negative correlation with the sinking
flux (R = –0.84, p < 0.01).
The degradation flux of MPs was influenced by their concentration in

both seawater and sediment. This variation was consistent with the
seasonal fluctuations observed in their concentrations within these en-
vironments (Fig. 3, Fig. 4, and Fig. 9).

4.2. Particle velocity sensitivity analysis

As discussed in Section 3, the settling velocity plays a critical role in
governing the transport of MPs within the marine environment and af-
fects their ultimate deposition sites and concentration levels. To effec-
tively evaluate the environmental dynamics and potential repercussions
of MPs, sensitivity analyses concerning settling velocity must therefore
be performed. In this study, a range of 16 distinct settling velocities was
established, spanning from 10–1 to –10–1 m s–1, with increments of either
5 or 10 times.
We scaled the vertical concentrations of MPs in the seawater over the

entire SIS using min-max normalization and present their distribution
patterns across all settling velocity range in Fig. S9. Within this velocity
range, the concentration varies vertically, with a substantial portion
extending from the surface to the bottom. As the upward velocity de-
creases, the concentration of MPs declines in the surface layer but in-
creases in the subsurface layer. When the downward velocity is large, a
high percentage of MPs sink to the bottom. For MPs with settling ve-
locity close to zero, they are more susceptible to vertical mixing and
turbulence and thus distribute in the middle layer without being able to

Fig. 9. Time series of the mass flux for river input, pelagic degradation, Bungo Channel outflow, Kii Channel outflow, sinking into the sediments, benthic degra-
dation, and net flux into seawater within the SIS. The dashed line represents zero.
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rise rapidly to the surface layer or sink to the bottom layer.
Fig. 10 shows the normalized values of the variables derived from

Eqs. 1, 2, and 3. In the case of positively buoyant MPs, the quantity
remaining in the seawater showed no clear difference despite the dra-
matic variation in settling velocity from 10–1 to 10–5 m s–1 (Fig. 10). As
the upward velocity decreased from 10–1 to 10–5 m s–1, the Kii Channel
had a corresponding increase in the outflow. Conversely, both the total
outflow and the outflow from the Bungo Channel exhibited a continuous
decline as the settling velocity transitioned from 10–1 to –10–1 m s–1

(Fig. 10).
The amount of neutrally buoyant MPs remaining in the seawater

peaked due to a reduced outflow when compared with positively
buoyant MPs, and demonstrated an absence of sinking into the sediment
when compared with negatively buoyant MPs (Fig. 10). In the case of
negatively buoyant MPs, an increase in the downward settling velocity
from –10–6 to –5× 10–5 m s–1 resulted in a dramatic reduction in the
amount of remaining in the seawater as they rapidly sunk into the
sediment (Fig. 10). As the amount remaining in the seawater dimin-
ished, a corresponding dramatic decrease in the total outflow was
observed. The variation in outflow between the three types of MPs is
caused by differences in their distribution within the channels (Fig. S10
and Fig. S11).
The velocity range of –10–6 to –5× 10–5 m s–1 was identified as the

most sensitive, with the settling velocity increasing by a factor of 50,
which resulted in an increase in the proportion of MPs sinking to the
sediment from 8 % to 92 %. Consequently, the amount of Kii Channel
outflow (total outflow) decreased from 65 % (73 %) to 5 % (6 %). Once
the downward settling velocity exceeded –5× 10–5 m s–1, the amount of
MPs remaining in seawater, in the total outflow, and sinking into the
sediment exhibited minimal variations. Even with a substantial increase
in the settling velocity by a factor of 2000 (from –5× 10–5 to –10–1 m
s–1), the changes in the proportions of MPs sinking to the sediment and
total outflow were only 7 % and 6 %, respectively.
Negatively buoyant MPs with lower downward settling velocities

allow for transport to more remote areas, resulting in deposition in lo-
cations distant from the river mouth (Fig. S12). Conversely, negatively
buoyant MPs with high downward settling velocities hardly leave the
estuary as deposition occurs rapidly following their input from the river
(Fig. S12). This phenomenon contributes to a dramatic reduction in
outflow from the Kii Channel. Within the SIS, the Yodo River represents
the most substantial riverine input. Consequently, this river serves as a
case study to elucidate the relationship between increase in the amount
of sinking to the sediment and decrease in the amount of outflow from
the Kii Channel. The age of Yodo River water indicates that substances

input from this river require approximately 60 d to leave the estuarine
area, around 120 d for them to be transported to the central region of
Osaka Bay, and approximately 180 d to outflow from the SIS via the Kii
Channel [62]. At a downward settling velocity of approximately –5×
10–5 m s–1, particles sink at a rate of about 4.3 m d–1 vertically, which
corresponds closely to the average depth near the estuary. This suggests
that when the downward settling velocity approaches or exceeds this
threshold, negatively buoyant MPs will sink to the sediment near the
estuary in < 1 d, a duration dramatically shorter than the 60 d required
for them to leave the estuary.
The average depths in the estuary, Osaka Bay, and Kii Channel are

