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Abstract  23 

Microplastics are substrates for microbial activity and can influence biomass production. This 24 

has potentially important implications in the sea-surface microlayer, the marine boundary layer 25 

that controls gas exchange with the atmosphere and where biologically produced organic 26 

compounds can accumulate. In the present study, we used six large scale mesocosms to 27 

simulate future ocean scenarios of high plastic concentration. Each mesocosm was filled with 28 

3 m3 of seawater from the oligotrophic Sea of Crete, in the Eastern Mediterranean Sea. A 29 

known amount of standard polystyrene microbeads of 30 µm diameter was added to three 30 

replicate mesocosms, while maintaining the remaining three as plastic-free controls. Over the 31 

course of a 12-day experiment, we explored microbial organic matter dynamics in the sea-32 

surface microlayer in the presence and absence of microplastic contamination of the underlying 33 

water. Our study shows that microplastics increased both biomass production and enrichment 34 

of carbohydrate-like and proteinaceous marine gel compounds in the sea-surface microlayer. 35 

Importantly, this resulted in a 3% reduction in the concentration of dissolved CO2 in the 36 

underlying water. This reduction was associated to both direct and indirect impacts of 37 

microplastic pollution on the uptake of CO2 within the marine carbon cycle, by modifying the 38 

biogenic composition of the sea’s boundary layer with the atmosphere.  39 

Introduction 40 

The transition layer between environments is home to many fundamental physical, chemical 41 

and biological processes. The sea-surface microlayer (SML) is a millimetre-sized interface 42 

between the ocean and the atmosphere (Liss and Duce, 2005). It plays an essential role in 43 

ocean-climate feedback by mediating air-sea gas exchange and marine aerosol emission (Wurl 44 

et al., 2017). The SML has distinctly different biogeochemical properties with respect to its 45 

underlying seawater and it is enriched in both dissolved organic matter (DOM) and particulate 46 
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organic matter (POM), in particular as carbohydrate-and protein-rich marine gel particles 47 

(Engel et al., 2017; Liss and Duce, 2005; Wurl and Holmes, 2008).  48 

The two major classes of marine gel particles present in the SML are Transparent Exopolymer 49 

Particles (TEP) and Coomassie Stainable Particles (CSP). TEP and CSP give the SML its gel-50 

like composition which is prevalent in most parts of the ocean (Wurl and Holmes, 2008) and 51 

support large and diversified microbial communities (Cunliffe and Murrell, 2009; Cunliffe et 52 

al., 2011), sensitive to local environmental and meteorological conditions (Rahlff et al., 2017; 53 

Zäncker et al., 2018). The enrichment of gel particles and their accompanying microbial life 54 

favours the creation of stable surface films that can influence the air-sea fluxes of oxygen and 55 

carbon dioxide (Calleja et al., 2013; Rahlff et al., 2019; Wurl et al., 2016).  56 

Marine gel particles are derived from extracellular polymeric substances (EPS) released during 57 

microbial metabolic functions (Santschi et al., 2021). EPS exist in a continuum of sizes, 58 

including colloidal as well as dissolved and particulate fractions (Decho and Gutierrez, 2017; 59 

Verdugo, 2012). TEP and CSP are considered a class of EPS (Decho and Gutierrez, 2017) 60 

larger than 0.4 µm in relation to the pore size of the filter used for their analysis (Engel, 2009).  61 

The microbial release of exopolymers is enhanced on plastic surfaces (Michels et al., 2018), 62 

part of the carbon-rich substrates that make up the resulting biofilm (Lear et al., 2021; Zhao et 63 

al., 2021). The presence of microplastics in natural and artificial seawater can stimulate the 64 

microbial release of DOM, probably due to a higher substrate availability for microbial growth 65 

(Boldrini et al., 2021; Galgani et al., 2018), as well as to carbon leachates from plastic that 66 

stimulate further microbial activity (Romera-Castillo et al., 2022a; Romera-Castillo et al., 67 

2022b). Likewise, both nanoparticles and microparticles can induce EPS secretion by 68 

phytoplankton (Santschi et al., 2021; Shiu et al., 2020). The increased production of organic 69 

matter around plastic particles can promote biogenic aggregates formation (Shiu et al., 2020). 70 
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These aggregates can move to the deep ocean (Galgani and Loiselle, 2021) or remain in the 71 

SML (Galgani and Loiselle, 2019).  72 

As plastic particles sustain niches for high microbial activity (Amaral-Zettler et al., 2020; 73 

Zettler et al., 2013), one central hypothesis of the present study is that a higher concentration 74 

of microplastics in near surface conditions (< 3 m depths) stimulates a higher microbial 75 

production of organic matter, adding on to the pool of organic compounds enriching the SML, 76 

and thereby modify the air-sea gas exchange properties of this interface.  77 

It has been recently shown that seawater exposed plastic debris directly release climate relevant 78 

gases like DMS (Savoca et al., 2016), methane and ethylene (Royer et al., 2018), suggesting 79 

that significant concentrations of surface plastics may have a direct effect on water-air 80 

interactions. It has also been cited that important amounts of plastic can reduce the grazing 81 

pressure on phytoplankton in marine regions where nutrients are not a limiting factor, with 82 

subsequent anoxic conditions due to a cascade effect of initial high biomass production and 83 

degradation of the organic material (Kvale et al., 2021). Since much of the plastic at sea is 84 

concentrated in oligotrophic subtropical gyres (North Pacific, North Atlantic), it is expected 85 

that this additional carbon biomass on plastics offers a supplementary carbon source able to 86 

alter biogeochemical cycles (Zhao et al., 2021). Another key hypothesis of the present study is 87 

that high microplastic concentrations would promote high biomass production in oligotrophic 88 

conditions. 89 

To test both hypotheses, pseudo-marine conditions needed to be created with well-defined and 90 

repeatable microplastic concentrations, but large enough to allow for particles aggregation, and 91 

for SML organic aggregates interaction with bulk water. Likewise, the experimental conditions 92 

should remain relatively stable over the medium term to allow for sampling of individual water 93 

masses with no mixing of waters with different microplastic concentrations. This was achieved 94 

by six large scale mesocosms, each filled with 3 m3 of oligotrophic seawater from the 95 
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oligotrophic Sea of Crete. Three of the mesocosms were amended with 30-µm diameter 96 

polystyrene microbeads (430 particles per L) and three were plastic-free control mesocosms (< 97 

