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Abstract: Plastic particles are ubiquitous in the marine environment. Given their low density, they
have the tendency to float on the sea surface, with possible impacts on the sea surface microlayer
(SML). The SML is an enriched biofilm of marine organic matter, that plays a key role in biochemical
and photochemical processes, as well as controlling gas exchange between the ocean and the
atmosphere. Recent studies indicate that plastics can interfere with the microbial cycling of carbon.
However, studies on microplastic accumulation in the SML are limited, and their effects on organic
matter cycling in the surface ocean are poorly understood. To explore potential dynamics in this key
ocean compartment, we ran a controlled experiment with standard microplastics in the surface and
bulk water of a marine monoculture. Bacterial abundance, chromophoric dissolved organic matter
(CDOM), and oxygen concentrations were measured. The results indicate an accumulation of CDOM
in the SML and immediate underlying water when microplastic particles are present, as well as an
enhanced oxygen consumption. If extrapolated to a typical marine environment, this indicates that
alterations in the quality and reactivity of the organic components of the SML could be expected.
This preliminary study shows the need for a more integrated effort to our understanding the impact
of microplastics on SML functioning and marine biological processes.
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1. Introduction

1.1. The Structure of the Sea Surface Microlayer, and the Air–Sea Interface

The sea surface microlayer (SML) is the uppermost oceanic boundary; it is an organic surface
biofilm [1] up to 1 mm thick, [2–4]. It is observable on sunny low-wind days with calm waters when
the surface of the sea appears as a smooth perfectly reflecting film. Its formation relies on biologically
derived compounds ascending through the water column to the surface and their surface-active
properties. Within the SML, marine microorganisms are present in high concentrations with respect to
the water column, thanks to its enriched organic matter content [1,3,5,6]. Early studies on the biological
features of the SML first appeared in the 1960s in the Sargasso Sea, when Trichodesmium blooms formed
visible surface slicks covering areas up to 25 km [7].

The SML is simultaneously both a source and a repository for airborne particles [1,3], and
it plays a mediating role in air–sea interactions like gas exchange and marine aerosol emission,
with consequences on global ocean dynamics and climate change [6,8–10]. The SML is naturally
enriched in organic matter and, thus, organic carbon compounds. However, while bulk dissolved
organic carbon (DOC) is not generally enriched in the SML, specific organic matter fractions are
present at much higher concentrations than in the underlying water. These enriched pools of organic
matter include a vast array of organic molecules both in the dissolved and particulate phase, as well
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as microorganisms, referred to as neuston [2]. These comprise carbohydrates, amino acids, and
lipids, amphiphilic compounds with both hydrophobic and hydrophilic moieties that enhance their
surface-active properties, facilitating their adsorption at the water–air interface [11]. Surface tension
further stimulates collision between dissolved precursors, resulting in the formation and growth of
polysaccharidic marine gels [4], insoluble macromolecules derived from dissolved organic matter
(DOM) polymers exuded by marine microorganisms during metabolic processes. Marine gels link the
dissolved and the particulate organic matter pools [12] that span over a range of dimensions (nm to
mm). Present in higher concentrations, marine gels make the SML a gel-like biofilm [13–15].

Another important component of the SML is chromophoric dissolved organic matter (CDOM) [16–19],
which constitutes between 20% and 70% of the DOM in oceanic waters and is the principal
light-absorbing constituent of DOM [20]. CDOM plays a major role in the attenuation of solar
ultraviolet (UV) wavelengths and can reduce the availability of underwater photosynthetically active
radiation for primary production [21]. The SML receives elevated solar radiation, and exposure to solar
UV radiation modifies the structure of natural components that are present; UV inhibits the aggregation
of marine gels [22], and stimulates the bacterial release of extracellular polymeric exudates as UV
protection [23,24], contributing to the gelatinous character of the SML. At the same time, UV radiation
modifies the molecular characteristics of CDOM, increasing the production of low-molecular-weight
organic compounds via photochemical breakdown and increasing the bioavailability of carbon for
microbial growth [25]. This results in increased productivity and CO2 production (aerobic degradation),
and the generation of reactive chemical species [26]. Elevated DOM degradation in the SML could
represent a localized net source of CO2 to the atmosphere, with respect to the overall balance of organic
matter production and its biological degradation [27,28].

