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Abstract: The fate of microplastics (MP) in seawater is heavily influenced by the biota: the density
of MP particles can be changed due to biofouling, which affects sinking, or MP can be digested
by zooplankton and transferred into fecal pellets with increased sinking rate. We hypothesize that
seasonal production and degradation of organic matter, and corresponding changes in the plankton
ecosystem affect the MP capacity for transportation and burying in sediments in different seasons.
This is simulated with a coupled hydrodynamical-biogeochemical model that provides a baseline
scenario of the seasonal changes in the planktonic ecosystem and changes in the availability of
particulate and dissolved organic matter. In this work, we use a biogeochemical model OxyDep
that simulates seasonal changes of phytoplankton (PHY), zooplankton (HET), dissolved organic
matter (DOM) and detritus (POM). A specifically designed MP module considers MP particles as free
particles (MPf ree), particles with biofouling (MPbio f ), particles consumed by zooplankton (MPhet) and
particles in detritus, including fecal pellets (MPdet). A 2D coupled benthic-pelagic vertical transport
model 2DBP was applied to study the effect of seasonality on lateral transport of MP and its burying
in the sediments. OxyDep and MP modules were coupled with 2DBP using Framework for Aquatic
Biogeochemical Modelling (FABM). A depletion of MP from the surface water and acceleration of
MP burying in summer period compared to the winter was simulated numerically. The calculations
confirm the observations that the “biological pump” can be one of the important drivers controlling
the quantity and the distribution of MP in the water column.

Keywords: microplastics; biogeochemical modelling; transport model; benthic-pelagic modeling

1. Introduction

Microplastic pollution of the environment is one of the most urgent global problems
in recent years [1,2]. Microplastic (MP) refers to plastic fragments less than 5 mm in size [3].
Currently, all the natural environments from poles to the equator, including the oceans, are
contaminated by MP [4].

MP can enter the ocean directly as so-called primary MP (for example, the microbeads
in abrasive cleaning and self-care products, fibres of polymeric materials) or can be formed
as a result of fragmentation of larger plastic objects in sea water (secondary MP). Envi-
ronmental conditions, mostly mechanical abrasion, UV radiation and oxygen promote
weathering of larger plastics and breakup into minute pieces (so called secondary MP).
Rivers are one of the dominant pathways for microplastics to reach the oceans [5]. In
addition, MP particles enter the aquatic coastal environment in large numbers through
municipal wastewater either as treated wastewater coming from wastewater treatment
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plants (WWTPs) [6] or as raw sewage through leakages or overflows in the sewer system.
In the densely populated coastal zone of the Baltic Sea, for example, a high daily discharge
of 4.9 fibres/L and 8.6 particles/L (>20 µm) to the water environment can be expected from
one waste water treatment plant per day [7].

MP is diverse in size, chemical composition and morphology, however, the most
common form of polymers in the marine environment are fibres [8,9]. One of the main char-
acteristics of plastic, which determines its behavior in sea water, is density, which depends
on the mixture of chemicals that constitutes each MP particle. In the ocean, polyethylene
(PE), polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC), polyamide (PA),
polyethylene terephthalate (PET) and polyvinyl alcohol (PVA) are the most common plastic
polymers [10]. The density of the polymer determines the buoyancy of MP particles, their
location in the water column and the possibility of interaction with biota [11]. Some of
the listed plastics have a density higher than seawater and can begin to sink immediately
after entering the ocean, while others will remain in the surface layer. The buoyancy of
particles can be altered by biological processes, for example, biofouling, as well as partial
degradation, fragmentation and leaching of additives.

Biogeochemical processes may to a large extent affect the physical properties of MP,
primarily density and, therefore, buoyancy. Clearly, plastic with a higher density than
seawater (for example, PVC) gradually sinks and reaches the bottom. However, less dense
plastic, such as PE, is also found in marine sediments. This is possible due to ballasting,
which means that biofouling and colonization by organisms of MP particles increase their
weight, they acquire negative buoyancy and are retained in the water column when they
reach equal density with sea water or sink to the bottom [12–14].

The study [15] indicates that the geometrical properties of the particles determine the
biofouling time. According to the estimations in the study, fibres have the largest surface
area for the given mass and are expected to spend about only 6–8 months in the euphotic
zone before sinking due to biofouling, while spheres can remain in the upper layers up to
10–15 years.

A biofilm is formed within a few days, and in the following weeks, algal communities
form on the surface of the MP [16]. Plastic can begin to sink in two weeks after it enters
sea water, depending on the particle size, chemical composition, shape, roughness and
environmental conditions. Study [14] that plastic began to sink within 7 weeks, however,
it was shown that, during the submersion, the biofilm disappeared. Defouling can be the
result of light limitation, grazing, dissolution of carbonates in acid waters or shredding
caused by shear forces. Biofouling also occurs in deeper water but with different algae
species and at a slower rate [17].

