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Plastic floating on the ocean surface represents about 1 % of all plastic in the ocean, despite the buoyancy of most
plastics. Biofouling can help to sink debris, which could explain this discrepancy. A set of laboratory experiments
was conducted to investigate biofilm-induced effects on the buoyancy of different plastic debris. Ten materials of
different densities (buoyant/non-buoyant), sizes (micro/meso/macro), and shapes (irregular/spherical/cylin-
drical/flat), including facemasks and cotton swabs, were evaluated. Biofilm was incubated in these materials

from a few weeks to three months to investigate the effect of different growth levels on their buoyancy. Biofilm
levels and rising/settling velocities were measured and compared at seven time-points. The results show a
hindered buoyancy for solid materials, while hollow and open materials showed the opposite trend in early
biofilm colonization stages. A relationship was established between biofilm-growth and equivalent sphere
diameter that can be used to improve predictive modeling of plastic-debris transport.

1. Introduction

Plastic debris in the marine environment is a growing concern due to
its negative impacts on marine life, habitats, and human uses of the
ocean (Galgani et al., 2015). Macro (>25 mm), meso (5-25 mm), and
microplastics (<5 mm) pose a variety of threats to marine ecosystems,
including entanglement, ingestion, transport of invasive species, and
habitat modification, and play a significant role in the transport of toxic
chemicals (Derraik, 2002; Galloway et al., 2017; Wang et al., 2017;
Kiithn and Van Franeker, 2020; Ladewig et al., 2023). For this reason,
knowledge on the processes that drive plastic-debris transport and
dispersion in the marine environment has become an issue of increasing
interest in recent times. These processes include the drivers of ocean
circulation such as wind, waves, and tides, the intrinsic physicochemical
properties of plastic debris, or the biological growth on its surface that
modifies these properties and thus its submerged behavior.

Several studies have investigated the behavior of plastic debris
numerically at global (Law et al., 2010; Lebreton et al., 2012; Van
Sebille et al., 2012; Klink et al., 2022), regional (Kako et al., 2011, 2014;
Zambianchi et al., 2014, 2017; Stocchino et al., 2019), and local scales
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(Ntnez et al., 2019, 2020, 2021), in the latter, paying particular atten-
tion to the role of astronomical tide. Field studies have also focused on
the presence, abundance, and diffusion mechanisms of plastic debris in
local areas (e.g., Mazarrasa et al., 2019; Cutroneo et al., 2020; Chen
et al., 2022). These studies have found that plastic debris tends to
accumulate in water current convergence zones. Recent experimental
studies have also examined the role of waves and wind in the dynamics
of micro, meso, and macroplastics in the shoaling zone (where waves
transition from deeper to shallower water, increasing their wave height
and decreasing wavelength) and in the surf zone (the nearshore region
where waves break). In the shoaling zone, buoyant particles are trans-
ported toward the coast by Stokes drift, while non-buoyant particles are
transported along the seabed by the motion of the wave boundary layer
Alsina et al. (2020). In the surf zone, non-buoyant plastic debris shows
dominant accumulations in the breaking zone, while buoyant material
shows variable accumulation patterns along the coastal profile
depending on wind and wave characteristics, as well as debris shape
(Alsina et al., 2020; Forsberg et al., 2020; Kerpen et al., 2020; Guler
et al., 2022; Larsen et al., 2023; Ntnez et al., 2023).

Biofouling growth could alter the findings of plastic-debris transport
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studies such as those mentioned above. Biofouling growth occurs when
microorganisms, plants, and animals attach to and grow on the surface
of plastic debris and can be divided into microfouling and macrofouling,
which are closely related and occur in sequence (Kanematsu and Barry,
2020). Microfouling is caused by bacterial activity. Bacteria, micro-
algae, and other microorganisms tend to adhere to the surfaces of ma-
terials and in turn promote macrofouling, which is caused by the
adherence of larger organisms such as barnacles, oysters, etc. Biofouling
can significantly alter the physicochemical properties of plastic debris,
including its buoyancy, potentially promoting its sinking (Cozar et al.,
2014; Eriksen et al., 2014; Kooi, 2017; Lobelle et al., 2021; Fischer et al.,
2022). Indeed, recent estimates suggest that the amount of plastic debris
floating on the ocean surface represents about 1 % of all plastic in the
ocean, despite the buoyancy of most of this material, and biofouling can
cause plastic debris to sink and become a more common substrate for
marine organisms (Thompson et al., 2009; Andrady, 2011; Subias-Bar-
atau et al., 2022). The effect of biofouling on the buoyancy of plastic
debris depends on several factors, including the type and amount of
fouling material, the density, shape, and size of plastic debris, and the
physical properties of the water environment. In general terms, when
plastic debris is fouled, its average density increases, which affects its
terminal velocity, its transport mode (surface, bottom, or in the water
column), and therefore, its distribution and fate (Ye and Andrady, 1991;
Morét-Ferguson et al., 2010; Woodall et al., 2014; Chubarenko et al.,
2016; Fazey and Ryan, 2016; Halsband, 2021; Fischer et al., 2022;
Baudena et al., 2023). If the increase in settling velocity is large, plastic
debris may settle near its point of release, probably in the subtidal zone;
if the increase is small, plastic debris may travel with currents for the
duration of the settling period (Chubarenko et al., 2016; Chubarenko
and Stepanova, 2017).

A few studies have experimentally addressed the effect of biofouling
on some specific types of plastic debris: buoyant macroplastics, such as
six-pack ring material, plastic bags, surgical masks or nitrile gloves (Ye
and Andrady, 1991; Misic et al., 2022); two-dimensional (2D) buoyant
macro and mesoplastics (Fazey and Ryan, 2016; Chen et al., 2019;
Amaral-Zettler et al., 2021), and both buoyant and non-buoyant
micropellets (Kaiser et al., 2017; Chen et al., 2019; Miao et al., 2021;
Amaral-Zettler et al., 2021; Jalon-Rojas et al., 2022). In addition, Chu-
barenko et al. (2016) used simplified physical models and geometric
considerations to analyze biofouling in microplastics of different den-
sities, shapes, and sizes. The findings of all these studies suggest the
following: I) Biofouling responds to a cyclical process. Buoyant macro-
plastics can be rapidly colonized and eventually sink to the bottom or
remain in the water column where defouling and resuspension of the
debris occurs (Ye and Andrady, 1991; Misic et al., 2022). II) Whether
biofouling can sink debris or not depends on the type of plastic debris, as
well as the type of communities developing on its surface (e.g., bacterial
colonization is typical of microplastics, while macroorganisms such as
blue mussels can grow on larger debris). In general, macroorganisms can
cause plastic debris to sink in coastal environments (Ye and Andrady,
1991; Amaral-Zettler et al., 2021); however, if plastic items are too small
for macroorganisms to attach, they rarely sink in saltwater (Amaral-
Zettler et al., 2021) and can only sink in freshwater through microbial
colonization (Chen et al., 2019). III) Finally, Chubarenko et al. (2016)
and (Kaiser et al., 2017) investigated a relationship between the size of
plastic debris of specific densities and shapes and the colonization time
necessary for its sinking. They concluded that the smaller the size of the
plastic, the faster it is fouled and reaches the density of water, when it
sinks.