1.2. Plastic Accumulation and Other Pollutants in the Sea Surface Microlayer

The very first description of marine surface layers was related to anthropogenic pollution and
dates back to 1773 when Benjamin Franklin observed ship’s oil spills on the sea surface [2]. The
SML is a repository of anthropogenic pollutants, enriched up to a hundred times with respect to
the underlying water [8]. These components include persistent organic pollutants (POPs) such as
hydrocarbons, organochlorine compounds (polychlorinated biphenyls, for example), and pesticides,
as well as heavy metals [10,29,30].

However, the increased production of plastic in the last half century led to its accumulation in
marine environments, with an estimated five trillion plastic items present in today’s oceans [31]. There
is extensive research on plastic’s impacts on marine life, showing the need for more research and
policy measures [32–36]. Microplastics (plastics less than 5 mm in size) [29] are present in particularly
elevated concentrations; while the global production of plastic is expected to double over the next
two decades [37], in 1972 scientists observed, for the first time, that due to the massive use of plastic,
micro-sized particles accumulated in the sea surface acted as biological substrates for the growth of
many marine microorganisms [38,39]. More recent studies also showed that the sea surface microlayer
accumulates high quantities of low-density microplastics [40–42].

As ubiquitous marine constituents, microplastics are likely to have effects at both local and
global scales. Locally, the transfer of the plastic debris along the food chain affects fish populations
and fisheries. Contaminants adsorbed on microplastic surfaces can be ingested or released during
degradation, allowing for transport to even the most remote environments [43,44]. Importantly,
microplastics are often less dense than seawater, representing an additional mechanism for POPs to
accumulate in the SML [29,44].

The accumulation of anthropogenic compounds of terrestrial origin can have serious
ecotoxicological consequences for the marine system. The SML is a unique micro habitat for a
variety of organisms: fish eggs of many commercial species, (i.e., Atlantic cod) and larvae (echinoderm,
clam) bacteria, micro-invertebrates, and marine algae. Contaminants in this layer are likely to increase
mortality, suppress growth rates, and encourage the development of abnormalities and prolonged
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incubation time for fish eggs [30]. The combination of wastewater discharge, agricultural and industrial
run-off, shipping activities, and atmospheric deposition of combustion residues makes coastal areas,
bays, and harbors highly enriched in these pollutants compared to the open ocean [30]. These areas
are also widely utilized as spawning grounds for a range of different species. It was suggested that the
accumulation of pollutants in these areas is influenced by the enrichment of organic matter in the SML;
the reduced surface tension caused by a high density of particulate organic matter provides a substrate
for pollutant enrichment, leading to formation of visible slicks [45]. Studies showed that DOM and
POM can control the concentration and fate of heavy metals in the SML [30]; metal-complexing moieties
in the colloidal organic matter phase are known [46] and the DOC pool also contains polyanionic
polysaccharides that bind metal cations in solution [47,48].

Studies on the effects of plastics in the SML are limited. However, there is a rising concern
that microplastics can interfere with the microbial cycling of organic matter in the oceans [49,50].
Low-density microplastic accumulation in the SML may be particularly important in coastal areas,
where concentrations of particulate organic matter are elevated [45]. This modified organic “skin”
has the potential to influence the flux of gases across the air–water interface [51]. As the biological
response to ocean change affects the SML compounds and processes [10,13,52–54], we expect that
plastic pollution will have tangible effects on SML composition and reactivity as well.