MP size makes it bioavailable for a wide range of marine organisms, which can
ingest microplastics while feeding [10,18,19]. Many living organisms, including valuable
commercial fish species, benthic organisms, and zooplankton, ingest MP during feeding,
without distinguishing it from prey [9].

Many marine organisms exert limited selectivity between particles and capture any-
thing of appropriate size [20]. If MP particles prevail in water, being comparable in size
to natural prey, then for zooplankton there is no way to avoid their ingestion. As for the
primary consumers, they may preferentially ingest particles of higher nutritional quality,
such as MP carrying nutrient-rich biofilms [21].

In laboratory studies, it was demonstrated that MPs can cross trophic levels through
predator-prey interactions: from one trophic level (mesozooplankton) to a higher level
(macrozooplankton) [11,22] or from shellfish to crabs [23].

MP uptake by living organisms can lead to negative toxicological and physical effects,
however, information on the effect of MP on marine populations in natural environments is
still insufficient [24]. The impact of MP ingestion on marine biota probably depends on the
particle sizes in relation to the organisms with which they interact. Large MPs (1–5 mm)
can pose a threat to the nutrition and digestion of marine organisms [25]. Particles smaller
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than 20 µm are actively eaten by small invertebrates, however, they are also freely excreted
by the digestive system [26].

Excretion of MP by the heterotrophic organisms can also be one of the mechanisms of
vertical transport of plastic from the surface layer to deeper waters [27]. Low-density MP
can be packed in fecal pellets and sink due to the total density change.

The majority of model studies consider MP within the Lagrangian approach as passive
floating tracers which follow the global currents [28]. From these studies we know about
the accumulation of plastic debris in five subtropical gyres and global patterns in the
MP distribution. Still, Eulerian formulation can also be appropriate due to high known
concentrations of MP in some regions.

A recent study, [29] used the NEMO model in Eulerian configuration for the global
ocean to assess the three-dimensional distribution of the seven most common plastic types
with positive and negative buoyancy. The plastic sources were set along the coastlines
proportionately to the total population within 200 km of the sea. The simulations support
the accumulation of positively buoyant plastic within the five garbage patches, while no
evidence was found for the existence of the sixth gyre in the Barents Sea. MPs with negative
buoyancy were transported by bottom currents and accumulated in the deepest layers
following the bathymetry. In the experiments considering only neutrally buoyant particles,
potentially ubiquitous occurrence of MP was shown. The work also suggests that the
sediments can serve as a considerable sink for negatively buoyant MP.

Ref. [30] simulates the transport of several classes of microfibres of different buoyancy
originating from wastewater effluent in Adventfjorden (Svalbard archipelago) with a
hydrodynamic-drift model (FVCOM-FABM). It was shown that light fibres are retained in
the upper layers and can leave the fjord in a short time, while the majority of heavy fibres
settle at the bottom and accumulate in the inner fjord and along the northern shore.

However, only a limited number of model simulation studies have focussed on the role of
the ecosystem and biogeochemical processes on the fate of MP in the marine environment.

One of these studies is a conceptual model that considers how the biological, physical
and chemical mechanisms affect the transportation of macro- and microplastics within
the estuary [31]. The processes that determine the position of plastic objects in the water
column are described: mixing of salt and fresh water; wind forces, topography changes and
the interaction of living organisms with plastic. The authors conclude that there is a lack of
data to document the actual effect of biota on the distribution of plastic in the water column
and the relative contribution of physical and biological processes to plastic transports.

The implications caused by biofilm growth on the particle surface were addressed
by [17]. A theoretical model for simulating the biofouling process of MP was developed
to predict how the biofouling would influence the sinking of MP. The model calculates
the biofilm formation depending on the time, light limitation and the immersion of the
particle at a given density, temperature, salinity and viscosity of sea water. The sinking rate
is estimated based on particle size, density, which are affected by biofouling. The results
indicate that the vertical movement of MP particles is influenced by biofouling and leads
to a maximum concentration at intermediate depths, where the particles oscillate vertically
without reaching the bottom. However, this model did not consider the seasonality of the
development of phytoplankton communities, the spatial variability of the light attenuation
and changes in the duration of daylight.

