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Abstract 22 

Microplastics are a major environmental challenge, being ubiquitous and persistent as to 23 

represent a new component in all marine environments. As any biogenic particle, microplastics 24 

provide surfaces for microbial growth and biofilm production, which largely consist of 25 

Page 1 of 25 AUTHOR SUBMITTED MANUSCRIPT - ERL-107318.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t

mailto:luisa.galgani@unisi.it
mailto:luisa.galgani@unisi.it
mailto:luisa.galgani@unisi.it
mailto:luisa.galgani@unisi.it


 

Confidential manuscript submitted to Environmental Research Letters  

 2 

carbohydrates and proteins. Biofilms influence microbial activity and modify particle 26 

buoyancy, and therefore control the fate of microplastics at sea.  27 

In a simulated “plastic ocean”, three mesocosms containing oligotrophic seawater were 28 

amended with polystyrene microbeads and compared to three control mesocosms. The 29 

evolution of organic matter, microbial communities and nutrient concentrations was monitored 30 

over 12 days. The results indicated that microplastics increased the production of organic 31 

carbon and its aggregation into gel particulates. The observed increase of gel-like organics has 32 

implications on the marine biological pump as well as the transport of microplastics in the 33 

ocean. 34 

1. Introduction 35 

The flux of plastic debris from land to sea continues to increase globally, even if in situ 36 

observations do not show the corresponding expected rate of accumulation in the surface ocean. 37 

As plastic distribution in the water column is still not well understood, this mismatch is likely 38 

the explanation for the “lost” particles at sea (Cózar et al., 2014, Mintenig et al., 2018, Eriksen 39 

et al., 2014). Through mechanical and biological fragmentation, as well as UV-induced 40 

photooxidation, plastics degrade to a continuum of sizes, shapes and surface conditions. In 41 

general, an increase in the abundance of the smallest fractions (i.e. nano and microplastics) 42 

would facilitate their interaction with living organisms and autochthonous organic matter. In 43 

fact, such interactions may be a major pathway to the removal of plastic from the marine 44 

environment (GESAMP, 2016, Koelmans et al., 2017, Choy et al., 2019). 45 

In aquatic ecosystems, the concentration of organic and inorganic particles influences 46 

microbial behavior and metabolism (Paerl, 1975). Particles such as detritus, marine snow, fecal 47 

pellets are rich in organic matter and nutrients and can facilitate microbial access to resources, 48 

and become potential hot spots for metabolic activity. Moreover, particles present 49 
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physiological opportunities as substrates for microbial attachment where the close proximity 50 

of the microbes facilitates metabolic cooperation and genetic exchange (Dang and Lovell, 51 

2015). Submerged particles are thus rapidly colonized and the surface biofilm formed provides 52 

protection from environmental stressors, promotes the maintenance of the integrity of 53 

extracellular enzymes and contributes to the development of organic aggregates and high 54 

molecular weight polymers (Dang and Lovell, 2015). As such, microbial assemblages on 55 

biofilms facilitate the decomposition of sinking particles and the release of nutrients in their 56 

descent, making nutrients available to other organisms of the ecosystem and transporting the 57 

photosynthetically produced carbon from the euphotic surface to the deep ocean, processes 58 

known as the microbial and the biological pump (Jiao et al., 2010, Herndl and Reinthaler, 59 

2013). While microbial degradation of biogenic particles may decrease particles’ presence with 60 

increasing depth, non-degradable particles could more easily reach the deep ocean, influencing 61 

the marine biological pump.  62 

The marine biological pump thus encompasses the processes through which atmospheric 63 

carbon dioxide is absorbed and converted, through primary production in the oceanic euphotic 64 

zone, to organic mostly polysaccharidic biopolymers (Sabine et al., 2004, Engel et al., 2004). 65 

Such compounds, released during phytoplankton growth and senescence into the surrounding 66 

environment, represent around 20% of the ocean’s total dissolved organic carbon pool (Benner, 67 

2002) and serve as precursors for the formation of organic gel-like polysaccharidic particles 68 

(TEP, Transparent Exopolymer Particles). TEP are sticky macromolecules that can build up 69 

into larger aggregates when organic or mineral particles are present. Their production is 70 

estimated to be 2.5 to 5 Pg C yr−1, corresponding to 10% of annual oceanic primary productivity 71 

(45 to 55 Pg C yr−1) (Thornton, 2018, Mari et al., 2017).  72 

TEP accelerate the sinking of organic carbon to the seafloor as marine snow (Engel et al., 73 