0.5 particles larger than 1 µm per L). Prior to microplastic addition all mesocosms were 98 

controlled for uniformity. The SML and underlying water properties were subsequently 99 

compared over twelve days after the initial conditions.  100 

Materials and methods 101 

Mesocosms set up and SML sampling: Six mesocosms with a height of ~2.5 m and a diameter 102 

of 1.32 m made of transparent polyethylene were gravity-filled with 3-m3 of coastal seawater 103 

pumped from below the surface (2 m) in the bay of Gournes (Sea of Crete). To ensure 104 

homogeneity of initial conditions, the water was divided equally in each of the six mesocosm 105 

and left overnight. The density of seawater during the experiment was 1.032 ± 0.001 g cm-3 106 

with an average salinity of 41.4 ± 1.6 PSU. For the duration of the experiment (12 days), the 107 

mesocosms were kept in a 150 m3 deep concrete tank with circulating seawater maintained at 108 

a constant temperature of 201 C. Each mesocosm was protected by a clear PVC lid to avoid 109 

atmospheric contamination. The first sampling (day 0) occurred the day after the mesocosms 110 

were filled. An aqueous solution of 30 µm diameter transparent polystyrene microbeads 111 

(Sigma-Aldrich, nr. 84135) with a density of 1.05 g cm-3 was added to three mesocosms (MP1-112 

3) after the first sampling (day 1) for a concentration of 430 microplastic L-1, corresponding to 113 

about 5.92 µg C L-1. The microparticles added were pure analytical standards: polystyrene 114 

spheres with a nominal diameter of 30 µm and a calibrated particle diameter of 30.25±0.28 µm 115 

based on Coulter Multisizer III (Beckman) measurements provided by Sigma for batch 116 

BCBR3704V (see Supplementary Information). Polystyrene beads and polyethylene walls 117 

have a negative surface charge at pH above 2.5 (Beneš and Paulenová, 1973), reducing the 118 

possibility of attraction between the two materials in experimental conditions. We choose not 119 

to clean the mesocosms walls from any possible biofilm formation: we believe that this external 120 
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procedure could significantly interfere with the parameters measured and be more invasive 121 

than the effect of periphyton biofilm formed in a few days, which experimental studies show 122 

being negligible for larger radius mesocosm (Chung-Chi and Kemp, 2004). Recent 123 

experiments show biofilm formation on PE films after extended incubation times (> 60 and > 124 

90 days) (Gupta and Devi, 2020; Han et al., 2020), not comparable to the present experiment.  125 

Each mesocosm was continuously gently mixed through a centralized airlift system situated 126 

just above the bottom surface to create a homogeneous distribution of the water, as described 127 

by Pitta and colleagues (2016). The mixing system was the same in each mesocosm. Mesocosm 128 

set up, manipulation, and sampling of the underlying water were conducted daily according to 129 

standard methods for mesocosms studies performed at CretaCosmos facility 130 

(https://www.aquacosm.eu/mesocosm/cretacosmos/) (Pitta et al., 2016; Tsiola et al., 2017b). 131 

The sea-surface microlayer (SML) was sampled from each mesocosm early in the morning and 132 

prior to bulk water sampling every other day on day 0, day 1, day 3, day 5, day 7, day 9 and 133 

day 10, to allow a proper re-establishment of the surface film and minimise disturbance. The 134 

SML was sampled simultaneously in each mesocosm with 30 cm x 30 cm silicate glass plates 135 

with an effective sampling area of 1800 cm2. Glass plates were inserted into the mesocosms 136 

perpendicular to the surface and withdrawn at a controlled rate of ∼ 6 cm s−1 as suggested by 137 

Carlson (Carlson, 1982). The glass plate approach collects a thinner SML (∼ 60–150 μm) when 138 

compared to, e.g., the Garrett screen (150–300μm) (Garrett, 1965). The glass plate method 139 

allowed sampling of sufficient volume for analysis with a minimal dilution of the underlying 140 

water. The sample retained on both sides of the plates was removed with a wiper and poured 141 

into bottles with the aid of a funnel. The procedure was repeated until the necessary volume 142 

for analysis was obtained, tracking the exact number of dips per mesocosm. The first sample 143 

was discarded and used to rinse the collecting bottle. Glass plates, collecting bottles, wipers 144 

and funnels were acid cleaned (HCl 10 %) and Milli-Q rinsed prior use. To avoid cross-145 
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contamination, the control mesocosms and the microplastic-treated mesocosms had different 146 

sampling equipment (glass plates, funnels, collection bottles, wipers).  147 

The thickness (d, μm) of the sampled SML was estimated as: 148 

𝑑 = 𝑉/(𝐴 𝑥 𝑛)          (1) 149 

where V is the SML volume collected, i.e., 60–140 mL, A is the sampling area of the glass plate 150 

(A = 1800 cm2) and n is the number of dips. The apparent thickness of the SML ranged between 151 

37 and 72 μm, with an overall mean of 54.7±9.0 µm in agreement to previous studies (Carlson, 152 

1982; Engel et al., 2018; Rahlff et al., 2019; Zäncker et al., 2017). The sampling thickness was 153 

similar for all mesocosms and sampling days. The samples were immediately processed in the 154 

laboratory within maximum 30 minutes after collection.  155 

Dissolved Inorganic Carbon (DIC) and Total Alkalinity (TA) measurements: Following 156 

Dickson et al. (2007), seawater was drawn into 500 mL glass bottles using a tube to fill them 157 

from bottom to the top. Approximately half of the bottle volume was overflowed and a small 158 

headspace (approximately 1% of the bottle volume) was left to allow for water expansion. The 159 

samples were fixed by adding 100 µL saturated mercury chloride (HgCl2) solution thus 160 

preventing further biological activity, and stored in the dark at room temperature until analysis. 161 

The DIC measurements were performed using a coulometric technique with a SOMMA system 162 

(Johnson et al., 1998). The determination of TA was performed by potentiometric titration 163 

using a VINDTA system (Mintrop et al., 2000). Certified seawater samples were routinely 164 

measured to determine a precision estimated to 2.8µmol kg-1 for DIC and 1.8 µmol kg-1 for 165 