Ref. [32] combined the of biofouling model used by [17]) with a particle-tracking
framework to study the global patterns of sinking of biofouled MP. The study suggests
that the smallest fraction of MP (0.1 µm) started sinking within about 1 day after entering
the ocean due to its large relative surface area and therefore greater impact of biofilm
on its density. The largest particles can stay at the surface for more than 90 days in
oligotrophic subtropical gyres. It is suggested, that together with physical processes,
biological processes, especially during algal blooms can contribute to the vertical transport
of MP.
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In a recent study [33] within the CLAIM project (“Cleaning litter by developing &
applying innovative methods in European seas”) of the Danish Meteorological Institute,
three-dimensional transport dynamics of MP in the Baltic Sea was simulated taking into
account biofouling. The MP particles were considered as spheres with a certain mass and
density, carried out by currents and wave drift. The growth of biofilm on the MP particles
as well as its effects on sedimentation were estimated. Resuspension was, however, not
considered. The biofilm growth season was determined by the concentration of available
phytoplankton (chl -a). The weathering of macroplastic into smaller fragments was not
taken into account. Three size categories of MP were considered: small (5 µm), medium
(43 µm) and large (300 µm). The MP were calculated in terms of concentrations, the shores
and rivers were taken as sources. The hydrodynamic model considers the advection of
passive tracers (MP) together with the average flow, including the effects of wind, currents
and waves. Particles heavier than sea water sink and reach the seafloor. Lighter particles
float on the surface until biofouling increases their density and they also begin to sink.
The concentration of MP in the waters of the river runoff is set constant in time. As a
hydrodynamic model, the 3D baroclinic model of the ocean and sea ice HBM is used
coupled with the model of tracers’ advection. The results showed that in the absence of
biofouling, low-density MP will accumulate on the surface. When biofouling is taken into
account the MP reaches neutral buoyancy within 13 days for the medium sized category
and within 19 days for the large sized category. The seasonal dynamics of MP under the
influence of various processes were established: the biofilm growth from May to October,
sedimentation in the summer period and increased mixing in the winter. The highest
concentrations were achieved below the surface and near the bottom, the least amount of
MP was in the water column.

One of the major problems of the coastal MP pollution is the fate of the MP fibers
released from the coast and the wastewater treatment plants. There is a lack of data on
how seasonal changes in biota and organic matter affect the spreading of the particles
with different density, and to what degree MP particles are settling out from the water
column and accumulate in the sediments. The existing models consider MP as particles
of certain densities that can be transported with currents and sink with certain vertical
velocity. However, how their density changes due to the interaction with biota and organic
matter is usually not included.

This study was aimed at explaining the observed distribution of microplastics in the
marine environment: why denser plastics can be found in the water column and even float
on the surface, while lighter ones are found in sediments.

In this work we first elaborate on a tool allowing to model transformation of MP in
connection with biota and organic matter and, secondly, we apply the model to numerically
predict the spatial distribution of MP in the water column and sediments after being
discharged into the aquatic environment. We have used documented concentrations of MP
(fibres) in the treated wastewater from a large WWTP with discharge to the Bekkelaget
basin in the Inner Oslofjord (Figure 1) from a previous work [34] as an example in this study.
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Figure 1. Location of the Oslofjord on the map (a) and the position of the treatment plant in the Bekkelaget basin of the
Oslofjord (b). The discharge point for the Bekkelaget WWTP at 50 m deep is marked by red ring.

2. Methods
2.1. Model Description

This work is based on a combination of 2-Dimensional benthic-pelagic transport model
2DBP, biogeochemical model OxyDep and MP transformation model BioPlast. These modules
are integrated into an existing modular platform (Framework for Aquatic Biogeochemical
Modeling, FABM; [35]), and is therefore coded as a set of reusable components.

2.1.1. Transport Model

Compared to 3D models, the 2D approach is much less computationally demanding
and facilitates implementation of complex biogeochemical models as well as extensive
numerical experimentation. Here, we also added several explicitly highly resolved layers
in the sediment.

The 2-Dimensional Benthic-Pelagic model (2DBP) simulates vertical and horizontal
transport of matter in the water column and upper sediments [36] (Figure 2). The domain
of this 2D model is a vertical transect that has grid points in the water column and in
the sediments. Vertical grid resolution varies from meters in the water column to several
cm in the Bottom Boundary Layer (BBL) and increases from less than 1 mm below the
sediment-water interface (SWI) to several cm deeper in the sediments. In the horizontal
direction, 2DBP has variable resolution increasing from smaller steps (assumed 25 m in this
study) in the area of interest to larger steps (100 m in this study) at the periphery. Processes
of horizontal advection, horizontal turbulence, vertical turbulence, sinking of particles and
sedimentation (burial) are parameterized in the water column and processes of molecular
diffusion, bioturbation and bioirrigation are parameterized in the sediments.

Since the horizontal coverage of the model is relatively small (10 km), we assume that
the horizontal current velocity is constant along the transect but changes with time. For
convenience, we impose periodic boundary conditions, i.e., the left boundary of the model
domain is linked to the right boundary. Additionally, the water column concentrations
may be relaxed (following an approach described in [37]) towards “climate” data from
a database or another model, possibly to account for exchange across the transect. This
relaxation is also imposed uniformly along the transect length. The processes of vertical
transport are described in [38].
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Figure 2. Scheme of 2dimensional Benthic-Pelagic Model 2DBP.