We present a pilot laboratory study aimed at examining the impact of microplastics on the cycling
of organic matter on the ocean’s surface. This preliminary study was based on the hypothesis that
microplastics in the SML increase the microbial production of DOM, changing the physical, biological,
and chemical properties of the SML with potential impacts on SML functioning. CDOM production,
bacterial abundance, and oxygen concentrations were measured in controlled conditions, with and
without standard inert microplastics.

2. Materials and Methods

2.1. Experimental Set-Up

The study was a modification of the methodology outlined in Galgani et al. (2018) [49].
A non-axenic strain of Chaetoceros socialis, a marine diatom, was obtained by the Scottish Association of
Marine Sciences (CCAP nr. 1010/19) and grown in pre-filtered (0.2 µm) and autoclaved Guillard’s
f/2 + Si medium for marine diatoms prepared from artificial seawater according to recipe nr. 1 of
the Woods Hole Marine Biological Laboratory [55]. The culture was grown in a 2-L flask on a 12:12
light/dark cycle (light intensity 54.4 ± 0.12 µmol·m−2·s−1) between 18 ◦C and 20 ◦C reaching the
abundance of 1.94 × 104 cells·mL−1, which was measured microscopically and calibrated with optical
density measurements at 420 nm.

After the growth phase, the culture was filtered through a 1-µm membrane to remove only
phytoplankton cells while maintaining the DOM and bacteria concentrations. Then, 450 mL of
the filtrate was distributed in equal proportions to four 10-L capacity settling aquaria, previously
acid-washed (10% HCl), and rinsed with Milli-Q water, measuring 31 cm × 17 cm × 20 cm (height),
each containing 4550 mL of filtered and autoclaved seawater, with a density of 1.022 and a salinity
of 30 practical salinity units (PSU). In two of the settling aquaria, 5 µL of an aqueous solution of
30-µm-diameter transparent polystyrene beads (density of 1.05 g/m3, SIGMA) were added to reach a
final concentration of approximately 1300 particles·L−1 (microplastic, MP treatments). The particles
used in the experiment were chosen as the best standard available having a density close to seawater
and to the artificial seawater used, while also being inert and of constant size. Two settling aquaria
did not receive the microbeads addition (controls). All four aquaria were covered and gently aerated
for 24 hours, to ensure proper mixing of the various components and to induce an accumulation of
organic material at the surface.

After the incubation, the SML was sampled from each aquarium with a sterile glass syringe to a
total of 100 mL (50 mL each), sampling from an average thickness of ~1 mm (Figure 1). After the SML
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sampling, the underlying water (ULW; ~15 cm) was sampled (to a total of 100 mL) from each settling
aquarium with a separate sterile glass syringe and sterile needle.
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Figure 1. The experimental set-up of the pilot experiment.

The SML and ULW collected from the two controls and MP treatments were used to fill 12
quartz cuvettes of 28 mL capacity each (10 cm path length, Hellma 120-QS, Quartz SUPRASIL, Helma
Analytics, Müllheim, Germany). Eight of the cuvettes were exposed for 24 hours to a pseudo solar
spectrum (Philips OSRAM Metal halide lamp, HQI-TS, 150 W/D, Osram AG, Munich, Germany) at a
constant temperature 26 ± 2 ◦C. The exposition was measured constantly at the surface of the cuvettes
(with a 10-nm waveband and center wavelengths of 380, 440, 590, and 670, Skye Instruments). Four
cuvettes were maintained in the dark at 18 ± 2 ◦C. CDOM absorbance and oxygen were measured from
each cuvette at the beginning (t0), then after 6, 18, and 24 hours. Bacterial abundance was measured at
t0 and after 24 hours.

2.2. Parameters

The parameters here reported are CDOM absorption, bacterial abundance, and dissolved oxygen
concentrations. To exclude possible CDOM release from polystyrene particles, a blank control
experiment was also run [49].