TA. Dissolved carbon dioxide estimates: The partial pressure of carbon dioxide in the 166 

mesocosms (pCO2) as well as pH, CO3
2-, HCO3

- and CO2 were calculated from DIC and TA at 167 

ambient temperature of 20±1°C and at sea-level pressure with the CO2SYS program (Pierrot 168 

et al., 2006) (https://cdiac.ess-dive.lbl.gov/ftp/co2sys/). We applied the equilibrium constants 169 

K1 and K2 of Lueker et al. (2000) as suggested by Dickson et al. (2007) and Orr et al. (2015) 170 

https://cdiac.ess-dive.lbl.gov/ftp/co2sys/
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for a wider range of salinity and used a KSO4 value, the dissociation constant for HSO4, of 171 

Dickson (1990).  172 

Dissolved organic carbon (DOC) and chromophoric dissolved organic matter (CDOM): 173 

Samples for DOC were filtered immediately after sampling in duplicate through 0.2 µm 174 

polycarbonate membranes and stored cool (+4°C) in pre-combusted glass ampoules until 175 

analysis. Concentrations were determined using a Shimadzu TOC-V organic carbon analyser 176 

and following the high temperature catalytic oxidation method. The system was standardized 177 

prior to analysis using a potassium hydrogen phthalate standard solution. Each sample was 178 

injected 3 to 5 times and DOC concentrations were calculated from the average value of three 179 

replicates that yielded a relative standard deviation <2%. Analytical precision and accuracy 180 

were tested against Deep Atlantic Seawater Reference Material provided by the DOC-CRM 181 

program (University of Miami – D.A. Hansell, batch 16); measured values: 0.510-0.580 182 

(n=10), certified value: 0.516-0.540. Drift correction of the DOC results was applied as needed.  183 

Samples for CDOM were filtered immediately after collection in duplicates through 0.2 µm 184 

polyether sulfone syringe filters and stored cool (+4°C) in pre-combusted amber glass vials 185 

until analysis, which was performed within 4 weeks. The CDOM absorbance spectrum was 186 

measured with a Lambda 10 ultraviolet-visible light (UV-Vis) Spectrophotometer (Perkin 187 

Elmer) from 210 to 750 nm at 960 nm/min, 1 nm wavelength resolution, and at room 188 

temperature (20ºC ± 2ºC). For each analysis, spectra were corrected for baseline, Milli-Q water 189 

absorbance and for scattering by subtracting the absorbance values at 730 nm. Absorption 190 

coefficients a(λ) were calculated from absorbance values after Bricaud et al. (Bricaud et al., 191 

1981). The CDOM absorption spectral slope S (nm−1) was determined by linear regression of 192 

log-transformed absorption spectra against the wavelength (Bricaud et al., 1981): 193 

𝑎(𝜆) = 𝑎0𝑒−𝑆(𝜆−𝜆0)          (2) 194 
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With a(λ0) being the absorption coefficient at a reference wavelength λ0. We used multiple 20-195 

nm wavelength intervals in a stepwise (1 nm) linear regression analysis according to Loiselle 196 

et al. (Loiselle et al., 2009). Spectral slope correlates with changes in CDOM due to irradiation 197 

(photobleaching), and in the wavelength range 275-295, S(275-295) has been shown to be 198 

inversely related with DOM molecular weight (Helms et al., 2008).  199 

Autotrophic and heterotrophic microorganisms: Abundances of autotrophic and 200 

heterotrophic microorganisms were measured by flow cytometry. Samples for heterotrophic 201 

bacteria were fixed with 25% 0.2 μm-filtered glutaraldehyde (0.5% final concentration), 202 

incubated at 4°C for 45 min, flash frozen in liquid nitrogen and stored at −80°C until analysis. 203 

Frozen samples were thawed at room temperature and sub-samples were stained for bacterial 204 

enumeration with the nucleic-acid stain SYBR Green I (final dilution 4 × 10−4 of the stock 205 

solution in Tris-EDTA buffer, pH = 8) and incubated for 10 min in the dark (Marie et al., 1997). 206 

The sample fluorescence signal was applied to distinguish high and low DNA content cells. 207 

Samples for autotrophic microorganisms were not fixed and were analysed without prior 208 

staining, based on their auto-fluorescence signal. A FACSCaliburTM flow cytometer (Becton 209 

Dickinson) was used following Tsiola et al. (2017a).   210 

Marine gels: Total area and numbers of gel particles were determined by optical microscopy 211 

(Engel, 2009). Ten to fifteen mL of sample were filtered using 0.2 µm Nuclepore membranes 212 

(Whatman) and stained with 1 mL Alcian Blue solution for polysaccharidic gels (Transparent 213 

Exopolymer Particles, TEP) and 1 mL Coomassie Brilliant Blue G solution for proteinaceous 214 

gels (Coomassie Stainable Particles, CSP). Filters were mounted onto Cytoclear® slides and 215 

stored at – 20ºC until microscopic analysis. For each slide, thirty images were taken randomly 216 

at 200x magnification with a light microscope equipped with a digital camera. The analysis of 217 

the cross-sectional area of marine gels was performed with an image analysis software (ImageJ, 218 
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U.S. National Institutes of Health) and used to calculate the equivalent spherical diameter 219 

(ESD) of individual particles, particle number, volume and total area. The size frequency 220 

distribution of marine gel particles was determined according to their equivalent spherical 221 

diameter, described with a power function of the type: 222 

dN

d(dp)
=  𝑘p

𝛿            (3)  223 

with  as the number of particles per unit volume in the size range dp to [dp + d(dp)], k a 224 

constant which depends on the concentrations of particles, and  the slope (  < 0) describing 225 

the size distribution. A less negative  implies an increase in the fraction of larger marine gels. 226 

 and  were both derived from regressions of log[dN/d(dp)] versus log[dp] (Harlay et al., 227 

2009; Mari and Burd, 1998; Mari and Kiørboe, 1996). The volume concentration of TEP and 228 

CSP refers to the mean volume of the particles > 0.2 µm (membrane pore size cut-off); changes 229 

in this parameter indicate modifications in particle dynamics such as 230 

aggregation/disaggregation processes.  231 

Since TEP are considered fractal aggregates, the volume and the carbon content of these marine 232 

gel particles are assumed to be proportional to rD, with r being the equivalent spherical radius 233 

(µm) and D the fractal scaling dimension associated with the size-distribution of marine gels 234 