The system of equations describing the dynamics of the model state variables is
given by:

∂Ci
∂t

+ u
∂Ci
∂x

+
∂

∂z
(
wCi Ci

)
− ∂

∂x
KL

∂Ci
∂x

− ∂

∂z
KZ

∂Ci
∂z

+ τ−1(C∗
i − Ci) = RCi (1)

where u is the horizontal current velocity, wCi is the sinking rate, KL is the horizontal
turbulence coefficient, KZ is the vertical turbulence coefficient, τ is a relaxation time, RCi is
the biogeochemical sources-minus-sinks term, Ci is the concentration of the ith model state
variable and Ci* is the concentration in the array for relaxation (climatic data).

Here, the transport model represents a 5500 m transect through a point of discharge of
MP in the center of this transect at the depth of 30 m. 2DBP was forced by model outputs
for the seasonal dynamics of temperature, salinity, vertical turbulence, irradiance and
current velocity from an application of the hydrodynamical model ROMS [39]). This model
domain covers the entire Oslo fjord and is called the FjordOs model [40]. Data are taken
from a position in the basin shown in Figure 1 (N 59.873◦, E 10.737◦). The data from the
FjordOs model were given at 42 layers from 0 to 63 m depth, and in 2DBP there were five
more layers added in the BBL (with spatial resolution logarithmically increasing above
SWI from 3.5 cm to 20 cm) and five more depths in the sediments (with spatial resolution
increasing from 1 mm to 20 mm).

2.1.2. Coupled Biogeochemical and Microplastic Models

To parameterize the principal features of seasonal variability of the living organisms
and organic matter, that can in some ways affect the MP transformation (i.e., density
change) a biogeochemical module is needed. In this work we use a modified model
OxyDep [37], a simplified version of Bottom RedOx Model [38], that considers plankton
functional groups, dissolved and particulate organic matter, nutrient and dissolved oxygen.
OxyDep gives a simple and generalized parameterization of principal biogeochemical
processes, occurring in the water column and at the water/bottom interface, with a special
emphasize on processes in oxygen-deficient conditions, that can occur in the sediments
and in some situations in the bottom water.

OxyDep (Figure 3) describes dynamics of 6 state variables (in N-units):

PHY—all phototrophic organisms (phytoplankton and bacteria). PHY grows due to photo-
synthesis, loses inorganic matter due to respiration, and loses organic matter in dissolved



Water 2021, 13, 2690 7 of 19

(DOM) and particulate (POM) forms due to metabolism and mortality. PHY growth is
limited by irradiance, temperature, and NUT availability.
HET—heterotrophs are able to consume PHY and POM, produce DOM and POM and
respirate NUT.
NUT—represents oxidized forms of nutrients (i.e., NO3 and NO2 for N), that do not need
additional oxygen for nitrification.
DOM—dissolved organic matter. DOM includes all kinds of labile dissolved organic matter
and reduced forms of inorganic nutrients i.e., NH4.
POM—particular organic matter (less labile than DOM). Temperature affects DOM and
POM mineralization.
OXY—dissolved oxygen.

Figure 3. Flow-chart of the OxyDep model (PHY, HET, POM, DOM, NUT, OXY) and the BioPlast
model (MPf ree, MPbio f , MPhet, MPdet)

In the BioPlast model, the microplastic variable represents fibres collected from the
treated effluent at the Bekkelaget WWTP on a sieve with nominal pore size of 300 µm.
The fibres had an average and median length of 1485 µm and 1179 µm, respectively) and
the typical fibre weight was 7.8 × 10−7 mg/item as calculated from the average 3D size
and average density of the dominating polymer in each collected fibre (derived from [34]).
These synthetic microfibers are initially injected in the modelled domain without biofilm to
be then further exposed to biofouling. At this stage any degradation is neglected. When
reaching some significant concentration, it can be ingested by zooplankton and then move
to the detritus form through the egestion or sequestered in dead zooplankton.

BioPlast describes dynamics of 4 state variables (mg/m3):

• MPf ree—free MP particles,
• MPbio f —particles with biofouling,
• MPhet—MP ingested by heterotrophs,
• MPdet—MP in detritus.

When possible, we use in OxyDep and BioPlast models first-order kinetics for the
processes rates parameterization and standard modeling approaches (i.e., for dependence
on temperature). Consumption of substrate by living organisms is parameterized with
non-linear squared saturation (sigmoid) functions that use concentration of substrate or
availability of substrate, i.e., ratio between substrate and its consumer’s concentrations
(Figure 4).

OxyDep and BioPlast parametrizations are provided in Supplementary Materials.