2004), and can be rapidly colonized by bacteria which, by the release of extracellular polymers, 74 
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increase TEP’s specific density and settling velocity (Herndl and Reinthaler, 2013). 75 

Proteinaceous gels (CSP, Coomassie Stainable Particles) are present in similar concentrations 76 

to TEP, but are more labile due to their relatively elevated nitrogen content (Thornton, 2018). 77 

Both classes of gel particles are produced by autotrophic and heterotrophic organisms as part 78 

of their metabolic activities. As the rates of TEP and CSP production are similar, it can be 79 

estimated that up to 20% of oceanic primary productivity is converted into marine gels 80 

(Thornton, 2018), given them an essential role nutrient and carbon cycling (Verdugo, 2012).  81 

Marine microorganisms can interact with microplastics as they would with any other substrate 82 

(Ogonowski et al., 2018), creating hotspots for autotrophic and heterotrophic activity. When 83 

microplastics enter the ocean, through their surface forces they rapidly interact with suspended 84 

organic and inorganic compounds. These, in turn, attract microorganisms. Microbial 85 

attachment on microplastics starts by the creation of an extracellular organic coating on the 86 

particle surface (Rummel et al., 2017). This leads to a progressively more complex biofilm that 87 

includes microbial exudates as well as organic macromolecules and nutrients from the 88 

surrounding seawater (Mincer et al., 2016, Dang and Lovell, 2015).  89 

The microbial production of organic exudates (i.e., long-chain polysaccharides and proteins), 90 

precursors of marine gels, as well as biofilm structure and development increase size, surface 91 

charge and density of plastic particles, modifying their bioavailability for adsorption by 92 

microbial plankton, and for seafloor detritus feeders and suspension-feeding organisms by 93 

changing particles’ buoyancy and movement within the water column (Galloway et al., 2017, 94 

Rummel et al., 2017). Marine gels are ubiquitous particles in seawater. Thanks to their 95 

stickiness, they can be adsorbed onto microplastics, modifying the latter’s buoyancy and 96 

biological availability (Galloway et al., 2017, Michels et al., 2018). 97 

To study whether an increase in available substrates related to microplastics is sufficient to 98 

produce a measurable short-term impact on marine carbon and nutrient dynamics, we simulated 99 
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a plastic ocean under controlled conditions in six identical mesocosms (3 m3) filled with coastal 100 

oligotrophic seawater from the Sea of Crete. Three mesocosms were treated with standard 30 101 

µm polystyrene microbeads and compared to three control mesocosms. Over a 12 day 102 

experiment, measurements were made to determine the dynamics of organic carbon (dissolved, 103 

DOC and particulate, POC), particulate organic nitrogen (PON), inorganic nutrients 104 

(phosphate, PO4
3- and dissolved inorganic nitrogen, DIN), TEP and CSP, chlorophyll a and 105 

microplastics, as well as the abundances of phytoplankton and heterotrophic bacteria.  106 

2. Material and Methods  107 

2.1. Experimental Design: Mesocosm set up, sampling and manipulation 108 

Six 3-m3 mesocosms made of transparent food-grade polyethylene were filled with coastal 109 

seawater pumped from below the surface (2 m) in the proximity of the Hellenic Centre for 110 

Marine Research in Crete in the bay of Gournes (Sea of Crete). As cylindrical bags, the 111 

mesocosms had a height of ~ 2.5 m and a diameter of 1.32 m. For the duration of the 112 

experiment, the mesocosms were kept in a 150 m3 deep concrete tank with circulating seawater 113 

maintained at a constant temperature of 201 C. Each mesocosm was protected by a clear 114 

PVC lid to avoid contamination by atmospheric aerosols. Mesocosms assemblage, seawater 115 

transport and homogeneous split into the mesocosms were performed following standardized 116 

procedures (Pitta et al., 2016). Each mesocosm was continuously mixed through a centralized 117 

airlift system from just above the bottom of the mesocosm to just under the surface (Pitta et al., 118 

2016), creating a homogeneous distribution of the water.  119 

Samples were collected daily from a depth of 1 m in each mesocosm using a 2-m-long Plexiglas 120 

tube with a diameter of 5 cm. The tube was rinsed three times with de-ionized water before and 121 

between sampling in different mesocosms. The average density of the water in the mesocosms 122 

during the experiment was 1.032±0.001 g/cm3 with an average salinity of 41.4±1.6 PSU. On 123 
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May 26th, 2017 (day-0), initial reference samples were taken from all mesocosms prior to any 124 

manipulation. An aqueous solution of 30 µm diameter transparent polystyrene microbeads 125 