While some studies have investigated the influence of biofouling on
plastic debris’ buoyancy, the magnitude and direction of the effect can
vary depending on several factors, such as the type of fouling organisms,
plastic-debris’ surface properties, and environmental conditions.
Therefore, further experimental research is needed to improve these
insights into the complex interactions between plastic debris and marine
organisms, especially regarding the role of microfouling (Amaral-Zettler
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et al., 2021), which would be useful for improving predictive models of
plastic debris transport (Fischer et al., 2022).

This study aims to improve the understanding of the biofouling-
induced effect, with a focus on microfouling, on the rising/settling ter-
minal velocities (buoyancy) of novel types of plastic debris in still water.
A new set of laboratory experiments was performed to assess biofilm
growth and its effect on the buoyancy of different types of plastic debris,
in terms of density (buoyant and non-buoyant), size (micro, meso, and
macrosizes), shape (irregular, spherical, cylindrical, and flat), and
flexibility. Hollow cotton swabs and two types of facemasks (surgical
and FFP2) were also included due to their significant and increasing
presence in the marine environment (Mourgkogiannis et al., 2018; De-la
Torre and Aragaw, 2021). Biofilm growth was described in terms of
increases in carbohydrate accrual per unit of plastic surface area. As for
buoyancy, changes in both settling and rising velocities (in the case of
buoyant materials), were assessed. Furthermore, the relationship be-
tween biofilm growth and its associated changes in equivalent sphere
diameter was investigated. This is important because most numerical
models designed to predict plastic debris transport and dispersion regard
plastics as spherical particles (e.g., Van Sebille et al., 2018; Ntinez et al.,
2019, 2021; Stocchino et al., 2019; De Leo and Stocchino, 2022).

2. Materials and methods
2.1. Plastic materials

The plastic materials examined in this study were selected from those
commonly found in coastal seas, namely: polypropylene (PP: 850-950
kg/m®), low-density polyethylene (LDPE: 900-940 kg/m>), high-density
polyethylene (HDPE: 930-990 kg/m?), acrylonitrile butadiene styrene
(ABS: 1020-1080 kg/ms), polyamide (PA: 1020-1150 kg/mg), and
polyvinylchloride (PVC: 1100-1580 kg/m®) (Zhang, 2017; Mazarrasa
et al., 2019; Turner et al., 2020). Polypropylene cotton swabs were also
included because this type of debris is still one of the most common
debris types found on beaches near wastewater treatment plants
(Mourgkogiannis et al., 2018). Furthermore, an analysis of facemasks
(380-450 kg/m3; Bandi, 2020) was also conducted, as their use has
become widespread in recent years due to the global COVID-19
pandemic (De-la Torre and Aragaw, 2021).

Different shapes and sizes of the aforementioned materials were
considered, as these characteristics determine their buoyancy, i.e., their
position in the water column, and consequently their transport mecha-
nisms and fate (Filella, 2015; Chubarenko and Stepanova, 2017; Zhang,
2017). Shape and specific surface area of debris are also important pa-
rameters that determine biofilm processes and can therefore influence
the transport pathway of microplastics (Chubarenko et al., 2016; Van
Melkebeke et al., 2020). Thus, a total of 10 plastic debris types (here-
inafter P;,i=1, ...,10) were analyzed. Fig. 1 and Table 1 gather the main
characteristics of these materials, namely: the type of plastic material
and its specific density (pp); longest (a), intermediate (b), and shortest
(c) axes; average size defined by the nominal diameter (D, = va-b-c);
and shape represented by the dimensionless Corey shape factor (csf =
¢/v/a-b), where csf takes values of 1 for perfect spheres and close to 0 for
2D shapes (Corey et al., 1949). Density pp, values were obtained from
manufacturer information, when available, and from the literature
(Zhang, 2017; Bandi, 2020). Test-material sizes were obtained from
measurements of at least 20 items of each type, except for P1 and P2,
which were provided by the manufacturer. Regarding measurements,
the size of the plastic materials was measured with a 0.05 mm resolution
caliper and 1 mm resolution graduated scales. The thickness of the flat
micromaterials was in all cases provided by the manufacturer.

The analyzed plastic materials have densities ranging from 380 to
970 kg/m® in buoyant ones (from P1 to P3, P6, and from P8 to P10) and
from 1030 to 1340 kg/m3 in non-buoyant ones (P4, P5, and P7). The
diameter (D,) defines microplastics (from P3 to P7), mesoplastics (P1,
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Fig. 1. Plastic materials (P;) under study. Note the different dimensional scales
for P9 and P10 facemasks in relation to the rest of the elements.

P2, and P8), and macroplastics (P9 and P10). Finally, Corey’s shape
factor (csf) defines perfect spheres (P1 and P2), irregular pellets (from
P3 to P5), cylindric (P8), and 2D shapes (P6, P7, P9, and P10).

2.2. Biofilm incubation

Plastic items described in Subsection 2.1 were incubated under
controlled laboratory conditions (Amaral-Zettler et al., 2021; Misic
et al., 2022) to control biofilm growth and gain insight into the effects of
microfouling on plastic debris buoyancy. The incubation process started
on September 5" and ended on December 6, 2022. Samples were
collected at six-time points (i) to investigate the effect of different
growth levels on the buoyancy of plastic debris for different time frames
(from a few weeks to three months). The 3-month incubation period was
chosen to avoid the occurrence of artifacts due to the prolonged labo-
ratory conditions, that are different from those generally found on the
field. After this period, 80 % of the studied materials showed a
decreasing trend in biofilm accrual, while the remaining 20 % showed a
stabilizing trend.