The CDOM absorbance spectrum was measured with a Lambda 10 ultraviolet–visible light
(UV–Vis) Spectrophotometer (Perkin Elmer) from 210 to 750 nm at 960 nm/min, 1 nm wavelength
resolution, and room temperature (20 ◦C ± 2 ◦C). The instrument was factory calibrated. Baseline
corrections were applied each day of analysis and repeated every 10 samples scanned. Spectra were
corrected for Milli-Q water each day of analysis and for scattering by subtracting the absorbance
values at 700 nm. Absorption coefficients a(λ) were calculated from absorbance values (Aλ) following
Bricaud et al. (1981) [56], as shown in Equation (1).

a(λ), m−1 = 2.303Aλ/L, (1)
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where L is the path length of the cuvette (0.10 m). Absorption (m−1) at 355 nm, a(355), was used as an
indicator of CDOM concentration.

A volume of 1.5 mL was collected from each cuvette for bacterial cell enumerations at the
beginning (t0) and at the end of the experiment (after 24 hours). Samples were preserved in 25%
glutaraldehyde at −20 ◦C. Flow cytometry analysis was conducted in a Becton and Dickinson
FACSCalibur instrument by detecting the bacteria signature at 488-nm excitation in a plot of side
scatter (SSC) versus green fluorescence (FL1). Samples were previously stained with SYBR Green I.
Yellow-green latex beads (0.5 µm) were used as an internal standard. Particle-attached bacteria were
not measured.

Oxygen concentrations were used as a proxy of microbial activity (consumption). Oxygen
was measured with a FireSting Oxygen needle-type optical probe and temperature sensor,
PyroScience®(Aachen, Germany). The oxygen sensor was calibrated shortly before the experiment
with temperature correction in air-saturated water for a duration of at least 10 minutes or until reaching
a plateau in the oxygen curve, against a 0% O2 factory calibration. The oxygen measurements were
corrected for temperature and salinity.

2.3. Analysis and Statistics

The enrichment factor (EF), defined as the accumulation of compounds in the SML with respect
to the ULW, was calculated as follows [51]:

EF = (X)ML/(X)ULW, (2)

where (X) is the concentration or absorption in the SML ((X)SML) or in the ULW ((X)ULW). EFs above 1
refer to an enrichment in the SML with respect to the ULW.

Both parametric and non-parametric tests were used to compare treatments and light conditions,
in relation to the distribution of the data analyzed (normally or non-normally distributed). CDOM
and O2 data were normally distributed (unless otherwise stated), while bacterial abundance was
not. Paired and unpaired t-tests between samples were performed to answer different questions. To
compare between light and dark exposure, an unpaired t-test (normal distribution) and Mann–Whitney
tests (non-normal distribution) were used, as the sample groups were considered to be independent,
with the null hypothesis of the group A mean (or mean rank) having no difference from group B mean
(or mean rank).

To compare samples from SML and ULW pairs and controls versus MP treatment pairs (either
SML or ULW) from the same sampling time, the sample groups were considered dependent, and the
null hypothesis tested was that the mean difference of all the pairs was equal to zero. Paired t-tests (on
normal distributed data) and Wilcoxon signed rank tests (on non-normal distributed data) were used.

Statistical analysis was performed with SigmaPlot (Systat) and Prism7.03 (GraphPad Software,
San Diego, CA, USA). Statistical significance was accepted for p < 0.05.

3. Results

3.1. Differences between Dark and Light Conditions

In both controls (Table 1a) and MP treatments (Table 1b), O2 concentration was higher in the dark
samples, both in the SML and ULW. CDOM a(355) was higher in the SML of light-exposed samples
both in controls and in MP treatments, but showed no significant light-dependent changes in the ULW.
Bacterial abundance did not show significant differences between the light/dark incubation in either
the SML or in the ULW.