2.2. Initialization
Boundary Conditions

At the upper boundary, the surface fluxes of the modelled chemical constituents were
assumed to be zero, except for OXY.
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OXY exchange was given by an equation:

QO2 = pvel( Oxsat − OXY) (2)

where pvel is the wind coefficient, Oxsat = a0(a1 + a2t) is the concentration of oxygen
saturation as a function of temperature t, according to (Neumann et al. 2002). Simulations
were carried out based on a mean wind speed of 2 m s−1.

At the lower boundary of 5 cm below the sediment-water interface, a constant concen-
tration of DOM = 3500 µM was prescribed.

To represent turbulent mixing along the transect, we assumed a horizontal diffusion
coefficient KL = 0.05 m2/s, based on evaluating the empirical formula from [41] at the 25 m
horizontal scale. To represent turbulent mixing perpendicular to the transect, we assumed
a constant relaxation time τ = 10,000 s (0.11 d). This latter is consistent with the assumption
that KL = 0.05 m2/s also in the perpendicular direction, assuming a cross-transect thickness
L = 25 m (τ~L2/KL). Water column relaxation was applied only to the NUT, OXY and MP
free, with surrounding concentrations based on the observational climatological data or
set to zero in the case of MPf ree. Relaxation was neglected for living biomass and organic
matter variables based on the assumption that the concentration in the surrounding water
would be close to that within the transect. As a climatological dataset, we used the monthly
data for nutrients and oxygen concentrations in Oslo Fjord, Norway that were extracted
from WOA18 database [42] and interpolated to obtain daily values. Furthermore, a rolling
mean with 7 days window was used to smooth the data series. These data were used as
relaxation database to account for exchange across the computational transect.

Injection of MP:
According to observations, daily supply of microplastic particles with size from

300 µm to 5 mm in Oslofjord is estimated as (6–25) × 104 particles/day (mainly fibers)
or 0.05–0.2 mg/day during dry weather and (1.5–3.0) × 106 particles/day or 0.6–300 mg/day
during days with rainfall [34].

Given the wastewater discharge 54 × 106 m3/year we can estimate the number of mi-
crofibers the discharge contains: (170 × 106 items/year) = 40 g/year = 0.00126 mg/second
= 1.26 µg/second.

Using these calculations, we assumed the discharge rate of MP is approximately
0.001 mg/s. In the model all MP state variables were calculated in mg/m3.

The release of MP was set from model day 366 to day 2191 (5 years) at a rate of
0.00126 mg/sec.
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3. Results and Discussion
3.1. Biogeochemical Dynamics

At the first stage, we validated 2DBP+OxyDep model against the available data. The
model was spun up from vertically homogeneous initial conditions for 50 model years
with repeated year forcing and boundary conditions. After this time, a quasi-stationary
solution with seasonally forced oscillations of the biogeochemical variables had been
reached (Figure 5) that was compared with the existing observational data. The model
parameters were “tuned” during running multiple spin-ups to let the model reproduce
the spatial and temporal dynamics of simulated variables close to the observed dynamics
(Figures 5 and 6).
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Figure 5. Simulated seasonal dynamics of the OxyDep state variabiles in the water column from the surface to 60 m
(upper panels) and at the sediment water interface (SWI) from 5 cm in the sediments to 5 cm above the sediments
(lower panels): Phy, Het, DOM, POM, NUT, Oxy, shown together with Temperature and Salinity dynamics prescribed from
ROMS.

As shown in Figures 5 and 6, the simplified OxyDep model plausibly reproduces
seasonal biogeochemical dynamics in the Oslo Fjord. The phytoplankton blooming in
May-September gradually depletes inorganic oxidized nitrogen down to 20 m. During
May-July, the produced organic matter mostly sediments out from the water column as
POM and accumulates at the water-sediments interface, where it decomposes consuming
oxygen. In July-August, the produced organic matter is grazed by zooplankton as both
the live phytoplankton Phy and POM. Seasonal cycle is closed by the winter convective
mixing combined with substantial seasonal reduction of insolation.
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The simulated ranges of changes of dissolved oxygen, nitrate and nitrite, and phy-
toplankton correspond to the available observations data (Figure 6). Concentration of
modeled PHY of 1 µM N corresponds to 3.78 µg Chl-a/l. The modeled HET maximum of
2 µM N would correspond to 2800 mg WW/m3, assuming a nitrogen content of 1% of the
wet weight zooplankton biomass [43].

Figure 6. Modelled seasonal changes of the vertical distributions of dissolved oxygen (O2, µM), nitrate and nitrite (NUT,
µM N), and phytoplankton (PHY, µM N) shown as red lines and results of observations from WOA18 database [42] shown
as blue circles. The top row—water column, the bottom row—bottom layer and sediments.

The model predicts seasonal changes in the oxygen penetration depth in the sediments,
that can be observed in different parts of the Oslo Fjord, some of which (i.e., Bunnesfjord)
are seasonally anoxic.