Plastics were immersed in tanks filled with natural seawater (total
volume 40 L), collected in the coastal area of Liguria (NW Mediterra-
nean). Seawater showed a density (p,,) of approximately 1026 kg/m>
and was kept at a temperature between 19 and 20°C. The lighting was

Table 1
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indirect, artificial, and not particularly intense. Aerators kept the sys-
tems oxygenated and in light motion. Biofilm was allowed to grow under
natural conditions and under forced conditions, adding inorganic nu-
trients and organic carbon sources. Assuming that the density of the
incubated biofilm remained constant throughout the experiments, its
accrual was evaluated by measuring the quantity of polysaccharides
adhering on the plastic surfaces (carbohydrate accrual, p.; expressed in
ng/cm?). The higher the Pcu» the greater the development of biofilm
(Flemming and Wingender, 2010).

From September 5% to October 24™, plastic materials were immersed
in seawater under the natural incubation conditions. Three samples
were collected after 2 (t1: September 19th), 4 (t2: October 3" d), and 6 (t3:
October 17™) weeks, respectively, to measure terminal velocities.

From October 24™ to November 7%, the system was forced by adding
inorganic nutrients and glucose to simulate an environment with a
higher trophic level. The organic material quickly developed into water
and on the plastic materials. A fourth sampling was then carried out (t4:
November 7th). The addition of nitrates, orthophosphates (to obtain final
concentrations 10 times higher than the normal nutrient concentrations
in coastal Ligurian waters: 27 uM for nitrates and 2 uM for orthophos-
phates, Misic and Covazzi Harriague, 2019), and glucose (final con-
centration of 0.42 mM, Ylla et al., 2012) led to the relaxation of nutrient
and carbon-limitations that are typical of the Ligurian Sea’s oligotrophic
conditions.

As of November 7%, the remaining materials were subjected to two
different treatments. Half of the items were left in the original tank,
where only a quarter of the original water volume was left, replacing the
other three-quarters with new seawater. In this way, we simulated a
system that shows a lower trophic level (less rich in organic matter)
maintaining heterotrophic conditions; after two weeks, the fifth sam-
pling was carried out (t5: November 21%Y). The other half was transferred
to a new tank with 100 % clean seawater and was exposed to continuous
light (4050 Im, 45 W, red light: 630-660 nm, blue light 450-460 nm)
and further nutrient inputs to favor the photoautotrophic component;
this period lasted for four weeks after which, the sixth sampling (t6):
December 6th, was conducted. Fig. 2 summarizes the incubation process
described above.

For each sampling time, carbohydrates were measured following the
colorimetric method of DuBois et al. (1956). Briefly, plastic pieces were
subjected to sonication (10 min, 40 W power, 40 kHz frequency, Romani
et al., 2004) during the starting phase of the analysis (addition of 5 %
phenol), and subsequently the plastic was removed, given that the
following addition of concentrated sulfuric acid may cause carboniza-
tion/degradation of some plastic types such as masks. Glucose was used
as a standard. Absorbance was evaluated at 490 nm with a Jasco V530
spectrophotometer.

Main characteristics of the plastic materials under study: specific density (pp); longest (a), intermediate (b), and shortest (c) axes; average size (Dy); Corey shape factor
(csf), and plastic-debris class. Superscripts (1) and (2) denote values obtained from manufacturer’s sources and the literature, respectively. Unsuperscripted values
correspond to measurements. Buoyant/non-buoyant materials are denoted by B/NB in the “Class” column.

Material pp (kg/m*) a (mm) b (mm) ¢ (mm) D, (mm) esf (=) Class

P1 PP 9151 10.00 10.0M 10.0M 10.0 1.00 Mesosphere/B
P2 pp 915(1) 5.001) 5.01) 5.0(1) 5.0 1.00 Mesosphere/B
P3 HDPE 970 4.7 4.7 2.0 3.5 0.43 Micropellet/B
P4 ABS 1030 4.0 3.0 2.0 2.9 0.58 Micropellet/NB
P5 PA 11300 3.0 2.0 1.0 1.8 0.41 Micropellet/NB
P6 LDPE 910 4.9 4.9 0.07M 1.2 0.01 Microfilm/B
P7 PVC 1340 4.9 4.9 0.15M 15 0.03 Microfilm/NB
P8 PP (cotton swab) 950(1) 73.0 3.0 3.0 8.6 0.20 Mesoplastic/B
P9 Surgical mask 38002 175.0 95.0 15 28.4 0.01 Macroplastic/B
P10 FFP2 mask 4502 155.0 105.0 2.5 335 0.02 Macroplastic/B
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\_/ N/ _/ \// (16
‘ Natural conditions (n,) ‘ ’ Forced conditions (f; , 3)

* Natural seawater (40 L; p,, = 1026 kg/m?3) f,) Addition of: Replacement with:

= 19-20°C = Nitrates f5) 75% clean seawater

* Indirect and artificial light = Orthophosphates f3) 100% clean seawater

= Aerators *  Glucose (+nutrients)

Fig. 2. Timeline of biofilm incubation, including natural (n) and forced (f) experimental conditions, along with corresponding sampling time (t;).

2.3. Terminal velocity experiments

In order to conduct the terminal velocity experiments, a procedure
similar to that used by Kaiser et al. (2017) and Goral et al. (2023) to
measure the settling velocity of microplastics was followed but adjusted
to measure both rising and settling velocities (w,s, where subscripts r
and s refer to rising and settling, respectively) of buoyant and non-
buoyant plastic materials. Sample material was removed from the in-
cubation tank in water-filled containers (see Fig. 3d) and stored in a
refrigerator at 4°C for the duration of the terminal velocity experiments
(<12 h) to allow for biofilm preservation and air bubble control. Rising
and settling terminal velocities in still water were then evaluated for
each plastic material in a 50 x 50 x 50 cm® tank filled with seawater.
The height of the seawater level was set at 48 cm; however, since the
tank had a 2 cm platform inside, the effective water height for measuring
terminal velocities was 46 cm (Fig. 3a). Terminal velocities were
assessed for different biofilm growth conditions: no biofilm growth (t0)
and after each sampling (t;, j = 1, 2, ..., 6). The effect of the different
growth phases was quantified by comparing the velocity measurements
in each t; with respect to t0. Density and temperature were the same as
those used during incubation (p,, around 1026 kg/m> and temperature
between 19 and 20°C) and were controlled by the “Densito” densimeter
(METTLER TOLEDO) which has a precision of 0.001 g/crn3 (Fig. 3b).