Considering each dark/light condition separately, there was no significant difference in O2

concentrations between SML and ULW both for controls and MP treatments in the dark (paired t-test
p > 0.05). In the light samples, the difference between SML and ULW was significant for MP treatments
only (Wilcoxon test, p = 0.02) with a lower O2 concentration in the ULW (Table 1b). In controls
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(Table 1a), CDOM a(355) was different in the SML of dark samples with respect to the ULW (Wilcoxon
test, p = 0.02) while no significant difference was observed between SML and ULW in the samples
exposed to light. In MP treatments (Table 1b), the concentration of CDOM a(355) in the SML and ULW
was significantly different both in the dark and in the light-exposed samples (paired t-tests, p < 0.05).
Similar abundances between SML and ULW in both light and dark samples were instead observed for
bacterial cells.

Table 1. Mean values for parameters measured in both sea surface microlayer (SML) and underlying
water (ULW), dark and light samples, and relative standard error of the mean (SE) for control (1a)
and microplastics (MP) treatments (1b) separately. It should be noted that not all data were normally
distributed, allowing for cases when the mean ± SE of comparative datasets had some overlap. (*)
indicates that statistically significant differences (p < 0.05) were found comparing SML against SML
and ULW against ULW, separately (unpaired t-tests for O2 and chromophoric dissolved organic matter
(CDOM), and Mann–Whitney tests for bacterial abundance, N = 6); and (**) indicates statistically
significant differences (p < 0.05) found when comparing SML against ULW in the light and separately
in the dark (paired t-tests for O2 and CDOM, and Wilcoxon tests for bacterial abundance, N = 6).
a(355)—absorbance at 355 nm.

1a Controls

Dark D
Light L

O2 ± SE
(µMol O2·L−1) a(355) ± SE (m−1)

Bacteria ± SE
(105 cells·mL−1)

SML (D) 238.0 ± 1.7
(*) p < 0.001

0.51 ± 0.02
(*) p = 0.048
(**) p = 0.03

3.3 ± 3.0

SML (L) 213.5 ± 4.1 0.63 ± 0.05 8.0 ± 0.4

ULW (D) 239.3 ± 1.1
(*) p < 0.001 0.63 ± 0.09 2.8 ± 2.6

ULW (L) 210.3 ± 4.4 0.66 ± 0.06 6.0 ± 1.1

1b MP Treatments

Dark D
Light L

O2 ± SE
(µMol O2·L−1) a(355) ± SE (m−1)

Bacteria ± SE
(105 cells·mL−1)

SML (D) 238.5 ± 1.3
(*) p < 0.001

0.55 ± 0.02
(*) p = 0.040
(**) p = 0.02

3.0 ± 2.7

SML (L) 212.1 ± 4.8
(**) p = 0.006

0.69 ± 0.07
(**) p = 0.004 7.3 ± 0.1

ULW (D) 238.5 ± 1.1
(*) p < 0.001 0.58 ± 0.03 3.1 ± 2.9

ULW (L) 205.1 ± 4.1 0.74 ± 0.07 7.1 ± 0.2

3.2. Differences between Controls and MP Treatments

To compare controls and MP treatments, all dark and light incubations were pooled together.
In the SML, controls and MP treatments showed no difference in mean O2 concentrations, while O2

concentrations in the ULW were significantly higher in control samples with respect to MP treatments
(paired t-test, p < 0.05) (Figure 2). Mean CDOM concentrations differed significantly both for the
SML (Wilcoxon test, p < 0.01) and for the ULW (Wilcoxon test, p < 0.05) pooled samples, with higher
concentrations in the MP treatments in both cases. Bacterial abundance did not show significant
differences, even though it was slightly higher in the SML of controls and in the ULW of MP treatments
(Table 1) (Wilcoxon test, p > 0.05).
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Figure 2. Plots of Tukey mean difference between control and microplastic (MP) treatments, reporting
log-transformed (base 2) data means against data differences (MP treatments−controls) for O2 (a,b),
CDOM (c,d) concentrations as a(355), and bacterial abundances (e,f) in both sea surface microlayer
(SML; left: a,c,e) and underlying water (ULW; right: b,d,f). Significance of the paired t-tests
(or Wilcoxon tests) was accepted for p < 0.05.
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3.3. Correlations between Parameters