7.6, 29.3, and 43.5 m, respectively. Based on the average depths across
these regions, if only particle settling (excluding vertical mixing) is
considered, the settling velocity must remain below –1.5× 10–6 m s–1 for
the particles to leave the estuary and reach the Kii Channel. In summary,
the interplay of horizontal and vertical time scales is critical in deter-
mining whether negatively buoyant MPs can leave the estuary and reach
the Kii Channel.

4.3. Degradation parameter sensitivity analysis

At present, a thorough evaluation of the biodegradation of MPs in
marine environment has yet to be conducted [63]. Generally, the
degradation process is influenced by both intrinsic polymer factors and
external environmental factors [63]. Thus, the degradation rate
parameter exhibits considerable uncertainty. By performing sensitivity
analyses on the degradation rate, we can investigate its variations in
oceanic conditions under diverse scenarios.
The degradation processes of MPs within the SIS indicate a signifi-

cantly higher level of MPs degradation in sediments than in seawater
(Fig. 11). The extent of MPs degradation in both environments is
correlated with their concentration in each respective medium and their
degradation parameters. Larger degradation parameters correspond to
lower concentrations, both in seawater and in sediments. The largest
difference in concentration in seawater occurs between biodegradable
MPs (No. 1) and non-biodegradable MPs (No. 4), with a value of
0.0002 mg m–3 (Fig. S13). For positively buoyant and neutrally buoyant
MPs (Fig. 10 and Fig. S13), the concentration of biodegradable MPs (No.
1) in seawater is about 12 % lower than that of non-biodegradable MPs
(No. 4).
Similarly, in sediments, the largest difference in mass density is also

between No.1 and No.4, with a value of 0.32 mg m–2 (Fig. S13). The
residual content of biodegradable MPs (No.1) is evidently lower than
that of non-biodegradable MPs (No.4) under the same settling velocity

Fig. 10. Relationship between settling velocity and the normalized masses of MPs, including that remaining in seawater, in the Kii Channel outflow, in the Bungo
Channel outflow, and sinking into the sediment. A positive value indicates the proportion of riverine MPs retained within the SIS, and a negative value represents the
proportion of riverine MPs that either outflow or degrade.
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Fig. 11. Relationships between degradation parameters, settling velocity, and the normalized masses of MPs, including pelagic degradation and benthic degradation.
(a) to (d) show the results under the different experimental conditions described in Table 2.

Fig. 12. Time series of the normalized 15-d running mean concentration in sediments over the entire SIS.
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(Fig. 12), with the maximum difference between them reaching
approximately seven times (Fig. 12). The relative change in the mass of
benthic degradation (degradation in the sediment) for biodegradable
MPs (No. 1) compared to non-biodegradable MPs (No. 4) exceeds
2000 % (Fig. 11). The simulation analyses concerning non-
biodegradable MPs (No.4) revealed a continuous increase in the quan-
tity of negatively buoyant MPs within the sediment (Fig. 12). Owing to
their inherent resistance to degradation, these non-biodegradable MPs
tended to accumulate persistently on the seafloor once they enter the
sediment, rather than undergoing degradation. Additionally, as the
settling velocity increased, the capacity of negatively buoyant MPs to
leave the estuary diminished progressively, thereby decreasing their
outflow through the two channels and further facilitating their accu-
mulation on the seafloor.
As previously indicated, accumulation was observed in all cases of

non-biodegradable MPs. Nevertheless, the implementation of biode-
gradable MPs significantly alleviated this problem (Fig. 12). By the
fourth year, the results for both Nos. 1 and 2 reached a state of relative
stability, in contrast with the conditions in Nos. 3 and 4. This observa-
tion implies that a stable concentration of MPs in the sediment can be
attained when the degradation rate (γsed) exceeds 2.44× 10–3 d–1,
whereas rates below 3.985× 10–4 d–1 are inadequate to fulfill this
criterion.
Pelagic degradation does not clearly affect the quantity of MPs

remaining in seawater within the SIS. Although the proportion of
degradation in seawater increases with the degradation rate, this is
offset by a corresponding reduction in outflow through the Kii Channel
(Fig. 10, Fig. 11, Figs. S14, S15, and S16). This phenomenon is more
pronounced for positively buoyant MPs and neutrally buoyant MPs.
Moreover, although the degradation process in seawater does not alter
the concentration of MPs within the SIS, the implementation of biode-
gradable MPs has the potential to diminish the outflow of MPs from the
SIS to the Pacific Ocean, thereby contributing to a reduction in MPs
pollution in the global marine ecosystem.