As initial conditions, buoyant materials were deposited at the bottom
of the tank using an elongated and smooth element as shown in Fig. 3c.
Both facemasks and the cotton swab were placed in a horizontal position

with their shortest dimension, ¢, perpendicular to the bottom of the tank.
Non-buoyant items were placed slightly below the water surface to
avoid surface tension effects. Subsequently, the time it took each plastic
material to travel through the 46 cm of water column was recorded by a
camera. The bottom and top 10 cm being discarded for terminal velocity
calculations of the buoyant and non-buoyant materials, respectively. A
distance of 10 cm was considered to be sufficient for the various mate-
rials to reach their terminal velocities since their movements are likely
to occur in a direction perpendicular to the maximum projected area
(Stringham et al.,, 1969; Komar and Reimers, 1978; Middleton and
Hampton, 1973; Nunez et al.,, 2023; Goral et al., 2023) and their
thickness was less than 2.5 mm, i.e., 2 orders of magnitude smaller than
the 10 cm considered. Preliminary laboratory tests confirmed this
assumption.

In this study, a minimum of 40 velocity measurements were taken to
determine the mean terminal velocity of each plastic material. For ma-
terials P3 to P7, a measurement was made for each item since there were
more than 40 items available at each t;. However, there were only 2
elements at each t; for materials P1 and P2, 5 for P8, and 3 for P9 and
P10, so in these cases, all the available elements for each test material
were used to measure the terminal velocities 40 times.

A Canon EOS 40D camera was used to track the positions of the
plastics using images taken at a rate of 22 fps and a resolution of 1280 x
720 pixels. The center point of the camera lens was placed 50 and 26 cm
from the front wall and the bottom of the tank, respectively, to cover the
entire path of the plastic debris. The terminal velocity of each test ma-
terial was obtained after calibrating the camera and conducting image

Densito

Fig. 3. Experimental setup: a) terminal velocity measurement tank; b) “Densito” densimeter; c) tool for placing buoyant materials at the bottom of the tank; and d)

container for sample preservation during the experiments.
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post-processing through image analysis techniques based on MATLAB
code. Camera calibration ensured accurate spatial mapping by estab-
lishing the correspondence between pixel coordinates and real-world
dimensions. Image post-processing involved fundamental techniques
such as image segmentation, feature extraction, and data analysis,
implemented using the capabilities of the MATLAB’s Computer Vision
Toolbox (MathWorksR, 2021). These techniques allowed for efficient
processing and analysis of the images, enabling the accurate determi-
nation of the terminal velocity for each test material. Fig. 4 illustrates
the ability of the algorithms to identify different sizes of test materials:
micropellet P4, cotton swab P8, and surgical facemask P9 and how their
terminal velocities are calculated.

2.3.1. Equivalent sphere diameter for numerical applications

The diameter of the sphere with an equivalent terminal velocity to
that of each plastic item (D) was determined using state-of-the-art
formulas (Francalanci et al., 2021, Eq. 1). These formulas relate the
terminal velocity (w) to a reference diameter (D), expressed in a
dimensionless way (o and D*; Eqs. 2 and 3), and coefficients (C1, Ca,
and n), defined as a function of the material’s dimensions, i.e., size (a, b,
and ¢) and shape (csf) (Egs. from 4 to 6).

D
0= 1)
Ci + (0.75-C,-D™3)
R
D =D (‘i—) ®)
242 o\ 019
C =187 (7" ha 3 e > ; 4
C, = 0.3708-csf 192 (5)

Laboratory imaggs

ID algorithm
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n = 0.4942.csf %% (6)

where g is acceleration due to gravity, R is the submerged relative
density of the plastic material defined as |p,, — pp|/p,,, and v is the ki-
nematic viscosity of water. These formulas were tested and validated for
a wide range of plastic shapes (3D, 2D, and 1D) and compositions in
quiescent fluids using experimental data and an independent micro-
plastic dataset, such as contributions from the studies by Khatmullina
and Isachenko (2017) and Van Melkebeke et al. (2020).

Therefore, knowing the . ; from laboratory measurements and using
specific coefficients for spherical particles of the abovementioned for-
mulas (Cy,Cy, and n with a =b = c;csf = 1), D¢y can be inferred by
applying numerical resolution methods. This diameter can be used to set
up numerical models to study plastic debris transport and dispersion.

3. Results
3.1. Biofilm growth

Fig. 5a shows changes in the biofilm level, expressed as changes in
the carbohydrate accrual (Apcy), for each plastic type P; at each time t;
in which samplings were conducted. Note that this figure does not
include the standard deviations for materials P1 and P2 because, as
previously mentioned, only 2 samples were available at each time t;. As
an additional limitation, no measurements were available for t1, t3, tO,
and t6 for materials P1, P2, P7, and P9, respectively. However, the 95 %
of the total available measurements allowed accurate assessment and
interpretation of the results. A detailed overview of the available mea-
surements can be found in the Supplementary Information. For the in-
cubation conditions used in these experiments, the general trend
indicates a progressive biofilm growth (fouling process) from the initial
time tO to t4, when the maximum development occurred (although it
was a little earlier or later in some materials such as P1, P2, or P9). A
decrease in pqy (defouling process) was then observed due to the dilu-
tion of the concentration of the added substances. An average p.y of
about 1 pg/cm? was measured, reaching maximums of about 1.5 and 3.5

Terminal velocity

wg = -2.30 cm/s

w, = 3.88 cm/s

P9

w, = 7.85 cm/s

4 8 12 16
Time (s)

Fig. 4. Results of plastic-debris identification algorithms.
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Fig. 5. Biofilm growth in each plastic material (P;): a) changes in carbohydrate
accrual (Apcy). Blue dots and white diamonds represent the mean change and
standard deviation of the accruals, respectively. Dashed gray lines represent the
minimum, average, and maximum accrual changes for all 10 types of plastic
debris; b) mean biofilm accumulation as a function of D,; and c¢) example of
biofilm observed with the naked eye on an FFP2 facemask (P10 plastic mate-
rial) at t4. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

pg/em?, for all plastic materials except P8 cotton swabs, which showed
the greatest biofilm development. Mean Ap.y for P8 were close to 2 pg/
cm? and reached 4.5 pg/cm? at t4.

Panel “b” in Fig. 5 shows the average biofilm development of each
material, estimated as the average carbohydrate accumulation during
the fouling phase, compared to its nominal diameter. Two main biofilm
growth trends were observed. On the one hand, the trend that shows the
lower slope describes the behavior of materials from P1 to P7 (although
P4 deviates from this behavior), i.e., all non-porous plastic debris (blue
dashed line). In this case, a higher biofilm development was observed for
2D shapes or films (such as P7) than for spheres (P1 and P2). On the
other hand, a steeper slope was observed for the larger porous materials
under study, namely cotton swabs (P8) and facemasks (P9 and P10)
(black dashed line). Panel “c” in Fig. 5 shows an example of the large
biofilm development observed on P10. All these biofilm trends modified
the rising/settling terminal velocities of plastic materials.