All parameters changed over time; O2 decreased in both the SML (controls, r2 = 0.50, p = 0.006,
n = 12; MP treatments, r2 = 0.44, p = 0.011, n = 12) and the ULW (controls, r2 = 0.35, p = 0.024, n = 12; MP
treatments, r2 = 0.32, p = 0.033, n = 12); CDOM increased in the SML (controls, r2 = 0.47, p = 0.008, n = 12;
MP treatments, r2 = 0.41, p = 0.015, n = 12), but only in the MP treatments in the ULW (controls, r2 = 0.0,
p > 0.05, n = 12; MP treatments, r2 = 0.38, p = 0.019, n = 12); bacterial cell numbers increased over time
both in the SML (controls, r2 = 0.88, p = 0.004, n = 6; MP treatments, r2 = 0.90, p = 0.003, n = 6) and in
the ULW (controls, r2 = 0.79, p = 0.011, n = 6; MP treatments, r2 = 0.85, p = 0.006, n = 6). As expected for
such a simplified system, concentrations in the SML were closely related to concentrations in the ULW
(Table 2). This confirms the bottom-up enrichment that is often observed in the open sea [57].

Table 2. Spearman rank order correlations between SML and ULW concentrations of O2, CDOM,
and bacterial abundance both in controls and in MP treatments. All correlations were positive and
significant (p < 0.05).

SML ULW, Controls ULW, MP Treatments

O2

C = 0.881
p < 0.001

n = 12

C = 0.993
p < 0.001

n = 12

a(355)
C = 0.832
p < 0.001

n = 12

C = 0.979
p < 0.001

n = 12

Bacteria
C = 0.943
p = 0.0167

n = 6

C = 1.0
p = 0.0028

n = 6

Bacterial abundance did not show any correlation with the other parameters in controls or MP
treatments (Spearman rank correlation, p > 0.05). O2 concentration in both the SML and the ULW
was correlated with CDOM in the MP treatments (Figure 3a,b). In the controls, the relationship was
only observed for the SML (Figure 3c,d). By comparing the slopes of the regression lines in the ULW,
there was a significant difference in the rate of O2 decrease associated with increased CDOM between
controls and MP treatments (p = 0.0396, n = 12). This difference suggests an increased O2 loss rate with
CDOM processing in the presence of microplastics as shown below.

Controls-ULW: O2 = 244.30 µmol·L−1−(30.15 × a(355));
MP treatments-ULW: O2 = 286.96 µmol·L−1−(98.69 × a(355)).
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Figure 3. O2 concentrations and CDOM concentrations as a(355) in microplastic (MP) treatments (a,b;
red triangles) and controls (c,d; blue dots) in the SML (a,c; left panel) and in the ULW (b,d; right
panel). The decrease in O2 in both the SML and ULW in MP treatments was associated with CDOM
concentration in the ULW (a,b), while no relationship was found in control samples (c,d).

3.4. Enrichment Factors

To test for significant differences in the frequency distribution of EF values, Kolmogorov–Smirnov
tests were performed on EF cumulative distributions. EFs for O2 ranged between 0.97 and 1.04
(controls) and 0.84 and 1.20 (MP treatments). Clear differences in the frequency distributions were
observed (p = 0.0348 between controls and MP treatments). Changes mostly relied on the distribution of
EFs toward higher values in controls (Figure 4a,b). On the contrary, EFs for CDOM a(355) were shifted
towards higher values in the MP treatments (Figure 4c,d). EFs ranged from 0.48 to 1.02 (controls) and
from 0.50 to 1.80 (MP treatments), with significant differences (p = 0.028). EFs for bacterial abundance
ranged between 0.87 and 1.80 (controls) and between 0.94 and 1.51 (MP treatments), but the differences
between controls and MP treatments were not significant (p > 0.05).
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Figure 4. Frequency distributions (percentages) of enrichment factors (EFs) for O2 (a,b), CDOM as
a(355) (c,d), and bacterial abundances (e,f) in both controls (blue bars, left panel) and microplastic (MP)
treatments (red bars, right panel).
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4. Discussion