(Sigma-Aldrich, nr. 84135) with a density of 1.05 g/cm3 was added to three mesocosms, 126 

hereafter named MP treatments (MP1-3) after sampling on day 0. The concentration was 127 

approximately 430 microplastic particles per L, corresponding to about 5.92 µg C L-1. The 128 

polystyrene beads have a negative surface charge, which is the same as the polyethylene 129 

mesocosm walls at pH above 2.5 (Beneš and Paulenová, 1973). This charge reduces the 130 

possibility of attraction between polystyrene beads and the mesocosms walls. The slightly 131 

higher density of the polystyrene beads with respect to seawater, together with the airlift system 132 

allowed for an equal distribution of the virgin beads throughout the mesocosms over the 133 

duration of the experiment. Biofilm development on polyethylene sheets was not expected to 134 

be significant (Lobelle and Cunliffe, 2011), so the mesocosms’ walls were not cleaned to 135 

minimize the manipulation of the mesocosms.  136 

Sampling was performed daily for 11 consecutive days (until June 6th) and following the same 137 

procedures and at the same hour. The total sample volume removed from each mesocosm over 138 

the 12-day experiment was 90 L (3% of the total volume). Previous testing of the same batch 139 

of polystyrene beads indicated that they did not leach organic compounds (Galgani et al., 140 

2018).  141 

Samples for microbead concentrations (1.5 - 2 L) were filtered daily through 47 mm diameter 142 

polycarbonate filters (Whatman, 1 µm pore-size). Polystyrene microbeads were counted 143 

microscopically at 20x magnification directly after sampling. Each filter was scanned in a cross 144 

diagonal section and microplastics were counted randomly in 45 ocular fields. Assuming no 145 

biological aggregation, we expected a 3% to 5% loss of microbeads over the course of the 146 

experiment, considering the sampling volume and the highest number of polystyrene 147 

microbeads (per L) found in the treated mesocosms.  148 
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2.2. Dissolved and particulate organic carbon (DOC and POC), particulate organic 149 

nitrogen (PON), chlorophyll a, phaeopigments and dissolved inorganic nutrients  150 

Dissolved Organic Carbon (DOC) was determined using a Shimadzu TOC-V organic carbon 151 

analyzer and following the high temperature catalytic oxidation method. The system was 152 

standardized prior to analysis using a potassium hydrogen phthalate standard solution. Each 153 

sample was injected 3 to 5 times and DOC concentration was calculated by the average value 154 

of three replicates that yielded standard deviation <2%. Analytical precision and accuracy were 155 

tested against Deep Atlantic Seawater Reference Material provided by the DOC-CRM program 156 

(University of Miami – D.A. Hansell, batch 16); measured values: 0.510-0.580 (n=10), 157 

certified value: 0.516-0.540. Drift correction of the DOC results was applied as needed. 158 

Samples for POC and PON were filtered through pre-combusted glass fiber filters and analyzed 159 

using a Perkin Elmer 2400 CHN Elemental Analyzer following Hedges & Stern (1984). To 160 

remove biases in carbon concentration due to polystyrene microbeads, estimates of particulate 161 

organic carbon (POC) were corrected for microbead concentration. 162 

Samples for chlorophyll a were filtered through 2, 0.6 and 0.2 μm polycarbonate filters at low 163 

vacuum pressure. The concentrations of chlorophyll a and phaeopigments were determined 164 

fluorometrically, according to Yentsch and Menzel (1963), using a Turner TD-700 165 

fluorometer.  166 

Daily samples were immediately analyzed for dissolved phosphates with the MAGIC method 167 

(Rimmelin and Moutin, 2005), with a detection limit of 0.8 nM. Analysis for dissolved nitrite 168 

and nitrate followed Strickland and Parsons (1972). Ammonium was measured according to 169 

Ivančič and Degobbis (1984). The detection limits were 0.017 μM for nitrate and 0.019 μM for 170 

ammonium. 171 
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2.3. Marine gels (TEP and CSP) 172 

Total area and number of gel particles were determined by microscopy (Engel, 2009). Ten to 173 

fifteen mL of sample were filtered using 0.2 µm Nuclepore membranes (Whatman), which 174 

were then stained with 1 mL Alcian Blue solution for polysaccharidic gels (Transparent 175 

Exopolymer Particles, TEP) and 1 mL Coomassie Brilliant Blue G solution for proteinaceous 176 

gels (Coomassie Stainable Particles, CSP). Filters were mounted onto Cytoclear® slides and 177 

stored at -20ºC until microscopic analysis. For each slide, thirty images were taken randomly 178 

at 200x magnification with a light microscope equipped with a digital camera. The analysis of 179 

the cross-sectional area of marine gels was performed with an image analysis software (ImageJ, 180 