3.2. Terminal-velocity changes

3.2.1. Initial terminal velocity

Fig. 6a shows the Probability Density Functions (PDFs) of the ter-
minal velocities of the plastic materials investigated in the laboratory at
t0. Median velocities (wﬁ';) and their corresponding standard deviations
(o) for each P; are summarized in the first column of Table 2. The
standard deviations from the mean value for rigid materials (all P;
except P6, P9, and P10) were always less than 5 %, while flexible ma-
terials (P6 microplastic, as well as P9 and P10 facemasks) presented
higher deviations, between 7 % and 12 %. Furthermore, it is worth
highlighting that some secondary motions were noticed when
measuring terminal velocities of macro and mesoplastics. P10 showed
the largest secondary movements and P9, the flexible facemask, first
rotated its position 180 and then made a vertical ascent to the water’s
surface.

The formulas proposed by Francalanci et al. (2021) (see Egs. from 1
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to 6) were used as a cross-check of the measures at t0, with an R?0f 0.94
(Fig. 6b). Note that these formulas have not been tested yet for large and
flexible particles, such as P9 and P10 facemasks. In fact, a relative error
of 46 % between the velocities obtained in the laboratory and those
resulting from the formulas was obtained for the surgical mask (P9),
although this error was only 3 % for the FFP2 facemask (P10). This
difference in error may be due to the fact that the surgical mask is more
flexible than the FFP2 and therefore its actual projected area in the di-
rection of motion is less than that of the same but more rigid material to
which the formulas apply better.

3.2.2. Biofilm influence on terminal velocity

The terminal velocities showed by each plastic at tO were modified
by biofilm growth as shown in Fig. 7. Changes in terminal velocities
were observed in response to the fouling and defouling patterns shown
in Fig. 5a. In general, except for P8 that showed a peculiar behavior (see
below), biofilm growth increased the average density of plastic mate-
rials and produced a negative/positive increase in their rising/settling
terminal velocities. Positive velocity changes indicate that non-buoyant
materials (i.e., P4, P5, and P7) sank or the cotton swab (P8) reached the
surface faster following biofilm growth, while negative values indicate
that the remaining buoyant materials rose more slowly.

Table 2 summarizes the maximum velocity changes (Awax) ach-
ieved by the biofilm incubated in the materials studied, the minimum
biofilm development (Apy) required to achieve such a change, and a
brief description of the velocity changes observed in each material due
to biofilm development. Some plastic types such as P1, P2, P6, P9, and
P10 showed the maximum variations in velocity when p.y; was highest.
The P9 surgical mask was the material with the largest change in ter-
minal velocity, decreasing by about 38 % (t4) and 48 % (t5) with biofilm
growth. Instead, other plastic types such as P3 and P4, showed a sudden
variation in their velocities from t1 onwards, irrespective of the biofilm
level colonizing their surface. P5 and P7 showed low variations for all
levels of biological development on their surfaces. P8 behaved differ-
ently than all the other materials under study. It was the material where
the greatest biofilm growth occurred, but this growth increased the
rising velocities, contrary to what happened with the rest of the buoyant
materials.

The results shown in Fig. 7 and Table 2 suggest that the degree to
which biofilm affects the terminal velocities of plastic debris is related
also to the intrinsic characteristics of materials, including their size,
shape, porosity, and flexibility. This phenomenon is illustrated in Fig. 8,
which uses scatter plots and curve fits (R?> > 0.75 and p < 0.02 for all
materials) to show the degree of velocity change associated with the
characteristics of each material for biofilm developments lower than 4
png/cm?. This biofilm level limit was chosen because it represents the
maximum development achieved in these experiments. The material
properties are shown in Fig. 8 as follows: buoyant/non-buoyant mate-
rials are represented by blue/red colors in panel “a” and solid/dashed
lines in panel “b”; markers with different shape and size of panel “b”
refer to the shape and size of each plastic material, while csf also defines
the shape in panel “c”; the porosity is for materials P8, P9, and P10;
while the relevant flexibility is for the macroplastic P9.

Sphericity (as described by cfs) shows a role in the rates of velocity
change. Spherical mesoplastics P1 and P2 (csf = 1) showed a gradual
velocity change rate from the initial stages of biological growth on-
wards. These changes were similar, but slightly higher for the element
with the smallest diameter, while both rates would increase by 10 %
with respect to the initial velocities when carbohydrate density reached
values close to 4 ug/cm?. When plastic materials lose sphericity, such as
P3, P4, and P5 micropellets (csf ~ 0.5), the maximum percentage of
velocity change was reached at small increments of biofilm accrual, and
the value of this percentage varied for different sizes and compositions
of plastic debris. Changes close to 3 %, 12 % and 13 % were achieved for
P5 (PA, D, 1.8 mm), P4 (ABS, D, 2.9 mm) and P3 (HDPE, D, 3.5 mm),



P. Nilnez et al.

Marine Pollution Bulletin 193 (2023) 115239

a) 40
P1 P2
30
20 b)
20 o
10 - P
. £10 t
17.12 19.26 13.17 1464 < e
40 ~ 20 3 »
30 P3 R 2 R?=0.94
-10
20 10 0 10 20
S 10 W s (cm/s)
> l
S 0
9 472 5.73 -2.06 -1.66
O
o 40
e P5 P6 P7
30
20
10
0
-6.46 -5.69 0.61 1 -2.55 D97
40
P8
20 P9 P10
20
10
0
3.54 435 6.59 8.95 4.66 7.42
wrs(cm/s)

Fig. 6. Experimental terminal velocities (s, where subscripts r/s refer to rising/settling velocities) at t0: a) Probability Density Functions (PDFs) of w,, (blue/red
color refers to rising/settling velocities of buoyant/non-buoyant materials) and b) scatter plot between w;; and theoretical estimates (w[,). (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)

respectively. As mentioned above, the behavior of the cotton swab P8
(csf ~ 0.2) was notably different from that of the remaining materials
studied, with a 17 % increase in its initial rising velocity for biofilm
growths of 4 pg/cm?. For two-dimensional materials, such as micro-
plastics P6 and P7, and facemasks (P9 and P10), there were gradual
variations in their terminal velocities, with stronger changes for larger
and more flexible elements. With these trends, changes in initial velocity
are expected to be about 10 % for P6 and P7, 20 % for the rigid mask
P10, and nearly 80 % for the flexible mask P9 for a Apgy of 4 pg/cm?.