This simple experiment explored potential impacts of microplastics on SML composition and
functioning. To keep the system as simple as possible, and due to methodological constraints,
limited parameters were measured in a non-destructive manner; CDOM and oxygen were chosen
as representatives of organic matter presence and processing. As the microcosms contained filtered
organic matter produced by the marine diatom Chaetoceros socialis and bacteria that remained in the
systems after filtration, original phytoplankton-generated organic matter was the same throughout.

The results confirm that the SML strongly depends on the ULW, also reflecting its composition [58,59].
In these controlled conditions, O2, CDOM, and bacterial cell concentrations in the SML varied in
relation to their respective concentrations in the ULW (Table 2). This was reinforced through gentle
aeration, as bubble scavenging transports organic material to the SML [1].

The largest difference between SML and ULW was observed in the light-exposed samples,
indicating that light altered the composition of the SML organic material that was originally present.
The marine SML is exposed to elevated solar radiation and higher temperature with respect to the
ULW [6]. Clear differences between this experiment’s SML and ULW composition at simulated ambient
solar radiation was the most representative scenario of reality. When considering all light and dark
samples together, and comparing these findings to the diurnal light/dark cycle in SML functioning,
controls and MP treatments showed evident differences in O2 and CDOM concentration. Lower O2

levels and higher CDOM occurred in the presence of microplastics, especially in the ULW samples
(Figure 2). Clearly, enrichment in the SML in this experiment was driven by ULW concentration.
Therefore, differences in enrichment factors (EFs) are mostly related to differences in the ULW of both
controls and MP treatments. O2 was higher in the controls and led to a distribution toward higher EFs,
despite the fact that concentrations in the SML and ULW were similar (Figure 4a,b). EFs for CDOM
instead were shifted towards higher values in the MP treatments, leading to a CDOM-enriched SML
in the presence of microplastics (Figure 4c,d). Bacterial abundances were not significantly different
between controls and MP treatments in SML and ULW (Figure 2e,f) and, therefore, no clear differences
in EFs were observed (Figure 4e,f). This could be explained by a lack of substrate for microbial
attachment in the controls, favoring free living bacteria while particle-attached bacteria were not
measured. The decrease in O2 concentration with increasing CDOM, clear in the MP treatments
(Figure 3a,b) might, therefore, suggests a plastic-associated enhanced microbial respiration.

This experiment had clear limitations, and further studies are needed to address the effects of
microplastics on the biogeochemistry of the SML. Here, the light/dark dynamics of SML and ULW
samples amended with polystyrene microplastics were compared to microplastic-free controls. The
parameters were chosen for a replicable setting with robust and non-invasive measurements. Bacterial
cell numbers were only measured at the beginning and at the end of the experiment: no sample water
was collected to keep the system as undisturbed as possible and not to infer on the concentration of
microplastics. Therefore, the lack of differences in bacterial cell numbers between controls and MP
treatments, as well as the lack of a statistically significant relationship between bacterial abundance
and O2 content might have been biased by the limited number of samples for bacterial counts. The
number of bacterial cells increased over time and particularly in the dark samples, probably indicating
a productive microbial community responsible for the O2 decrease, especially in the ULW. In our
recent study with a similar experimental set-up, the microbial production of CDOM increased in
the presence of the same type of polystyrene microplastics [49]. The present study adds evidence
that increased CDOM production in microplastic-treated waters may actually lead to an increased
CDOM accumulation in the SML and to a higher microbial respiration, ultimately reflected in an
oxygen-depleted environment.