(Engel, 2009; Mari and Burd, 1998; Mari and Kiørboe, 1996). TEP carbon content (TEP-C, 235 

expressed in µg L-1) was determined from marine gel size spectra according to Mari (Mari, 236 

1999) and Engel (2009): 237 

TEP-C [µg L-1] = 0.25 x 10-6 rD        (4) 238 

With D = - 2.55 239 

Enrichment Factors: To determine the enrichment or the depletion of each parameter analysed 240 

in the SML compared to the underlying water, we determined the Enrichment Factor (EF), 241 

defined as: 242 

EF = ([X]µ / [X]b)           (5) 243 

 

dN

 



 



 



 

k
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With [X]µ, [X]b the concentration of the specific parameter in the SML (µ) or underlying water 244 

(b) (Liss and Duce, 2005). An EF = 1 indicates that SML and underlying water values are 245 

similar, thus no significant enrichment or depletion in the SML can be observed. While 246 

bubbling may have promoted the enrichment of certain compounds in the SML, this process 247 

occurred in all mesocosms thus the influence of the airlift mixing system in the comparison of 248 

the dynamics of plastic free versus plastic enriched treatments is negligible.  249 

Data analysis and statistics: To highlight the treatment effect (microplastic addition, MP 250 

mesocosms) and avoid the temporal variability, we calculated the normalised anomaly 𝑦𝑖𝑗 of 251 

each mesocosm (j) per day (i = 0, . . ., 11) from the overall daily mean of the mesocosms 𝑦 𝑖 =252 

1

6
∑ (𝑥 𝑗

6
𝐽 ) 𝑖  following a procedure often applied in mesocosms studies (Endres et al., 2014; 253 

Engel et al., 2013):   254 

𝑦𝑖𝑗 = (𝑥𝑖𝑗 − 𝑦 𝑖)/𝑦 𝑖          (6) 255 

Differences between control and treated mesocosms were determined by two-tailed unpaired 256 

t-tests and Mann-Whitney tests on normalised anomalies, depending on the distribution of the 257 

data. Repeated Measures Two-Way ANOVA and Mixed Effects Model (REML) were also 258 

used to analyse temporal variations between the control and microplastic treated mesocosms, 259 

the latter used in case of missing observations. This method is widely used to analyse data from 260 

mesocosms experiments (Dimitriou et al., 2017; Rahav et al., 2016). The fixed factor 261 

considered is the treatment (microplastics addition versus control) and the random effect is 262 

time (days). Correlations among parameters were determined by Multiple Linear Regression 263 

and Spearman correlation analysis. Statistical significance was accepted for p < 0.05 and 264 

considering a Bonferroni correction for multiple comparisons. All statistical tests were 265 

performed with Prism 8.02 (GraphPad Software, San Diego, CA, USA) and Minitab18 266 

(Minitab Inc., USA).   267 

  268 
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Results  269 

An earlier study reported an increase in the production of POM and marine gels in the bulk 270 

waters of the plastic-amended mesocosms with respect to the plastic-free controls (Galgani et 271 

al., 2019). In the present study, we explored differences in the composition of the SML and the 272 

possible influence of different SML compositions on the pCO2 of the underlying bulk water. 273 

The SML was analysed for marine gel particles (TEP and CSP), autotrophic and heterotrophic 274 

microbial organisms, and dissolved organic matter parameters: Dissolved Organic Carbon, 275 

DOC, Chromophoric Dissolved Organic Matter, CDOM, and spectral slope. Salinity, total 276 

alkalinity and dissolved inorganic carbon (DIC) were measured from the underlying water and 277 

in-situ pCO2, pH, CO3
2-, HCO3

- and CO2 were retrieved accordingly. All parameters described 278 

in the following paragraphs refer to the SML, except where specified. Biogeochemical 279 

processes and relevant data of the underlying water are described in a previous publication 280 

(Galgani et al., 2019) and were not the focus of this study.  281 

Sea surface microlayer dynamics and underlying water pCO2 282 

Microplastic-amended mesocosms (MP) had significantly lower values of pCO2 in the 283 

underlying water and higher pH compared to control mesocosms (Figure 1). Mean values of 284 

pCO2 in the MP treatments were 3% lower than those found in control mesocosms, 285 

corresponding to an increase of 0.14% in pH units (Table 1). Total alkalinity (TA) and 286 

dissolved inorganic carbon (DIC) were also significantly higher in the underlying water of MP 287 

treatments (Figure 2 and S1). Similar differences were found for estimated concentrations of 288 

CO3
2- and CO2, with higher CO3

2- in MP treatments (Figure 2).  289 

Higher concentrations of both polysaccharidic TEP and proteinaceous CSP were measured in 290 

the SML of the MP treated mesocosms (Figure 1, Table 1). A 30% increase in TEP and relative 291 

carbon content (TEP-C) along with higher concentrations and particle abundances of both 292 

marine gels occurred in the SML of the MP mesocosms, with a mean±SEM (standard error of 293 
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means) TEP-C of 424.8±58.5 µg C L-1 compared to 324.3±42.9 µg C L-1 in control mesocosms 294 

(Figure 1). This was accompanied by a 1% increase in Synechococcus, and by a 23% increase 295 

of high-DNA containing Synechococcus cells in the SML (Figures 1 and S2, Table 1), likely 296 

to be the main source of TEP for the whole system. In the underlying water of the mesocosms, 297 

an initial (and rapidly declined) phytoplankton bloom was attributed to the presence of 298 

autotrophic picoeukaryotes, while Synechococcus growth showed a constant increase and 299 

represented the dominant species in the mesocosms. This was expected as this species 300 

dominates in the oligotrophic waters of the Sea of Crete at this time of the year (Galgani et al., 301 

2019). Heterotrophic bacteria concentrations in the SML were similar in MP and control 302 

mesocosms, and significant differences were observed over time rather than across treatments 303 

(Figure S2, Table 1). Their concentrations were negatively correlated to those of Synechoccous, 304 

indicating a potential competition within the highly dynamic environment of the SML 305 

(Spearman r =-0.40, p=0.015, n=37). Alternating influence of primary and secondary 306 

production in the SML was also evidenced in the dynamics of the spectral slope S275-295 of the 307 

chromophoric dissolved organic matter (CDOM) pool. Higher S275-295 is associated to lower 308 

molecular weight CDOM often resulting from degradation processes, while lower S275-295 309 

characterises the “fresh” production of higher molecular weight CDOM (Helms et al., 2008).  310 