3.3. Numerical applications

Panels “a” to “d” in Fig. 9 show the dimensionless equivalent di-

*Apey

ameters related to biofilm level (D", Apcy =1, 2, 3, and 4 pg/cmz)

compared to the initial diameter without biofilm growth (DZ}I)). Dashed
lines represent the deviations of each D;IA" “ from D,J for two-
dimensional/three-dimensional microplastics, as well as meso and

macroplastics. The R? between D;? “ci and such dashed lines was always
higher than 0.97. Similar to the changes in terminal velocities (see

Fig. 8), changes in D:q were found to depend on debris size, microplastic
shape, macroplastic flexibility, and biofilm accrual.

For buoyant materials, except for the hollow and open material P8
(cotton swab), a more profuse biofilm development was associated with
a decrease in D:q. Average changes of 2 %, 3 %, 5 %, and 7 % were
obtained for two-dimensional microplastics (films) with accruals (Apgy)
of 1,2, 3, and 4 pg/cmz, respectively. Changes from 10 % to 12 % were
obtained for three-dimensional microplastics (pellets), while these
changes were of 6 %, 10 %, 14 %, and 17 % for meso and macroplastics,
except for the large and most flexible material, the P9 surgical facemask,
which showed larger changes: 14 %, 30 %, 50 %, and 70 %. According to
Eq. 3, the decrease in D:q could be achieved by reducing the dimensional
diameter or the relative density R of the plastic materials, i.e., by
increasing the average density of the buoyant plastic material. During
the experiments conducted in this study, the increase in biofilm did not
cause significant changes in the size of the plastic materials (since it was
microfouling), only affecting their density.

For non-buoyant materials, the percentage of change in the dimen-
sionless diameter obtained was the same as for buoyant materials with
the same biofilm growths; however, the dimensionless diameter
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Influence of incubated biofilm on the buoyancy of plastic materials (P;): median initial terminal velocities and standard deviations (wif’s + ¢), maximum changes in

rs

terminal velocities (w’”‘”‘), biofilm development producing such maximum changes (Apy), and a brief description of the observed processes. Note that in the first

column, positive/negative mathematical signs represent rising/settling velocities, while in the second column, positive/negative signs refer to increases/decreases in

the magnitude of terminal velocities, respectively.

o to Awpe* Apey Observations
(cm/s) (%) (ng/
cm?)
P1 18.45 4+ 0.52 —-5% >2.0 4 %-5 % reductions in a),‘,o at t2-t3. These changes coincide with the highest Ap.; (close to 1.5-2.0 pg/cmz).
P2 14.02 + 0.34 9% >2.0 Velocity changes start to be relevant at t3 with Ap; around 0.5 pg/cm?, reducing 0 by 6 %. Maximum reduction of about 9 % at t4
and maintained at t5 when Ap, exceeds 2 pg/cm?.
P3 519+0.19 -13% >0.2 13 % reduction in @ from t1. Reduction is maintained for the remaining time instants, with Apg,; ranging from 0.2 to 3.5 pg/cm?.
P4 -1.89+0.10 10% >0.2 10 % positive increase in »® from t1, when Apy exceeds 0.2 pg/cm?.
P5 —6.00 £+ 0.17 3% >0.4 <3 % change in @ regardless of degree of biological development on surface (Apq ranging from 0.4 to 2 pg/cm?).
P6 0.70 £ 0.09 7%  >3.0 No relevant changes in wf except at the time of maximum biofilm accrual at t4 (Apgy >3 pg/cm?), where o decreased by about 7 %.
P7 —2.45 £+ 0.06 3% >2.0 3 % change in @ at t4 when biological development was maximum (Apcy close to 2 pg/cm?.
P8 3.84 £ 0.16 17%  >4.0 Unlike other buoyant materials, biofilm increased w°. 17 % positive increase at the time of maximum biological development (Apcy is
close to 4 pg/cm? at t4).
P9 7.66 £0.52 —-48% >2.5 38 %-48 % reduction in w® when Apg,; was larger than 2 pg/cm? (t4) - 2.5 pg/cm? (t5).

P10 588+ 0.66 -20% >3.0

20 % reduction in @ for Apcy higher than 3 pg/cm? at t4.

increased. In these cases, if the dimensional diameter remained con-
stant, as in our experiments, the relative density should increase and,
consequently, the average density of the non-buoyant plastic material
must do so too. Nevertheless, in nature, there may also be biological
growth that causes additional relevant changes in debris size (Chubar-
enko et al., 2016).

The dimensionless diameter of the buoyant, hollow, and open meso
material P8 showed a similar trend to that of non-buoyant materials.
Biofilm growth suggested an increase in the dimensionless diameter but
described a different behavior. The initial effective density of the P8
material was a function of the density of the polypropylene and of the
water filling the hole. The water gradually encountered more resistance
to enter the swab’s cavity, being displaced by the development of bio-
film, which reduced the initial effective density of this material and
therefore increased the relative density and its dimensionless diameter.

All the above percentage changes in qu due to biofilm growth, as
well as their trends, are summarized in absolute terms in panel “e” of
Fig. 9, where these increments are positive for non-buoyant or buoyant
but hollow and open plastic materials, and negative for the remaining
buoyant materials.

Obtaining the D:q from state-of-the-art formulas requires applying
numerical resolution methods. The curve fitting applied to the results of

eq’
csf, and the dimensionless nominal diameter (D;) of the plastic material,
and that this relationship was dependent on the rate of biofilm growth.
Panel “f’ in Fig. 9 compares the equivalent dimensionless diameters

obtained from state-of-the-art formulas (qu.r, where subscript T refers

these experiments revealed that there was a relationship between D

to the theoretical approach) and the curve fit (D,, , where subscript F

eq.F>
refers to the fit approach) before biofilm growth (Apqy = 0; black points)
and for a range of biofilm growth rates (Apgy = 1, 2, 3, and 4 pg/cm?;
gray points), with an R? of 0.98. This relationship can provide a direct

and simple estimate of D,,.
4. Discussion
4.1. Biofilm growth

In this study, biofilm was incubated on several types of plastic debris
in laboratory facilities to assess how it affects their buoyancy. Previous
studies have incubated biofouling on various plastic materials in the
field to assess their sinking behavior under different growth rates,
including micro and macrofouling. In these studies, biofouling incuba-
tion in freshwater (Chen et al., 2019; Miao et al., 2021), coastal waters

(Ye and Andrady, 1991; Fazey and Ryan, 2016; Kaiser et al., 2017;
Amaral-Zettler et al., 2021), and estuarine waters (Kaiser et al., 2017)
were conducted for time periods in the order of months. Moreover,
Amaral-Zettler et al. (2021) and Misic et al. (2022) incubated microbial
biofouling under controlled laboratory conditions for several weeks.
Both laboratory and field approaches show pros and cons. Field-based
incubations may perfectly replicate real-world environments, but a
laboratory approach allows more control over variables such as tem-
perature, salinity, and nutrient levels allowing both reproducibility of
the procedures and the forcing of specific processes; it can also minimize
contamination from external sources and macrofouling, if required, and
the measurement of biofilm may be more accurate in a laboratory
setting. Under both approaches, the physical and biochemical conditions
of the water (e.g., temperature, availability of nutrients) and the type of
plastic debris have been found to be important factors regulating biofilm
growth processes.