U.S. National Institutes of Health) and used to calculate the equivalent spherical diameter 181 

(ESD) of individual particles, particle number, volume and total area.  182 

2.4. Heterotrophic and autotrophic organisms  183 

Abundances of Synechococcus, picoeukaryotes and heterotrophic bacteria were measured by 184 

flow cytometry. One subsample collected from the mesocosm was divided upon return to the 185 

laboratory into (a) three replicated cryotubes for flow cytometric analysis of heterotrophic 186 

bacteria, viruses and for backup storage at -80°C and (b) one sample for immediate, live 187 

analysis of autotrophic bacteria. Samples for heterotrophic bacteria were fixed with 25% 0.2 188 

μm-filtered glutaraldehyde (0.5% final concentration), incubated at 4°C for 45 min, flash 189 

frozen in liquid nitrogen and stored at −80°C until analysis. Frozen samples were thawed at 190 

room temperature and sub-samples were stained for bacterial enumeration with the nucleic-191 

acid stain SYBR Green I (final dilution 4 × 10−4 of the stock solution in Tris-EDTA buffer, pH 192 

= 8) and incubated for 10 min in the dark (Marie et al., 1997). Fluorescence signal was analyzed 193 

to distinguish high and low DNA content cells. Samples for Synechococcus and autotrophic 194 

picoeukaryotes were not fixed and analyzed without prior staining, based on their auto-195 
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fluorescence signals. A FACSCaliburTM flow cytometer (Becton Dickinson) was used (Tsiola 196 

et al., 2018).  To estimate the carbon contribution by both picoeukaryotes and Synechococcus, 197 

we used values of 471 fg C cell-1 (picoeukaryotes) and 151 fg C cell-1 (Synechococcus) 198 

according to Lagaria et al. (2017), which were applied for the same study area in a similar set 199 

up.  200 

2.5. Data analysis and statistics 201 

Two-Way ANOVA was used to analyze differences between the control and MP mesocosms. 202 

Spearman correlation coefficients to compare non-normal distributed data. To identify the 203 

treatment effect (microplastic addition) on temporal variability, we calculated the normalized 204 

anomaly 𝑦𝑖𝑗 of data from each mesocosm (j) for days (i = 0, . . ., 11) from the overall daily 205 

mean of the mesocosms 𝑦 𝑖 =
1

6
∑ (𝑥 𝑗

6
𝐽 ) 𝑖 (Galgani et al., 2014):   206 

𝑦𝑖𝑗 = (𝑥𝑖𝑗 − 𝑦 𝑖)/𝑦 𝑖 207 

Differences between control and treated mesocosms were determined with Mann-Whitney 208 

tests on normalized daily anomalies. Statistical tests were performed with GraphPad Prism 7.03 209 

and Minitab 18.1.     210 

3. Results and Discussion 211 

Initial concentrations (day 0) of dissolved PO4
3- and DIN were 4.3  1.7 nM L-1 and 0.6  0.1 212 

µM L-1 respectively, leading to the development of a phytoplankton bloom in all mesocosms. 213 

The concentrations of phosphate indicated ultra-oligotrophic conditions throughout the 214 

experiment, similar to previous mesocosm experiments performed during May with surface 215 

offshore water from the Cretan Sea (Pitta et al., 2017, Tsiola et al., 2017). DIN concentrations 216 

were higher but still indicative of oligotrophic conditions. These concentrations were expected 217 

for a coastal site of the Cretan Sea (Tsiola et al., 2018). The phytoplankton bloom lasted 2 to 3 218 
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days, similar to other mesocosm experiments performed at the same time of the year and in the 219 

same study area in both natural and induced bloom conditions (Pitta et al., 2017, Tsiola et al., 220 

2018) (Figure 1). The concentrations of phosphates and DIN reached a minimum on day 3 and 221 

slightly increased again after day 4, remaining low throughout the experiment and with no 222 

evident differences between controls and MP treatments.  223 

Maximum chlorophyll a concentration was observed on day 2 followed by a rapid decline. The 224 

chlorophyll bloom was associated to autotrophic picoeukaryotes, which have a high 225 

productivity and play a major role in carbon production and cycling in marine ecosystems (Bell 226 

and Kalff, 2001) (Figure 2). The abundance of autotrophic pikoeukaryotes and the 227 

concentration of chlorophyll a were not significantly different between controls and MP 228 

mesocosms.  229 

In all mesocosms, inorganic nutrients promoted a constant growth of Synechococcus, a 230 