While DOC and CDOM measured as the absorption coefficient at 355 nm were similar between 311 

control and MP mesocosms and significant variations were observed over time (Table 1, Figure 312 

S3), S275-295 instead was higher in the SML of MP mesocosms (Table 1, Figure S3) confirming 313 

that there were significant differences in the DOM production and degradation processes 314 

between treatments. In the SML, we observed a strong negative correlation between 315 

Synechococcus and S275-295 (Table 2) as to indicate a release of organic matter from 316 

Synechococcus cells, and a weaker positive correlation between heterotrophic bacteria and S275-317 

295, suggesting a bacterial degradation of organic compounds. S275-295 was positively correlated 318 
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to CSP (mm2 L-1), DOC, and pCO2 (Table 2) hinting to different production dynamics of CSP 319 

with respect to TEP and linking CSP concentration to organic matter degradation. In the SML, 320 

the amount of TEP-C was weakly related to the abundance of Synechococcus (Linear 321 

Regression R2=0.12, p = 0.03) pointing to a local source (i.e., within the SML) of fresh 322 

biological production for this class of marine gel compounds. A positive correlation between 323 

DOC and S275-295 suggested that the pool of DOC in the SML of the mesocosms is mostly 324 

composed of degraded or reworked material, and unlikely linked to a fresh biomass production.  325 

Most importantly, we observed significant correlations between the pCO2 in the underlying 326 

water (as well as pH, TA, DIC, CO3
2- and CO2) with the concentration of TEP-C and 327 

Synechococcus cells in the SML (Table 3). pCO2 decreased with increasing TEP concentration 328 

and carbon content (Figures 3 and S4a). Instead, CSP in the SML had the opposite relationship 329 

with pCO2 with respect to TEP (Figure 3). This was further demonstrated in the linear 330 

relationship between pCO2 and gel concentrations (Equation 7): 331 

pCO2  [µatm] = 413.189 – 0.0509 TEP [mm2 L-1] + 0.04708 CSP [mm2 L-1]   (7) 332 

R2 = 0.38,  p < 0.001, F=11.98  333 

It should be noted that underlying water TEP and CSP concentrations from the same 334 

experiment did not show any relation to pCO2. Together with SML gel concentrations, pCO2 335 

in the underlying water was related to SML S275-295 and SML Synechococcus abundance 336 

(Figures S4b, S4c and Tables 2 and 3), indicating the relationship of pCO2 to different phases 337 

of organic matter cycling.   338 

Sea surface microlayer enrichment and relation to underlying water parameters 339 

In this experiment, the SML represented an enriched environment with respect to the bulk 340 

water conditions (Figure 4). Synechococcus in the SML was strongly related to the underlying 341 

water cell abundances (Spearman r = 0.945, p < 0.0001, n =39), as well as the amount of 342 

CDOM (Spearman r = 0.859, p < 0.0001, n =42), the latter pointing to similar dynamics in 343 
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DOM turnover between SML and underlying water. TEP concentration (mm2 L-1) in the SML 344 

also showed a low but significant relation to underlying water TEP to some extent (Spearman 345 

r = 0.359, p =0.0197, n =42), confirming that most of the TEP variability in the SML was 346 

probably associated to Synechococcus cell abundances rather than to the underlying water TEP 347 

concentration. 348 

Particularly high enrichment factors were observed for marine gels in the SML in all 349 

mesocosms, as expected. However, the enrichment factors for TEP and CSP were significantly 350 

higher in the MP mesocosms with respect to plastic-free controls (Figure 5, Table S1) 351 

indicating that the SML of the mesocosms where plastic was added had a higher accumulation 352 

of marine gels (TEP and CSP) with respect to plastic-free controls.  353 

Discussion 354 

The twelve-day experiment coincided with a Synechococcus bloom phase in all six mesocosms, 355 

during which autotrophic production of particulate organic matter prevailed over heterotrophic 356 

production. In the MP mesocosms there was an increased abundance of Synechococcus in the 357 

underlying water, which dominated over autotrophic picoeukaryotes cell numbers by an order 358 

of magnitude (Galgani et al., 2019). Microbial attachment on particles is a common 359 

phenomenon in aquatic ecosystems (Paerl, 1975) and microplastics may serve as a physical 360 

support for different microorganisms (Zettler et al., 2013; Zhao et al., 2021) creating hot spots 361 

of high metabolic activity (Dang and Lovell, 2015). 362 

Synechococcus is an important primary producer in the Sea of Crete and a known TEP producer 363 

also in nutrient-limiting conditions (Deng et al., 2016; Ortega-Retuerta et al., 2019). Globally, 364 

Synechococcus contributes to 21% of total CO2 fixation (Jardillier et al., 2010). 365 

We hypothesize that two concurrent processes led to the increased accumulation of TEP in the 366 

sea-surface microlayer of the mesocosms containing MPs. Firstly, in the MP mesocosms, an 367 

increase in Synechococcus production led to higher TEP accumulation in the underlying water 368 
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and enrichment in the SML possibly by migration of these compounds to the surface. The 369 

relationship between underlying water and SML gel particles is not novel in field (Engel and 370 

Galgani, 2016) and mesocosms studies (Galgani et al., 2014), since the SML partly reflects the 371 

underlying water composition. Secondly, Synechococcus cells can produce TEP directly in the 372 

SML (Yue et al., 2018) and their increased concentration in the SML in the mesocosms 373 

containing MPs might have been an additional source for TEP accumulation.  374 

In the ocean, TEP aggregation is proved to be a sink for marine carbon (Engel et al., 2004) and 375 

natural plankton communities are stimulated to produce TEP as a response to increased CO2 376 

(Engel, 2002). It has also been shown that  microbial activity in the sea-surface microlayer can 377 

control the exchange rate of atmospheric CO2 (Calleja et al., 2005); in our experiment, the 378 

higher TEP accumulation in the SML of the MP mesocosms may have served as a sink for CO2 379 

as described in equation (7).  380 

To further support this difference, DIC partitioning in the underlying water of MP mesocosms 381 

had higher CO3
2- and lower CO2 concentrations with respect to plastic-free controls. This 382 

observation might be explained by the fact that Synechococcus has also been associated to 383 