5. Conclusions

This study used a three-dimensional ocean model to simulate the
transport of biodegradable MPs with different buoyancies within the
SIS. The temporal variations and spatial distributions of these buoyant
MPs in the riverine input were investigated using river concentration
observation data. The mass budget and vertical distribution character-
istics of the MPs were determined by varying the particle settling ve-
locities, and the differences between biodegradable and non-
biodegradable MPs in the SIS were compared.
The majority of the positively buoyant (neutrally buoyant) MPs

flowed into the open sea, with the rest remaining or degrading in
seawater. Nearly all of the negatively buoyant MPs were deposited near
river mouths and gradually degraded. The concentrations of positively
and neutrally buoyant MPs in seawater were markedly higher than those
of negatively buoyant MPs. Positively buoyant MPs had greater con-
centrations in coastal regions and straits, particularly within the surface
layer and extending to a depth of 5 m. Neutrally buoyant MPs exhibited
high concentrations in the eastern regions and lower concentrations in
the west, displaying a uniform distribution throughout the water col-
umn. Negatively buoyant MPs tended to accumulate near river mouths
and in the Bisan Strait, primarily residing in the bottom layer and
sediment.
Variations in the settling velocity do not clearly affect the quantity of

positively buoyant MPs remaining in seawater within the SIS.
Conversely, an increase in settling velocity from –10–6 to –5× 10–5 m s–1

is associated with a marked reduction in the quantity of negatively
buoyant MPs remaining in seawater. Furthermore, an excessively
elevated settling velocity results in the rapid sinking of negatively
buoyant MPs, leading to their deposition in sediments in proximity to
the estuary.

Due to their inherent resistance to degradation, non-biodegradable
MPs persist for a long time in the ocean. When these MPs sink into
sediments, they can accumulate continuously without significant
degradation. As the settling velocity increases, the ability of particles to
leave the estuary decreases, exacerbating their accumulation on the
seafloor. These accumulated non-biodegradable MPs may exacerbate a
long-term impact on the environment.
With a higher degradation rate in sediments than in seawater, the

biodegradable MPs do not accumulate in the sediments and can even-
tually reach a stable concentration in the sediments. The degradation of
MPs in the sediment and seawater also reduces the outward flux of MPs
from the SIS into the Pacific Ocean.
These results reveal the fundamental differences in degradation and

accumulation behaviors between biodegradable and non-biodegradable
MPs. Biodegradable MPs exhibit a significantly higher degradation rate,
especially in sediment environments. When identical quantities of MPs
are introduced from rivers, the residual content of biodegradable MPs
remains considerably lower than that of non-biodegradable MPs under
the same conditions. This indicates that the adoption of biodegradable
materials has the potential to substantially alleviate MPs pollution both
in sedimentary environments in the SIS and in the open ocean.
This study exclusively examined rivers as the primary source of MPs.

However, as MPs have been progressively accumulating along coastal
regions, the coast could become an additional source of MPs in the
future. Currently, this phenomenon cannot be fully assessed due to
insufficient data and the limitation of model resolution. The forcing
conditions used in our study are climatological ones and do not account
for the abrupt and extreme weather conditions. Future studies should
aim to explore the source–sink dynamics of MPs in coastal areas and
introduce short-term variations in the model forcing conditions,
including river flooding and typhoons. Furthermore, based on our
findings, MPs removal initiatives should be implemented in estuarine
regions during periods of elevated river discharge, such as the rainy
season, to effectively mitigate the influx of MPs into marine environ-
ments. Attention should also be directed towards addressing the MPs
present in sediments, particularly in estuarine and bay areas.

Environmental implication

A large amount of plastic waste has been discharged into the sea via
rivers and wastewater outflows, becoming the main component of waste
in the ocean. In addition, traditional MPs are difficult to degrade quickly
and thus remain in the marine environment for long periods. The vari-
ability in the settling and rising velocities of various types of buoyant
microplastics with different degradation capacities influences their fates
and trajectories in marine environments, significantly impacting their
degradation and accumulation. Numerical simulations can be employed
to predict the potential impact of innovative degradable materials in
alleviating the burden on the marine environment.
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