photosynthetic cyanobacterium and the dominating autotrophic species in this time of the year 231 

in the Sea of Crete. The abundance of Synechococcus was an order of magnitude higher than 232 

autotrophic picoeukaryotes, reaching 108 cells per Liter (Figure 2). This concentration 233 

increased after the picoeukaryotes bloom. Synechococcus was probably best suited for the post 234 

bloom conditions of low PO4
3- levels, helping to explain its delayed increase, as it has a superior 235 

affinity for phosphate compared to other prokaryotes and eukaryotic algae when phosphate is 236 

the limiting nutrient for microbial growth (Tanaka et al., 2003). Synechococcus is an important 237 

primary producer in the oligotrophic Sea of Crete in terms of abundance and primary 238 

production, and it contributes to 16.7% of the global ocean net primary production (Flombaum 239 

et al., 2013). In our experiment its carbon contribution to biomass was 0.74 ± 0.30 µM C (with 240 

minimum of 0.27 µM C and maximum of 1.29 µM C), ten times higher than picoeukaryotes 241 

carbon biomass, 0.08 ± 0.05 µM C (minimum of 0.02 µM C and maximum of 0.22 µM C). 242 

Synechococcus and heterotrophic bacteria followed similar patterns; their initial lower 243 
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abundances may be also explained by grazers, suggesting that their common predator(s), 244 

diminished after day 5, allowed their subsequent growth. This is a predator - prey interaction 245 

cycle often observed in enclosed mesocosm experiments.  246 

Similarly to Synechococcus, the highest abundance of heterotrophic bacteria was observed after 247 

the decay of the picoeukaryote bloom. A stronger negative relationship between heterotrophic 248 

bacteria and autotrophic picoeukaryotes occurred in the MP treatments (Spearman rho -0.55, 249 

p<0.001, n=36) compared to controls (Spearman rho -0.36, p=0.04, n=35). This suggested an 250 

increased relationship between microbial metabolism and biomass production and decay, also 251 

evidenced by the concentration of phaeopigments, chlorophyll a degradation products (Figure 252 

S1). 253 

The amount of Dissolved Organic Carbon (DOC) was similar between mesocosms. It declined 254 

until day 3, and increasing toward the end of the experiment (Figure 2), with average 255 

concentrations of 70.5±5.4 µM L-1 (control) and 70.7±5.6 µM L-1 (MP). Interestingly, in MP 256 

treatments only, the increase in DOC correlated to an increased abundance of heterotrophic 257 

bacteria (Spearman rho=0.57, p=0.002, n=29) and to a decrease in phaeopigments (Spearman 258 

rho= - 0.42, p=0.037, n=25). This indicates a higher bacterial metabolic activity and 259 

transformation of phytoplankton–derived organic substrates (Galgani et al., 2018, Galgani and 260 

Loiselle, 2019), with a subsequent reintegration of inorganic nutrients, mainly PO4
3-, into the 261 

system. This is further demonstrated by the different dynamics of PO4
3- concentrations in the 262 

treatment mesocosms, being significantly higher in MP treatments throughout the experiment 263 

(Two-Way ANOVA F(1,40) = 20.83, p<0.0001) (Kirchman, 1994).  264 

Particulate organic carbon (POC) peaked on day 1 and varied over time. PON reached a 265 

maximum on day 1 (Figure 2) and remained constant thereafter, but with a higher concentration 266 

in MP treatments (Two-Way ANOVA F(1,48) = 10.49, p<0.002). The average particulate 267 

carbon to nitrogen ratio (POC:PON) differed significantly between the controls and the MP 268 
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treatments (Two-Way ANOVA F(1,48) = 18.14, p<0.0001) with 9.56±0.76 in control 269 

compared to 8.79±0.83 for MP treatments. These values were well above the Redfield ratio of 270 

6.6, and dependent on the phytoplankton community composition. This may suggest the 271 

production of particulate organic matter by Synechococcus in high-light regimes (Martiny et 272 

al., 2013, Talmy et al., 2016). In MP treatments, the decrease in POC:PON ratio was coincident 273 

to the increase of high DNA containing heterotrophic bacterial cells (MP: Spearman rho -0.35, 274 

p=0.03, n=36) and to an increase in DOC (MP: Spearman rho -0.43, p=0.02, n=29). This further 275 

supports the hypothesis of an enhanced bacterial turnover of phytoplankton-derived particulate 276 

compounds into the dissolved pool through microbial metabolism (Verity et al., 2000, Decho, 277 