“whiting” events in marine and lakes environments (Dittrich et al., 2003; Thompson et al., 384 

1997). Whiting events occur when carbonates of biogenic origin are precipitated by 385 

microorganisms like cyanobacteria through photo-and chemosynthetic autotrophy in the 386 

presence of Mg(2+) and Ca(2+) counterions (Dittrich et al., 2003; Thompson, 2000; Thompson 387 

et al., 1997). Many bacteria species are implicated in CaCO3 precipitation, which represents a 388 

potential mechanism for CO2 sequestration and generally occurs at high pH, during active 389 

photosynthesis, and when DIC is limiting, such as after a bloom (Callieri, 2017). During the 390 

twelve-day experiment, the highest abundance of Synechococcus in the SML and underlying 391 

water appeared after the picoeukaryote and heterotrophic blooms (Galgani et al., 2019), 392 

corresponding to a migration and enrichment of organic compounds to the SML.  393 



 17 

In particular, the enrichment of organic particles (i.e. TEP and CSP) in the SML of MP 394 

mesocosms led to the establishment of a highly enriched surface film, potentially able to 395 

modify gas exchange between the mesocosms and the surrounding atmosphere. The different 396 

partitioning of DIC between CO3
2- and CO2 in MP treatments confirms an increased autotrophy 397 

in MP mesocosms that led to lower pCO2 beneath. In control mesocosms, heterotrophy did not 398 

increase, rather, autotrophic production was less as additional substrates for growth and 399 

metabolism, elsewhere provided by microplastics, were missing. This led to an overall lower 400 

production of marine gels in the underlying water and consequently in the SML, resulting in a 401 

less enriched surface film allowing for an increased exchange of atmospheric CO2 at the air-402 

sea interface. This is similar to the presence of surfactants in the sea-surface microlayer, where 403 

the resulting laminar diffusion layer reduces gas transfer (Frew, 1997). Some biogenic 404 

surfactants and surface slicks carrying a high microbial biomass can reduce air-sea CO2 405 

exchange by 15% to 19% (Mustaffa et al., 2020; Wurl et al., 2016).  406 

While initially pCO2 concentration might have been lower in the MP mesocosms, we should 407 

note that SML enrichment does not only limit the exchange of atmospheric CO2, but also that 408 

of oxygen across the air-sea interface. In the post-bloom phase dominated by the heterotrophic 409 

remineralisation of organic matter, CO2 is put back into the system through microbial 410 

respiration, while oxygen concentrations are reduced. This may be especially important in 411 

coastal, shallow and semi-enclosed marine areas affected by plastic and other types of organic 412 

or nutrient pollution that favour high autotrophic biomass production. In areas where 413 

zooplankton feed on plastic particles because of high plastic concentration, grazing pressure 414 

on primary producers is reduced, further increasing autotrophic biomass in eutrophic waters, 415 

where the subsequent remineralisation of organic matter can further reduce oxygen 416 

concentrations (Kvale et al., 2021).  417 
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Our study shows that microplastics can increase the accumulation of marine gel particles in the 418 

SML by a 25-30% compared to plastic-free conditions. By using large scale mesocosms, it was 419 

possible to explore daily changes in SML formation and the resulting impact on the underlying 420 

water pCO2. This supports a better understanding of localized anoxic or hypoxic zones often 421 

observed in estuarine and upwelling areas where the SML plays an essential role in air-sea gas 422 

exchange (Engel and Galgani, 2016; Hepach et al., 2016; Upstill-Goddard, 2006) and where 423 

marine plastisphere communities can have direct effect on the concentration of N2O and CO2 424 

(Cornejo-D’Ottone et al., 2020; Su et al., 2022). 425 

While this method demonstrated the indirect effect of plastics on seawater pCO2 concentration 426 

through the SML, another effect that should be considered is the direct impact on the 427 

production and response of marine gels in the SML. TEP and CSP are distinct, insoluble 428 

macromolecules derived from the aggregation and annealing of DOM polymeric precursors 429 

produced during microbial growth and metabolism (Cisternas-Novoa et al., 2015; Engel, 2009; 430 

Thornton, 2018; Thornton et al., 2016). TEP concentrations in the SML were only partly related 431 

to those of the underlying water, indicating that an additional source of TEP may be the SML 432 

itself through the microbial activity of Synechococcus. As such, the SML may act as a direct 433 

sink of atmospheric CO2 through extracellular polymers production within this layer. CSP 434 

instead seemed to be more clearly related to the degradation of organic matter present in the 435 

SML, as CDOM and S275-295 measurements indicated their higher lability and rapid turnover 436 

(Thornton, 2018). This creates a pool of organic matter in the SML that is completely 437 

independent from underlying water processes, a phenomenon observed in highly productive 438 

marine regions (Galgani and Engel, 2016; Zäncker et al., 2017).  439 

In the present study, we choose to use polystyrene as it is a very abundant microplastic polymer 440 

in oligotrophic marine areas (Pabortsava and Lampitt, 2020). While a recent study has reported 441 

that virgin laboratory grade polymer and commercially available polystyrene leaches dissolved 442 
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organic carbon (DOC) in natural freshwater when exposed to dark and light conditions (Lee et 443 

al., 2020), such quantifiable DOC leachate was achieved at elevated concentrations of 5 g L-1, 444 

or 106 times higher than the concentration used in the present study (6 x 10-6 g L-1).  445 

The size of microplastics selected for use in the experiment allowed for the comparison to other 446 

studies on the influence of microplastics on marine biological processes like zooplankton 447 

ingestion (Cole et al., 2013; Cole et al., 2016) and human health (Hwang et al., 2020). 448 

Furthermore, the size range and concentration of the polystyrene particles were selected to 449 

minimise potential interference with spectrophotometric measurements of dissolved organic 450 

matter (Galgani et al., 2018), while allowing for them to be embedded into exopolymer gels in 451 

the field (Galgani et al., 2022).  452 

It should be noted that the concentration of plastic particles used in this study was higher than 453 

typical marine conditions and more similar to those of impacted sediments in coastal areas 454 

(Sharma et al., 2021) and projections of future scenarios. While microplastics range between 1 455 