In general, the biofilm accrual observed in our experiments was in
agreement with previous observations (Ye and Andrady, 1991; Misic
et al., 2022). Fluctuations in inorganic nutrient and glucose supply were
found to drive biofilm development, showing fouling and defouling
phases for all materials (Fig. 5a). Biofilm accrual on each material in
terms of quantity of polysaccharides and of time necessary to develop a
significant (able to influence terminal velocity of the various items)
biofilm matrix was driven by the characteristics of the plastic items. The
results of this study show that non-porous plastics host lower average
biofilm accruals than porous materials, as described by the two resulting
growth trends. For each growth trend, smaller particles accumulated
slightly more biofilm than larger debris, which is consistent with pre-
vious research such as that of Hidalgo-Ruz et al. (2012) and Chubarenko
et al. (2016). Furthermore, the 2D microshapes of P7, showed more
biofilm than P1 and P2 spheres, which is also in agreement with the
findings of Chubarenko et al. (2016). Cotton swabs, belonging to porous
mesoplastics, exhibited the highest biofilm development, probably due
to their elongated, hollow, and open shape. All these differences in
biofilm accrual may also have been due to the ability of different mi-
crobial communities to grow on different plastic types, as shown in
previous studies by Zettler et al. (2013), Oberbeckmann et al. (2014),
Amaral-Zettler et al. (2020), and Zhou et al. (2021). In fact, P3, P4, and
P5 had similar shapes and sphericity, but the development of biofilm
was smaller in P4, composed of ABS, than in the other plastic types
(HDPE and PA).

4.2. Terminal-velocity changes

Biofilm increased the average density of plastic materials and caused
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Fig. 7. Evolution of terminal velocity, wr;, distributions of each P; over time
(tj) represented by boxplots (at least 40 repetitions) showing the median (Q2),
first and third quartiles (Q1 and Q3), maximum, minimum, and outliers for
each distribution; blue/red colors refer to rising/settling velocities of buoyant/
non-buoyant materials; numbers within panels indicate the relative increase in
median terminal velocity compared to tO (no biofilm growth). Note the
different scales of the y-axes. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

non-buoyant materials to reach the bottom more quickly, and vice versa
for buoyant materials, which took longer torise to the surface (Fig. 7). The
exception to this general behavior was shown by cotton swabs, maybe
due to the elongated, hollow, and open shape of these items. As described
in Section 2, during the velocity measurement experiments, it was
ensured that the hollows and pores of the materials were filled with water.
In the early stages of the experiments, water would occupy the entire
inner hole of P8; however, the development of biofilm took place in both
the outer and inner zones of the cotton swab. Thus, the biofilm created a
porous media that would gradually hinder water entry to the core of this
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material, reducing its average density and increasing its rising velocity.

Field, experimental, or analytical evidence has shown that smaller
debris is fouled more quickly and, therefore, sinks faster than larger
debris (Hidalgo-Ruz et al., 2012; Chubarenko et al., 2016; Fazey and
Ryan, 2016; Van Melkebeke et al., 2020). In this study, microfouling
affected the terminal velocities of all the plastics studied but did not
cause any of the buoyant materials to sink; nonetheless, it should be
born in mind that a change in the exposure conditions (e.g., further
nutrient inputs or field incubations) could allow higher biofilm de-
velopments or larger organisms to grow on debris, potentially leading to
their sinking. This research shows that accumulating the same biofilm
level in different types of plastic does not necessarily result in greater
changes in the terminal velocities of the smallest debris. It was found
that the rates of these changes, assuming constant the density of the
biofilm developed on plastic surfaces, are comparable for plastics of
similar shape, and that the sign of the change is primarily determined by
the specific density of each material and whether it is solid or hollow,
while the magnitude of the change appears to be primarily influenced by
the size and flexibility of the plastic material. As microparticles lose their
sphericity and assume irregular shapes, the maximum rate of change in
velocity was reached at smaller increments of biofilm accrual, while the
magnitude of this change rate was found to be slightly bigger for larger
nominal sizes (a larger surface area implies a larger absolute amount of
biofilm in the pellets, which could have a greater impact on their ter-
minal velocities). Similar behaviors were found for macroplastics, with
higher rates of change being observed for larger and more flexible ma-
terials. However, it should be noted that potential changes in the biofilm
density could also affect the buoyancy of plastic elements.

These results thus confirm that the shape, size, and flexibility of
plastic debris are significant parameters that strongly affect their ter-
minal velocities and could determine whether biofilm changes their
behavior from buoyant to non-buoyant. For instance, if biofilm-induced
trends in terminal velocities of buoyant P1, P9, and P10 continue, these
materials may eventually sink (see Fig. 8).

4.3. Numerical applications

Numerical models have proven to be an adequate approach to
perform comprehensive analyses of the dynamics of plastic debris in
different hydrodynamic scenarios (Hardesty et al., 2017). Most of these
tools typically use spherical particles to represent debris (e.g., Van
Sebille et al., 2018; Stocchino et al., 2019; Ntinez et al., 2019, 2021; De
Leo and Stocchino, 2022); however, plastic debris is often different from
a sphere. Thus, key parameters, such as equivalent particle size, which
determine transport pathways (e.g., surface, suspension, or bottom)
need to be expressed in terms of plastic debris characteristics. Moreover,
the explicit description of some processes, such as changes in particle
density to account for sinking mechanisms due to biofilm growth, show
great scope improvement (Hardesty et al., 2017; Zhang, 2017).