1990). 278 

Polysaccharidic gels (TEP) concentrations (as total area of the particles, µm2 L-1) and 279 

abundance (L-1) increased constantly in all mesocosms, with significantly higher 280 

concentrations in MP treatments (area: ANOVA F (1, 28) = 21.61, p < 0.0001 and number: 281 

ANOVA F (1, 28) = 23.45, p < 0.0001), particularly on days 5, 9 and 10 (Figure 3). The average 282 

size of the particles (ESD), of 1.38±0.33 µm and 1.44±0.37 µm in control and MP treatments 283 

respectively, was not significantly different.   284 

TEP concentrations closely followed the growth of Synechococcus in control (Spearman rho = 285 

0.70, p < 0.001, n=21) as well as in MP treatments (Spearman rho = 0.71, p < 0.001, n=21). 286 

TEP particle abundance in all mesocosms displayed a similar correlation (control: Spearman 287 

rho = 0.71, p = 0.0002, n=21; MP: Spearman rho = 0.64, p = 0.002, n=21). While other 288 

phytoplankton groups and heterotrophic bacteria are able to produce TEP (Cruz and Neuer, 289 

2019), TEP production was not associated to picoeukaryotes in the present experiment. 290 

Therefore, TEP dynamics were largely attributable to Synechococcus, a major producer of TEP 291 

(Ortega-Retuerta et al., 2019) and particularly in nutrient limited conditions, where 292 
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Synechococcus related TEP production has been associated to an increase in the settling 293 

velocity of the cell aggregates (Deng et al., 2016).  294 

CSP concentrations (µm2 L-1) showed different dynamics between control and MP mesocosms. 295 

Like TEP, CSP concentrations were higher in MP mesocosms (area: ANOVA F (1, 28) = 7.245, 296 

p = 0.012). Highest CSP concentrations were observed at lowest bacterial abundances (Figures 297 

2, 3), being inversely dependent to heterotroph abundances only in the MP mesocosms 298 

(Spearman rho = -0.65, p < 0.001, n=21). This further confirmed the labile nature of CSP, in 299 

particular in the presence of high-DNA containing heterotrophic bacteria, considered more 300 

metabolically active (Gasol et al., 1999). Interestingly, the highest CSP particle abundance was 301 

observed in control mesocosms (ANOVA F (1, 28) = 8.808, p = 0.006), with mean values of 302 

4.4±2.8 x 107 particles L-1 (control) and 3.6±2.0 x 107 particles L-1 (MP). This observation may 303 

be related to an increase in CSP aggregation in the MP mesocosms. These dynamics led to the 304 

presence of larger molecules (ANOVA, F(1,28)=9.796, p=0.004) in the presence of 305 

polystyrene beads, resulting in a larger surface area (Figure 3) with respect to control 306 

mesocosms, where an accumulation of smaller CSP particles prevailed. In all mesocosms, CSP 307 

particles were more abundant than TEP (Figure 3) although average particle size (ESD) did not 308 

differ much between both gel classes (control: 1.27±0.24 µm and MP: 1.44±0.24 µm). 309 

Microplastic concentrations decreased in all MP treatments over the 12-day experiment 310 

(Spearman rho = -0.92, p < 0.0001, n=11, Figure S2). Considering the sampled water removed 311 

from each mesocosm over this period (3% of the total volume) and assuming homogeneous 312 

mixing and no biological aggregation, a loss of 3% - 5% in the relative concentration of 313 

microplastics was expected.  However, we observed a much larger loss. At the end of the 314 

experiment, only between 20% and 30% of the expected concentration of microplastics were 315 

present in the MP treated mesocosms (8533 particles L-1), suggesting a potential mechanism 316 

for particle loss. One possibility is the downward motion of spherical particles due to density 317 
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differences with the surrounding medium. If we assume a quiescent system and spherical 318 

particles with a density higher than the surrounding medium, their terminal velocity depends 319 

on particle radius and density, and on the fluid density and viscosity (Stokes’ Law). When all 320 

conditions apply (smooth spherical particles, constant and undisturbed fluid, no interfering 321 

attractive or repelling forces), a polystyrene sphere would sink to the bottom of the mesocosms 322 

in approximately three days. While some particle loss is probable, conditions in the mesocosm 323 

were such that that terminal velocity predicted by Stokes’ law could not be reached. First of 324 

all, the airlift system introduced internal motion to the mesocosms, mostly in the upward 325 

direction. Second, particles had a high possibility of being incorporated into gel aggregates, 326 

becoming neither smooth nor spherical and with a density different than that of the virgin 327 

polystyrene beads. Third, the negative surface charge of polystyrene as well as that of the 328 

polyethylene surfaces of the mesocosm would modify movement within the mesocosms. These 329 

altered conditions would strong reduce particle settling velocity and indicate that other removal 330 

mechanisms were present.  331 

Together with particle loss we observed a net increase in gel abundance. This resulted in 332 

negative correlations of both TEP (particles L-1, Spearman rho = -0.69, p = 0.001, n=18) and 333 