3.2. Microplastics Dynamics

At the first stage we calculated fate of the MP of neutral buoyancy (zero vertical
velocity) without any degradation released at the depth 30 m for 5 years from the model
date 1 January 2018 to 31 December 2022 (Figure 7). The goal was to demonstrate that the
modeled MP transformations are conservative.

Seasonal dynamics are observed for all groups of MP variables both in the water
column and in bottom sediments. An increase in MPf ree and MPTOT at the discharge point
depth in 2018–2022 was followed by a period of stabilization. Significantly, free MP of
neutral buoyancy in the cold season are evenly distributed throughout the entire water
column. The great bulk of MP is subject to biofouling during the summer blooms of Phy
and eventually is transferred to the bottom layer and buried in the sediments. A relatively
small part of free and biofouled MP is consumed by zooplankton and egested with detritus,
however, rather high concentrations of MPdet are formed at the bottom.

Furthermore, the model runs with MP of positive and negative buoyancy were carried
out. The results of simulations are shown on the Figures 8 and 9.
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Figure 7. Long-term dynamics of BioPlast state variables and total MP in mg/m3 and items/m3

with neutral buoyancy (w = 0 m/day) for 15 years (2017–2032) with the MPfree discharge at 30 m
depth in 2018–2022. Upper panels show the profiles variability for virgin MP (MPf ree), biofouled MP
(MPbio f ), MP ingested by heterotrophs (MPhet), MP in detritus (MPdet), total mass concentrations
of MP (MPTOT) and total abundance of MP (MPTOT_items) in the water column (0–60 m) and lower
panels show the sediment water interface (5 cm in the sediments to 5 cm above).
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Figure 8. Long-term dynamics of BioPlast state variables and total MP in mg/m3 and items/m3

with positive buoyancy (w = −0.5 m/d) for 15 years (2017–2032) with the MPf ree discharge at 30 m
depth in 2018–2022. Upper panels show the profiles variability for virgin MP (MPf ree), biofouled MP
(MPbio f ), MP ingested by heterotrophs (MPhet), MP in detritus (MPdet), total mass concentrations
of MP (MPTOT) and total abundance of MP (MPTOT_items) in the water column (0–60 m) and lower
panels show the sediment water interface (5 cm in the sediments to 5 cm above).
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Figure 9. Long-term dynamics of BioPlast state variables and total MP in mg/m3 and items/m3

with negative buoyancy (w = 20 m/d) for 15 years (2017–2032) with the MPf ree discharge at 30 m
depth in 2018–2022. Upper panels show the profiles variability for virgin MP (MPf ree), biofouled MP
(MPbio f ), MP ingested by heterotrophs (MPhet), MP in detritus (MPdet), total mass concentrations
of MP (MPTOT) and total abundance of MP (MPTOT_items) in the water column (0–60 m) and lower
panels show the sediment water interface (5 cm in the sediments to 5 cm above).

As one would expect, the free MP particles of positive buoyancy are concentrated in
the near-surface zone (Figure 8), but their further fate is similar to neutrally buoyant MPs,
while the negatively buoyant MP immediately begins to sink (Figure 9). Sinking particles
quickly leave the photic zone, which prevents its biofouling and makes them inaccessible
for ingestion by heterotrophic organisms. These MPs accumulate at the bottom and are
buried in the sediments without any biofilm. The amount of microplastic at the bottom in
the biofouled form is three orders of magnitude less than in virgin form.

The modeled here weight concentration and abundance of MPs in the upper layers
of water, bottom water and the sediments can be compared with the observations data
(Table 1).

Table 1. Comparison of the modeled total MP and observed estimates of subsurface MP abundance.

LAYER
Observations Other Regions Observations Oslo Fjord Model Prediction

mg/m3 Items/m3 mg/m3 Items/m3 mg/m3 Items/m3

Upper layer
0–30 m

0.001 (Arctic
water, [44])

0.0038
(Atlantic

surface water,
[44])

0–1.31 (Arctic Polar
water, [45])

2.68 (North Atlantic,
[9])

From 150–2400 to
68,000–102,000

(Swedish coast, [46])
0.8 (37)

10−5–10−3 10–1400

Deep layers
(30 m-bottom) 0.14–2.5 104–105

Sediments About 500 (Danish
straits, [47])

10−4–3.1 mg/kg
wet weight
sediment

100–4000 items/kg
WSed [34]

2000–107,000 items/kg
of dry sediment

7 104–105 items/kg
of wet weight *

* assuming sediments porosity of 80% and density of 2 g/mL.
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The modelling results were comparable within an order of magnitude with field
observations in the Arctic region and adjacent areas. However, only a few works contain
data on weight concentration of MP in the water column [48,49].