µm and 5 mm (Andrady, 2011), most measurements of surface microplastics rely on net tows 456 

with a limited mesh size, typically 330 µm (GESAMP, 2019). Therefore, microplastics smaller 457 

than 330 µm are largely under-sampled (Zhao et al., 2021), while being those most abundant, 458 

due to continuous plastic fragmentation processes. A recent study reported concentrations over 459 

~8000 particles per L in the < 333 µm size fraction (Brandon et al., 2020). Similarly,  high 460 

concentrations of microplastics (105 particles m-3) have been already found in a Swedish 461 

harbour in proximity of a plastic manufacture plant (Lindgren et al., 2016).  462 

Conclusions 463 

This mesocosm study shows an important new impact of plastic pollution on marine carbon 464 

biogeochemistry, that is the capacity of microplastics to directly influence processes at the air-465 

sea boundary layer, in particular the ocean-atmosphere exchange of CO2. Although not 466 

comparable to field observations, to the best of our knowledge, this experiment is the first to 467 
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focus on the impacts of plastic on the sea-surface microlayer in a near natural setting, as in situ 468 

conditions of temperature, irradiation, and natural seawater biological and chemical 469 

composition were maintained.  470 

Our results show that plastic pollution of the underlying water enhances the production and 471 

accumulation of two important classes of marine gels (polysaccharidic, TEP, versus 472 

proteinaceous, CSP) in the SML, with important repercussions on the control over the ocean’s 473 

gas exchange with the atmosphere. Both indirect impacts, through an enriched surface film, as 474 

well as direct impacts, through an increase in the remineralisation of organic matter in the SML 475 

appear to be active. These results support the growing attention on the influence of plastic on 476 

the marine biological carbon pump and therefore on the ocean’s capability to store 477 

anthropogenic CO2 (Galgani and Loiselle, 2021; Kvale et al., 2021; Shen et al., 2020). Further 478 

efforts should be made to explore these dynamics across different marine environments and 479 

trophic regimes. Plastic production is expected to double in the next decades (Borrelle et al., 480 

2020). In the absence of efficient management practices, plastic will continue to accumulate in 481 

our oceans and environment. Clearly, the impacts of plastic pollution on marine 482 

biogeochemistry go further than what explored in the present study. This highlights the 483 

importance of mesocosm-based studies and large-scale ocean simulations to better explore 484 

these dynamics, providing needed information to support international agreements to address 485 

climate change and the functionality of the oceanic carbon sink (Cooley et al., 2019).  486 
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Parameter / unit ANOVA F P value Test 
Mean 

Control  

Mean 

MP 

SE of 

difference 

% of 

difference 

MP-C 

TA (ULW) 
F (11, 43) = 3.138 0.0035 REML 2625.0 2631.0 1.77 0.2 

[µmol Kg-1] 

DIC (ULW)* 
F (11, 43) = 9.482 <0.0001 

REML 

(time) 
2283.0 2286.0 0.94 0.1 

[µmol Kg-1] 

pCO2 (ULW) 
F (11, 43) = 4.279 0.0003 REML 420.20 409.10 3.78 -2.6 

[µatm] 

pH (ULW) F (11, 43) = 4.552 0.0001 REML 8.064 8.075 0.00 0.14 

CO3
2- (ULW) 

F (11, 43) = 2.814 0.0075 REML 243.10 246.20 1.09 1.3 
[µmol Kg-1] 

CO2 (ULW) 
F (11, 43) = 3.845 0.0007 REML 13.09 12.78 0.11 -2.4 

[µmol Kg-1] 

HCO3
-*(ULW) 

F (11, 43) = 2.991 0.0049 
REML 

(time) 
2027.0 2027.0 1.27 0.0 

[µmol Kg-1] 

TEP (SML)* 

F (6, 24) = 3.573 0.0113 

RM 

ANOVA 

(time) 

493.50 641.70 60.30 30.0 
[106 mm2 L-1] 

TEP (SML) 
F (6, 24) = 2.836 0.0312 

RM 

ANOVA 
61.06 77.44 5.53 26.8 

[106 particles L-1] 

TEP-C (SML)* 

F (6, 24) = 3.868 0.0077 

RM 

ANOVA 

(time) 

324.30 424.80 49.43 31.0 
[µg Carbon L-1] 

CSP (SML) 
F (6, 24) = 4.932 0.002 

RM 

ANOVA 
682.30 854.50 55.72 25.2 

[106 mm2 L-1] 

CSP (SML) 
F (6, 24) = 4.870 0.0022 

RM 

ANOVA 
75.93 113.57 8.24 49.6 

[106 particles L-1] 

Syn (SML) 
F (5, 20) = 4.417 0.0071 

RM 

ANOVA 
64.28 65.15 3.01 1.4 

[106 cells L-1] 

HDNA-Syn (SML)* 

F (5, 20) = 21.54 <0.0001 

RM 

ANOVA 

(time) 

1.46 1.81 0.22 23.5 
[106 cells L-1] 

LDNA-Syn (SML) 
F (5, 20) = 4.947 0.0041 

RM 

ANOVA 
62.85 63.35 2.84 0.8 

[106 cells L-1] 

S275-295 (SML) 
F (6, 24) = 3.146 0.0203 

RM 

ANOVA 
0.01 0.01 0.00 4.1 

[nm-1] 

a(355) nm (SML) 
F (6, 24) = 1.090 0.3963 

RM 

ANOVA 
3.89 3.90 0.05 0.1 

[m-1] 

DOC (SML) 
F (1, 4) = 0.02581 0.6927 REML 1.23 1.21 0.11 -1.5 

[mg L-1] 

H. Bacteria (SML)* 
F (6, 21) = 9.815 <0.0001 

REML 

(time) 
4.46 4.31 0.42 -3.4 

[108 cells L-1] 

HDNA H. Bacteria 

(SML)* F (6, 21) = 10.40 <0.0001 
REML 

(time) 
3.13 2.98 0.39 -4.8 

[108 cells L-1] 

LDNA H. Bacteria 

(SML)* F (6, 21) = 13.07 <0.0001 
REML 

(time) 
1.27 1.34 0.05 5.3 

[108 cells L-1] 

 836 

Table 1 Repeated Measures Two-Way ANOVA or Mixed effects Model (REML) Analysis Table 837 

where the fixed factor is the “treatment” (MP/ no MP) and the random effect is the time. 838 