To adequately model the inertial behavior of plastic debris charac-
terized by different shapes, sizes, and densities, it is necessary to identify
the diameter of the sphere with an equivalent terminal velocity as the
plastic debris of interest. This diameter can be inferred from state-of-the-
art formulas (e.g., Dietrich, 1982; Ferguson and Church, 2004; Franca-
lanci et al., 2021; De Leo et al., 2021), once the terminal velocity is
known, or by applying the simple approach provided here to quickly
estimate this dimensionless diameter taking into account the size and
shape of plastic debris (see Fig. 9f). In addition, this study investigated a
relationship between biofilm growth and its associated changes in such
equivalent diameter, finding different behaviors for 2D microplastics,
3D microplastics, and meso/macroplastics with different flexibilities
(see Fig. 9e). All these findings on the relationships between the
dimensionless diameter of the equivalent sphere, the characteristics of
plastic debris, and the effect of biofilm growth on this dimensionless
diameter, can easily be used to set up and improve numerical models of
plastic debris transport and dispersion.
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The results of this study complete and expand the existing database
in the literature, such as Kaiser et al. (2017); Van Melkebeke et al.
(2020), or Jalon-Rojas et al. (2022), on the effect of physical properties
of plastic debris and biofouling accumulation on its terminal velocities.
Previous studies have focused on the study of microparticles (granules,
sheets, and fibers), mainly analyzing sinking velocities and in a few
studies, such as Jalon-Rojas et al. (2022), also rising velocities. The
present study includes the analysis of rising/settling terminal velocities
not only of microplastics, but also of macro/mesoplastics with a current
high/increasing presence in the marine environment, such as cotton
swabs or facemasks, and several new biological colonization rates.
Further research in this direction, including new micro, meso, and
macroplastics, is worthwhile to obtain an important extended experi-
mental database for the validation of predictive numerical tools for the
transport of plastic debris. Furthermore, it is worth extending these
findings to larger biofouling growths when larger organisms such as
macroalgae, mollusks, or crustaceans grow on plastic surfaces (Chu-
barenko et al., 2016) and better understand how these conditions would
affect the hydrodynamics around the objects. Water flow around an
object can be modified due to processes such as increasing drag and
turbulence and cause additional changes in terminal velocity beyond
those described in this study. It would also be interesting to study how
biofouling alters the terminal velocities of plastic debris of different
sizes, shapes, and densities, not only in still water but also under
different hydrodynamic conditions. This research topic could be
addressed by continuing the study initiated by De Leo et al. (2021) for
virgin, or without biofilm growth, spherical microplastic particles
exposed to different wave conditions.

2
Apgy, (nglem™)

10

5. Conclusions

This research explores the effect of biofilm growth on the terminal
velocities of different types of plastic debris. Among the major novelties,
the study examines both buoyant and non-buoyant plastic materials,
analyzing not only the settling velocities when plastic materials can sink
but also changes in rising velocities for buoyant materials. In addition,
the study examines plastic materials of various shapes, ranging from
perfect spheres to two-dimensional or flat shapes, including hollow and
open elements such as cotton swabs. The research also analyzes micro,
meso, and macroplastics of various sizes, including flexible surgical
facemasks and more rigid FFP2 facemasks as macroplastics.

The biofilm incubated for this study was described in terms of car-
bohydrate accrual and was found to have a similar average development
with slight variations on all plastic materials, except for cotton swabs.
Cotton swabs accumulated approximately twice as much biofilm as the
other plastic materials, possibly due to their elongated, hollow, and open
shape. Considering the slight variations mentioned above, smaller ma-
terials showed a higher biofilm development, with non-porous materials
revealing a different behavior compared to porous materials. This could
be attributed to the fact that different communities can grow on
different types of plastic debris.

As microfouling grew in these experiments, no appreciable changes
were observed in the size of the analyzed debris, but in their average
densities. Microfouling was unable to sink buoyant materials, but it did
alter the terminal velocities of all plastic materials analyzed. The general
trend indicated an increase in the average density of plastics, resulting in
a negative/positive increment in rising/settling velocities of plastic
material, limiting their buoyancy. The degree to which biofilm affects
the terminal velocities of plastic debris depends strongly on the intrinsic
properties of such materials, such as density, size, shape, porosity, or
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Fig. 9. Changes in the dimensionless diameter of the equivalent sphere (Deq)
due to the following biofilm growth rates: Apo; =1 (a), 2 (b), 3 (c), 4 (d) pg/
cm? Note that the diameters are standardized between 0 and 1 for the sake of
generality. White/solid-color circles represent two-dimensional/three-
dimensional microplastics, while solid-color squares represent meso and mac-
roplastics (the flexible surgical mask is highlighted with a larger outer square).
Dashed lines represent the deviations caused by biofilm in these diameters with
respect to their initial value (without biofilm) for micro-2D, micro-3D, and
meso/macroplastic; e) estimates of change in qu, expressed in absolute terms
(negative/positive for buoyant/non-buoyant materials), over Apqy; f) diameter
from a theoretical approach, D,, ;, over diameter from curve fitting, D:q_F (black

éq.T’
points represent the degree of agreement without biofilm and gray points for
the analyzed biofilm rates).

flexibility. Thus, the maximum rate of change for terminal velocities of
irregular pellets was achieved with small increments of biofilm accrual,
which remained unchanged after the initial change, showing slightly
higher rates for the larger sizes. Two-dimensional materials also showed
higher rates of change in the largest and most flexible elements, but
changes were gradual, progressive, and increased with biofilm growth.
Changes were also found to be progressive for perfect spheres; however,
the rates of velocity change were similar but slightly higher for the
smallest elements. The exception to this general behavior was once
again displayed by the cotton swab. Its rising velocity increased in the
initial stages of biofilm growth, possibly due to a reduction in effective
density caused by biofilm turning it into a porous medium. In short, it
was confirmed that the physical characteristics of plastic debris are
relevant parameters that strongly influence their terminal velocities and,
together with the type of fouling organisms, can determine whether a

11

Marine Pollution Bulletin 193 (2023) 115239

specific debris type changes its behavior from buoyant to non-buoyant.

This study increases the available knowledge on a topic of increasing
interest: the effect of biofilm on the buoyancy of plastic debris. Our re-
sults can be used to improve predictive modeling of plastic-debris
transport and dispersion in marine environments. From the obtained
results, some relationships and recommendations were provided to fill
current gaps in the state-of-the-art numerical modeling of plastic debris
transport. It is well-known that the use of spherical particles to represent
plastic debris is common in this type of modeling, but plastic debris often
has different shapes, such as irregular pellets, films, or fibers. Therefore,
it is necessary to define the diameter of the equivalent sphere which
travels in the same position in the water column as the plastic debris
under study. This diameter can be approximated from state-of-the-art
formulas using numerical resolution methods or by applying a more
direct and simple relationship provided here between the dimensions
and the shape of each debris (see panel “f” of Fig. 9). In addition, some
simple relationships have been derived to account for changes due to
fouling growth in the density, or where appropriate, the equivalent
diameter, of plastic debris with very different physical characteristics
(see panel “e” of Fig. 9). In this way, the definition of these key modeling
parameters (both the equivalent particle size and change in density or
particle size due to biofilm growth) can be addressed. All these insights
will aid in the development of more accurate numerical models to study
plastic debris and ultimately in the management and mitigation of
plastic pollution in marine environments.
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