CSP (particles L-1, Spearman rho = -0.49, p = 0.04, n=18), as well as in the number of 334 

Synechococcus cells (Spearman rho =-0.860.65, p < 0.0001, n=33) to microplastics 335 

concentration (Figure S2). This suggests that biological production and rapid aggregation of 336 

organic gels are a possible removal mechanism of microplastics from the water column, 337 

supporting recent observations (Michels et al., 2018, Kaiser et al., 2017). The presence of both 338 

heterotrophic bacteria and suspended particles may increase the stickiness of Synechococcus-339 

derived TEP or its precursors, enhancing cell aggregation and export (Cruz and Neuer, 2019, 340 

Deng et al., 2015). Bacteria can also release TEP or TEP precursors, which result in stickier 341 

particles, richer in uronic acids (Bhaskar et al., 2005). These stickier TEP facilitate the 342 
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formation of sinking aggregates and can increase the export of carbon and other material. Thus, 343 

the interaction of heterotrophic bacteria and Synechococcus may have played an important role 344 

in directing the flux of carbon and particles, including microplastics in the mesocosms. 345 

Aggregation into marine gels and marine snow further facilitates microplastics’ ingestion by 346 

zooplankton and their excretion through fecal pellets. The interaction with organic particulate 347 

matter has been seen to play a significant role in microplastics’ distribution in the water column 348 

(Galloway et al., 2017, Cole et al., 2016). We note, however, that we had no sediment traps 349 

installed to check the flux of sinking organic aggregates containing microplastics in the 350 

mesocosms.  351 

To better discern the overall differences in the production and remineralization of organic 352 

matter related to the presence of microplastics, and minimize biases introduced by temporal 353 

variations, normalized daily anomalies were compared. Similar concentrations of DOC, POC 354 

and chlorophyll-a were observed in all mesocosms, while DIN concentration was higher in 355 

controls and PO4
3- was higher in MP treatments (Figure 4). Higher abundances of autotrophic 356 

(Synechococcus) and heterotrophic microorganisms, and in particular of high-DNA containing 357 

bacteria were observed in MP treatments. Given the higher concentration of TEP particles 358 

(Figure 4), the enhanced interaction of heterotrophs and autotrophs appears to be an important 359 

mechanism for the production of marine gels in the presence of suspended particles 360 

(microplastics).  361 

While similar temporal trends were observed in both control and MP mesocosms (Figure 1), 362 

the latter showed a higher rate of microbial organic matter production, reworking and 363 

incorporation into particulate forms (Figures 3, 4). This could have influenced nutrient 364 

conditions, with a higher heterotrophic microbial N uptake and processing coupled to the 365 

regeneration and accumulation of inorganic P (Figure S3).  366 
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High metabolic activity and heterotrophic reworking of organic matter was also suggested by 367 

an increased DOC concentration and decreased POC:PON ratio in MP mesocosms, 368 

accompanied by lower ammonium (NH4
+) concentrations and DIN:PO4

3- ratios (Figure S4).  369 

4. Conclusions 370 

The concentration of microplastics in the world’s oceans is elevated and its potential influence 371 

on marine biogeochemical dynamics is unclear. Estimated concentrations range between 0.1 372 

to 1 particle m-3 in the water column  and from 103 to 104 particles m-3 in sediments (Erni-373 

Cassola et al., 2019). The concentration of virgin particles used in our experiment are not 374 

representative of real ocean conditions, but illustrate a particular process that may occur already 375 

in less evident manner, or could occur in a future “plastic” ocean, as plastic production is 376 

expected to double in the next decades (Geyer et al., 2017). 377 

Synechococcus is a widespread cyanobacteria group and a high TEP producer (Ortega-Retuerta 378 

et al., 2019, Zamanillo et al., 2019) that contributes to carbon export in many areas of the ocean 379 

thanks to its capacity to form large aggregates (Cruz and Neuer, 2019). Our results suggest that 380 

inert polystyrene microplastics act the same way as inorganic ballasting particles to favor an 381 

increased metabolism and interaction of both autotrophic (Synechococcus) and heterotrophic 382 

bacteria. This results in an increased production of DOM polymers and TEP precursors, and 383 

an enhanced aggregation into gel-like macromolecules. This increases the possibility for 384 

sinking organic aggregates, which helps explain microplastics’ downward flux in the 385 

mesocosms. Extrapolated to the ocean, this mechanism may have consequences on nutrient 386 

dynamics, microbial organic matter turnover and carbon export. While it is a complex process 387 

with multiple pathways, these results indicate a possible mechanism. As growth substrates for 388 

marine plankton, microplastics may increase the biological production of DOM (Galgani et al., 389 