Results are shown as the interaction of “treatment x time” unless otherwise noted. Replicates 839 

within the treatments have been assumed having equal variability of differences. (*) indicates 840 
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differences that have been observed between MP and Control in time. Significant differences 841 

are accepted for p< 0.05.  842 

SML = sea-surface microlayer; ULW = underlying water; TA = Total Alkalinity; DIC = 843 

Dissolved Inorganic Carbon; TEP = Transparent Exopolymer Particles; TEP-C = Carbon 844 

contained in Transparent Exopolymer Particles; CSP = Coomassie Stainable Particles; Syn 845 

=Synechococcus cells; HDNA-Syn = high DNA containing Synechococcus cells; LDNA-Syn = 846 

low DNA containing Synechococcus cells; S275-295 = Spectral Slope measured between 275 and 847 

295 nm; a(355) = CDOM (Chromophoric Dissolved Organic Matter) absorption coefficient at 848 

355 nm; DOC =Dissolved organic Carbon; H.Bacteria = Heterotrophic Bacteria; HDNA H. 849 

Bacteria = high DNA containing heterotrophic bacterial cells; LDNA H. Bacteria = low DNA 850 

containing heterotrophic bacterial cells.  851 

S275-295 

[nm-1], SML 

pCO2 

[µatm], 

ULW 

DOC 

[mg L-1], SML 

Heterotrophic 

bacteria 

[cells L-1], SML 

CSP  

[mm2 L-1], 

SML 

Synechococcus  

[cells L-1], SML 

Spearman r 0.51 0.45 0.34 0.35 -0.61 

p < 0.001 0.004 0.032 0.024 < 0.0001 

n 42 39 39 42 39 

 852 

Table 2 Spearman r correlation table reporting significant correlations of Spectral Slope 853 

parameter  in the SML (sea-surface microlayer) between 275 and 295 nm (S275-295) to pCO2 854 

(ulw), and DOC, Heterotrophic Bacteria, CSP and Synechococcus cells in the SML. DOC 855 

=Dissolved organic Carbon; CSP = Coomassie Stainable Particles. 856 

 857 

 858 

 859 

 860 

 861 

 862 

 863 

 864 

 865 
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Synechococcus 

[cells L-1] 

TA 

[µmol Kg-1] 

DIC 

[µmol Kg-1] 
pH in pCO2 [µatm] CO3

2-
 [µmol Kg-1] CO2 [µmol Kg-1] 

Spearman r 0.531 0.429 0.344 -0.33 0.336 -0.321 

p 0.000557 0.00664 0.0323 0.0406 0.0368 0.0465 

n 39 39 39 39 39 39 
       

TEP-C [µg C L-1] 
TA 

[µmol Kg-1] 

DIC 

[µmol Kg-1] 
pH in pCO2 [µatm] CO3

2-
 [µmol Kg-1] CO2 [µmol Kg-1] 

Spearman r 0.511 0.273 0.434 -0.433 0.481 -0.437 

p 0.000592 0.0798 0.00428 0.00438 0.00137 0.00395 

n 42 42 42 42 42 42 

 866 

Table 3 Spearman r correlation table between Synechococcus and Carbon contained in 867 

Transparent Exopolymer Particles (TEP-C) in the SML (sea-surface microlayer), to Total 868 

Alkalinity (TA), Dissolved Inorganic Carbon (DIC), pH, pCO2 CO3
2- and CO2 in the underlying 869 

water of the mesocosms. 870 

 871 

 872 

Figure 1 Boxplots represent normalized anomalies and 5-95 percentiles for underlying water 873 

(ulw) pCO2, pH, and for sea-surface microlayer (SML) Carbon contained in Transparent 874 
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Exopolymer Particles (TEP-C) and High DNA containing Synechococcus cells. Stars indicate 875 

the level of significance in the differences between control and MP mesocosms based on Mann-876 

Whitney tests on normalized anomalies (pCO2, pH), and unpaired t-tests (TEP-C and High 877 

DNA Synechococcus cells). 878 

 879 

Figure 2 Boxplots that represent normalized anomalies and 5-95 percentiles for underlying 880 

water (ulw) Total Alkalinity (TA), Dissolved Inorganic Carbon (DIC), CO3
2- and CO2. Stars 881 

indicate the level of significance in the differences between control and MP mesocosms based 882 

on Mann-Whitney test (TA, CO3
2- and CO2) and unpaired t-test (DIC).   883 
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 884 

Figure 3 Panels a, b: Multiple linear regression between pCO2 in the underlying water (ulw) 885 

and the presence of marine gels (TEP, a; CSP, b) in the sea-surface microlayer (SML). 886 

Panels c, d: Multiple linear regression between pH in the underlying water (ulw) on marine 887 

gels (TEP, c; CSP, d) in the sea-surface microlayer (SML) according to the equation:  888 

pH = 8.070 + 0.0000471 TEP [mm2 L-1] - 0.0000421 CSP [mm2 L-1].  889 

For the regression, R2 = 0.365, p < 0.001, F =11.22, DF = 2. All panels have been displayed 890 

separately to better visualize the trends. TEP = Transparent Exopolymer Particles; CSP = 891 

Coomassie Stainable Particles. 892 

 893 

 894 
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 895 

Figure 4 Enrichment factors (EF) for sea-surface microlayer (SML) parameters compared to 896 

underlying water independently from the treatments (all data from control and MP 897 

mesocosms are merged). The dashed orange line is set on both graphs to EF = 1 which 898 

means no real differences between SML concentration and underlying water concentration. 899 

H. Bacteria = heterotrophic bacteria; DOC = Dissolved Organic Carbon; CDOM a(355) = 900 

Chromophoric Dissolved Organic Matter absorption coefficient at 355 nm; S275-295= Spectral 901 

Slope measured between 275 and 295 nm; TEP = Transparent Exopolymer Particles; TEP-C 902 

= Carbon contained in Transparent Exopolymer Particles; CSP = Coomassie Stainable 903 

Particles. 904 
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 905 

Figure 5 Enrichment Factors for the concentration of marine gels TEP and CSP, expressed 906 

as area mm2 L-1, between Control and MP mesocosms. The orange dashed line indicates EF 907 

= 1. Repeated Measures two-way ANOVA tests (Table S1) have evidenced significant 908 

differences between EFs for marine gels. TEP = Transparent Exopolymer Particles; CSP = 909 

Coomassie Stainable Particles. 910 
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