Simulated seasonal changes of MP state variables during the period of discharge of
MP with different buoyancy are shown on the Figures 10–12.

Neutrally buoyant MPs are distributed over the entire water column, reaching the
maximum concentration at the discharge point. Such a uniform distribution can be ex-
plained by the fact that the model does not adequately reproduce the effect of stratification.
This is further discussed in the Model Limitations section. In a summer, MP is exposed to
biofouling in the upper layers and then accumulates in the biofouled form in the bottom
layer and on the bottom surface. At the end of the MP discharge period MPbio f makes
up the greatest part of total MP. The similar pattern exhibits floating MP, apart from the
fact that its free form concentrates in the surface layer, where it is intensively biofouled
during phytoplankton blooms. MP of negative buoyancy tend to behave in a completely
different way It starts to sink immediately and quickly reaches the bottom so that the biota
does not have time to affect it in the water column at least to some extent, and most of
MPs accumulates in the sediments in a virgin form. Only during the bloom period, a
small share of the heavy MP can be biofouled or injected in the water column (Figure 12),
but its fraction is about six orders of magnitude lower than that of the floating or neutral
buoyancy MP.
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Figure 10. Seasonal dynamics of BioPlast state variables and total MP in mg/m3 and items/m3

during the 6th model year (2022) with neutral buoyancy (w = 0 m/d) MP discharge at 30 m depth for
5 years (2018–2022). Upper panels show the profiles variability for virgin MP (MPf ree), biofouled MP
(MPbio f ), MP ingested by heterotrophs (MPhet), MP in detritus (MPdet), total mass concentrations
of MP (MPTOT) and total abundance of MP (MPTOT_items) in the water column (0–60 m) and lower
panels show the sediment water interface (5 cm in the sediments to 5 cm above).
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Figure 11. Seasonal dynamics of BioPlast state variables and total MP in mg/m3 and items/m3

during the 6th model year (2022) with positive buoyancy (w = −0.5 m/d). MP discharge at 30 m depth
for 5 years (2018–2022). Upper panels show the profiles variability for virgin MP (MPf ree), biofouled
MP (MPbio f ), MP ingested by heterotrophs (MPhet), MP in detritus (MPdet), total mass concentrations
of MP (MPTOT) and total abundance of MP (MPTOT_items) in the water column (0–60 m) and lower
panels show the sediment water interface (5 cm in the sediments to 5 cm above).
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Figure 12. Seasonal dynamics of BioPlast state variables and total MP in mg/m3 and items/m3

during the 6th model year (2022) with negative buoyancy (w = 20 m/d). MP discharge at 30 m depth
for 5 years (2018–2022). Upper panels show the profiles variability for virgin MP (MPf ree), biofouled
MP (MPbio f ), MP ingested by heterotrophs (MPhet), MP in detritus (MPdet), total mass concentrations
of MP (MPTOT) and total abundance of MP (MPTOT_items) in the water column (0–60 m) and lower
panels show the sediment water interface (5 cm in the sediments to 5 cm above).

3.3. Microplastics Fluxes

Long-term dynamics of different forms of MP integrated over the model domain
in the numerical experiments for neutrally, positively and negatively buoyant particles
demonstrates that the total amount of MP is conservative (Figure 13).
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Figure 13. Long-term development of the MP stocks integrated over the entire model domain during the experiments with
discharge of MP of neutral (a), positive (b) and negative (c) buoyancy without any degradation released from the depth
30 m for 5 years starting from the model date 1 January 2018 to 31 December 2022.

From the start of the injection at 2018 total amount of MP gradually increases. At
the end of 2022 year total mass of MP in all forms in the whole model domain reaches
10,000 mg and stays stable during the remaining period. Remarkably, the ratio between the
content of MP in different forms varies according to buoyancy of its virgin form (MPf ree).
MP of negative buoyancy mainly remain unaffected by biogeochemical processes due to
their rapid sinking and leaving the photic zone. In contrast, nearly all mass of floating MP
is exposed to biofouling and further transported to sediments. The total mass of MP in
Het and detritus is extremally small in all experiments and varies significantly depending
on seasonal changes in organic matter production processes. Still, it can be seen that MP
content in Het is much greater for positively buoyant particles, since they stay longer in
the upper layer being available for ingestion by zooplankton.