All particles in aquatic systems provide potential surfaces for high microbial activity and organic
matter production [60,61]. Microplastics are no exception, representing new habitats for marine
microbial life [62,63]. Recent results on marine bacteria, taken during the TARA Expedition in the
Mediterranean Sea, showed that plastic-associated bacteria have higher cell enrichment factors than
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natural organic particle-associated bacteria with respect to their free-living fraction [64]. Therefore,
the increasing presence of microplastics poses urgent questions on the wider dynamics of these
anthropogenic particles, in addition to their potential toxicological effects.

Our study was focused on potential impacts from inert plastic particles, which are similar to
other inorganic particles at sea, but whose concentration is increasing due to anthropogenic activities.
The use of inert polystyrene spheres, with a density of 1.05 g/m3, was chosen to represent typical
sea surface microplastics, but it should be noted that there is lack of a shared microplastic reference
standard, making comparison between studies more difficult. Polystyrene accumulation in the SML
was documented since the 1970s [38,39] and two recent studies showed that low-density plastic
particles, such as polystyrene, are the most abundant polymers found in the SML with enrichment
factors >70 with respect to the underlying water [40,41]. Depth profile measurements of the North
Atlantic subtropical gyre evidenced that most buoyant particles are present at the surface or near the
surface [65], confirming earlier observations on microplastic enrichment in the SML [38–41]. However,
little is still known on the residence time of microplastics in the SML and especially on the factors
influencing their buoyancy and fate. Biofilms can modify particles’ vertical transport, potentially
promoting the permanence of microplastics at intermediate depths [66]. Solar radiation, high in
the SML [1,6] can modify particles’ density and buoyancy; exposure to UV light can initiate the
photo-oxidative degradation of plastics [67], while absorption of visible light (400–700 nm) accelerates
their thermal degradation [68]. Moreover, solar radiation also promotes the emission of methane and
ethylene from low-density plastics such as polyethylene, in particular when these plastics are exposed
to air rather than completely submerged in water [69].

5. Conclusions

The SML is an organic biofilm which, by controlling ocean–atmosphere interaction, has an
essential function for marine biogeochemistry and climate regulation, able to reduce the air–sea
exchange of CO2 by 15% [13]. Specific marine bacteria release polymeric exudates as a protection
against UV [23,24], contributing to the gelatinous character of the SML; therefore, specific CDOM
components can be present in higher concentrations with respect to the ULW as a result of
photo-protection mechanisms, cell lysis processes, and microbial reworking of organic matter [16].
Both the photochemical breakdown of DOM [25] and carbon leached from plastics [50] can stimulate
microbial growth in the ocean. Surface slicks are often associated with a high bacterial biomass
comparable to biofilms on solid surfaces [13], and the SML microbial community could potentially
produce significant amounts of CO2 at the ocean–air interface [28].

In the light of these considerations, we expect that microplastic enrichment in the SML could
have multiple effects on the biogeochemistry of the SML itself, with direct and indirect impacts on
gas exchange between the ocean and atmosphere, influencing the ocean’s oxygen content, the ocean’s
production of climate relevant gases, and, ultimately, climate regulation.

This study was intended to explore new perspectives for future research on SML dynamics in a
high-plastic ocean. Given the increasing presence of plastics in all marine environments and their role
in microbial proliferation [50,61,62,70], new studies are needed to assess feedbacks across specific and
wider biogeochemical cycles. This study indicates that microplastic-driven changes in the SML could
occur. Whether or not these modifications interfere with gas exchange has profound implications.
Research should focus on field quantification and monitoring, experimental studies on enrichment
processes, and models on plastic residence time in the SML, as well as on their interaction with the
microbial and photochemical turnover of organic matter. In particular, modeling studies on plastic
transport from the surface should consider the biogenic composition of the ocean’s surface itself,
as well as the physical environment that could promote or even accelerate photo-oxidative and thermal
plastic degradation.

Considering these variables is essential to begin understanding the timing of potential global-scale
effects of floating plastics and their fate in the marine environment.
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