2018, Galgani and Loiselle, 2019) and its aggregation into marine gel particles around 390 

suspended particulates. This is facilitated by the phytoplankton-bacteria interplay and would 391 
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favor the downward export of natural or artificial materials through marine snow (Galloway et 392 

al., 2017). These sinking aggregates are rich in organic matter and can be easily ingested by 393 

zooplankton eventually being excreted as fecal pellets. Hence, this aggregation may play a 394 

pivotal role in the mobilization of microplastics across the water column and their subsequent 395 

accumulation in the deep ocean (Galloway et al., 2017).  396 

Within the adsorbed biofilm surrounding the particle, microplastics may incorporate inorganic 397 

nutrients (PO4
3-, DIN) and stimulate phytoplankton and bacterial growth (Mincer et al., 2016). 398 

Bacteria can consume up to 60% of available PO4
3-

 and 30% of NH4
+ (Kirchman, 1994) as well 399 

as process up to 50% of photosynthetically produced DOM. This organic matter is stored in 400 

their biomass and transferred back to the ecosystem through the microbial loop (Azam et al., 401 

1983). In the same manner, nitrogen is released in organic particulate forms (PON) and 402 

phosphate is regenerated (Kirchman, 1994, Paytan and McLaughlin, 2007). These dynamics 403 

were likely favored in MP treated mesocosms and led to the accumulation of particulate forms 404 

of organic matter.  405 

It should be noted that, while the standard polystyrene particles used were inert over the period 406 

of the present study, the common mix of plastics debris found at sea can leach carbon, which 407 

may additionally stimulate marine heterotrophic activity (Romera-Castillo et al., 2018). By 408 

combining both direct (leaching) and indirect (as substrates) effects on marine carbon 409 

dynamics, it is clear that the ubiquitous and increasing presence of plastics in the marine 410 

environment has the potential to alter carbon sequestration and turnover, with consequences on 411 

marine nutrient cycles and global oceanic productivity.  412 
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 607 

Figures and Figures legend 608 

 609 

Fig. 1. Dynamics of phosphate (PO4
3-)(a), dissolved inorganic nitrogen as the sum of nitrates, nitrites and 610 

ammonium (DIN)(b), and Chlorophyll a (Chl a)(c). Reported data are averages of three mesocosms per control 611 

and MP (Microplastic treatment), with standard deviations.  612 
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 613 

Fig. 2. Temporal changes in autotrophic picoeukaryotes (a), the abundance of Synechococcus sp.(b), and 614 

heterotrophic bacteria (c), Dissolved Organic Carbon (DOC) (d), Particulate Organic Carbon (POC) (e), and 615 

Nitrogen (PON)(f). Reported data are averages of three mesocosms per control and MP (Microplastic treatment), 616 

with standard deviations.   617 
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 618 

Fig. 3. Temporal changes in the concentrations of Transparent Exopolymer Particles (TEP)(a,c) and Coomassie 619 

Stainable Particles (CSP)(b,d) as area (a, b) and particles abundance per Liter  (c, d). Reported data are averages 620 

of three mesocosms per control and MP (Microplastic treatment), with standard deviations. Gels (TEP and CSP) 621 

were sampled every second day until day 10.  622 
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624 

Fig. 4. Anomalies for control and microplastic treated (MP) mesocosms of the daily concentration of Chlorophyll 625 

a (Chl-a)(a), Dissolved Organic Carbon - DOC (b), Particulate Organic Carbon - POC (c), TEP abundance 626 

(particles L-1)(d), Dissolved Inorganic Nitrogen (DIN)(e), phosphate (PO4
3-)(f), Synechococcus (g) and high DNA 627 

containing heterotrophic bacteria (HDNA-HB)(h). Differences between control and microplastic treated 628 

mesocosms (MP) were tested by Mann-Whitney, with a significance level of p < 0.05 (indicated as *) and n = 12. 629 

**DIN anomalies were significantly different for one-tailed Mann-Whitney test. POC anomalies were corrected 630 

for the carbon introduced by polystyrene microbead addition (5.92 µgC L-1).  631 
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