3.4. Model Limitations

Some shortcomings in the results are due to a number of assumptions that were made
in the model. In the presented model, only fibers of a certain size are considered, their
structure, porosity, etc. are not taken into account, although in nature the composition of
microplastics is extremely diverse in shape and size. However, such properties determine
the effect of biofouling on buoyancy and, as a result, the residence time of the particles.
Photo-, bio- and mechanical degradation of fibers are also ignored, which are negligible at
the considered time interval due to its extremely slow degradation rates. In real conditions,
all particles in different forms have different rates of sinking and ascent due to their
density, shape and degree of biofouling. At this stage, to simplify the interpretation of the
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results, we set constant vertical velocities for the main MP variables. Finally, we assume
that the rate of biofouling Equation (S26) in Supplementary Materials is proportional to
the growth rate of phytoplankton Equations (S3)–(S6) in Supplementary Materials. In
general, the primary biofilm is usually organic matter and biopolymers and is formed
very quickly (several days to several weeks) depending on the surface properties of the
particle. Subsequently, typical biofilm-forming bacteria or other colonizers attach and
form microorganism’s community. This may occur far below the photic zone, and these
processes are not reproduced in present model.

With this numerical experimental setup and initial conditions, we did not consider the
effect of stratification on the distribution of MPs. However, studies show (Choy et al. 2020)
that stratification can significantly affect the distribution and residence time of MPs in the
water column and thus its bioavailability. Biogeochemical processes are considered here, as
the main drivers of vertical transport in the water column. But, under natural conditions,
these processes can lead to vertical movement of particles only to a certain layer, and not
to the bottom, and contribute to the accumulation of some fraction of MP in the water
column. Despite this, we believe that the model, within its limits, qualitatively reproduces
the main phenomena that determine the vertical transport of microplastics, its seasonal
dynamics and MP components fluxes. At this stage, it is complicated to quantitatively
reproduce the fluxes from one group of MP to another, since there is insufficient data on
the rate of such fluxes and their wide variety. These processes was studied by examining
the components of total microplastics individually and in interaction with the ecosystem.
The model describes the credible pathways for microfibres transport through biofouling in
the summer period and their slow sinking, some of which can be ingested by zooplankton
and get into detritus.

3.5. Influence of the Depth of the Discharge Point

Figure 14 summarizes the model findings for the MPs particles initially released as
the floating, neutral and sinking ones. We show the seasonal variability of MPTOT (that
corresponds to MP detected during the observations) in the case of release at 30 m depth
(left column), discussed above and at 3 m depth. Change of the release point from 30 m
to 3 m doesn’t affect qualitatively the features of seasonal variability of the floating and
neutral MPs, but for the denser MPs the differences arise. In case of a release at 30 m (below
the pycnocline), heavy MP sinks down rapidly and cannot be captured and significantly
slowed by biota and organic matter, but in case of a release at 3 m depth it can be partially
trapped in the surface layer during the production period that can be explained by density
decrease of the sinking MP and by intensive turbulence in the upper mixed layer. That
account for numerous observations of high dense MPs in a water column during the field
studies [44]. For the floating MPs, the shift of the discharge from below the pycnocline to
the upper mixed layer led to a less pronounced effect of the summer “purification” of the
surface layer from MPs, and the same held true for the neutrally buoyant MPs.
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Figure 14. Seasonal variability of the total microplastics (MPTOT) in case of release at 30 m depth (left column) and 3 m
depth (right column) for floating MP (upper row), neutral MP (middle row) and sinking MP (bottom row).

4. Conclusions

In this study, a model approach was used to describe the seasonal processes of transfer
and transformation of microplastics at a qualitative level. An assemblage of the OxyDep,
2DBP and BioPlast models was applied for simulation of the fate of microplastic particles
with differing sinking rates; the differences were determined by the biogeochemical pro-
cesses of synthesis and decay of organic matter, ingestion and excretion by zooplankton
and transports with detritus. As confirmed by numerical experiments:

• Biogeochemical cycling leads to seasonality in the vertical and horizontal transporting
of MP of neutral buoyancy from its source, with higher accumulation in the sediment
during the summer-autumn period, while cleaning of the upper water layers resembles
the winter period. That means that MP of neutral buoyancy could be transported to a
smaller distance in summer, compared with winter.

• Biogeochemical processes are responsible for transports of light density floating MP
into the deep layers and the sediments.

• High density MPs are affected by the biogeochemical processes to a very small degree
and tend to accumulate in the sediments close to the source point.

Thus, we confirm that the “biological pump” can be one of the important drivers
controlling the quantity and the distribution of MP in the water column. The biological
pump can deplete MP from the surface water and accelerate MP burying in summer period
compared to the winter. The key mechanisms were reproduced, however, for a more
accurate description of these processes, a larger amount of experimental and observational
data is required to parameterize the interactions of biota with microplastics.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13192690/s1, The code is available online at https://github.com/BottomRedoxModel/ (git
tag v0.2).

Author Contributions: Conceptualization, A.B., E.Y.; methodology, A.B., E.Y.; software, A.B., E.Y.;
validation, A.B., E.Y.; visualization, A.B.; resources, C.V., A.S.; writing—original draft preparation,
A.B., E.Y., O.S.; writing—review and editing, All. All authors have read and agreed to the published
version of the manuscript.
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