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Abstract 21 

Increasing plastic waste has triggered global concerns for the potential detrimental 22 

effects on marine ecosystems. The impact of plastic reaches beyond the immediate 23 

harm to marine life to encompass the marine biogeochemical cycle and the global 24 

carbon budget. We investigate these effects by integrating an oceanic plastic simulation 25 

with a marine ecosystem model. We find that oceanic plastic could disturb the marine 26 

carbon cycle through three pathways: the plastic carbon buried in sediments, the release 27 

of dissolved organic carbon from water-column plastic, and the toxicity effect on 28 

marine phytoplankton.  Our scenario analysis suggests there are 0.70 (0.13 - 3.8) Tg of 29 

plastics entering the ocean every year, however, the overall impact of oceanic plastics 30 

on decreasing ocean carbon uptake could reach 12.1 TgC yr-1. Our model predicts that 31 

the global plastic released into the ocean could result in up to 1.6 PgC of lost ocean 32 

carbon uptake and storage by 2050, given the foreseeable growth of plastic production 33 

and its long-lasting impacts. We urge comprehensive control policies to mitigate the 34 

losses caused by marine plastics both in ecosystem integrity and addressing climate 35 

change. 36 
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Main Text 38 

The rampant consumption of plastics has raised concerns about the sustainable future 39 

of the world due to the immense volumes of plastic waste and the diverse damages they 40 

inflict on various environments. The ocean, in particular, is significantly affected, with 41 

millions of metric tons of plastic waste entering through various pathways, including 42 

river transport, atmospheric deposition, shipping, fishing activities, and beach 43 

littering1,2. Plastic wastes disperses horizontally and vertically throughout the ocean, 44 

driven by the interplay of buoyancy, gravity, wind, and ocean currents3,4. Oceanic 45 

plastics pose threats to marine life, including entanglement of sea turtles, the 46 

asphyxiation of seabirds, and the toxic impacts on fishes5. Plastic pollution also affects 47 

marine microorganisms and the carbon cycle, further complicating our efforts to 48 

achieve sustainable development goals concerning plastics6. However, the pattern and 49 

magnitude of these impacts as well as their overall effect on the ocean and the world 50 

remain yet to be clearly quantified and understood.  51 

The ocean, as the largest carbon reservoir, contains diverse forms of organic and 52 

inorganic carbon distributed in sediments, marine organisms, and seawater7,8. Under 53 

the combined effects of ocean currents and the plastic-biomass-aggregation, oceanic 54 

plastics embedded into marine snow can sink at rate of 1.4 to 152 meters per day9. The 55 

sinking rate is not only influenced by the density of plastics but also by the density of 56 

plastic-biomass-aggregates10,11. A considerable amount of carbon is buried in the 57 

marine system, such as 200 TgC yr-1 in marine sediments, 200 to 350 TgC yr-1 in coastal 58 

sediments, as well as 74.4 to 124.2 Tg of organic carbon sequestrated by the blue carbon 59 

system every year12–14. The sinking of biofouled plastics and non-biofouled plastics can 60 

add an additional 7.8 TgC to the ocean and coasts sediments every year15. Meanwhile, 61 

the remaining plastics could continuously release dissolved organic carbon (DOC) 62 

which can be utilized by marine microorganisms and directly incorporated into the 63 

marine carbon cycle14.  64 

Plastics could alter the grazing behavior of zooplankton, impacting the phytoplankton 65 

biomass and carbon uptake, as suggested by previous studies15,16. Laboratory studies, 66 

often conducted at plastic concentrations higher than marine ones, suggest that plastics 67 

could also directly impact marine phytoplankton by increasing oxidative stress, altering 68 

cell morphology, and diminishing chlorophyll levels17,18. These combined effects result 69 

in inhibited growth and photosynthesis of phytoplankton because of toxicity effects of 70 

plastics on plankton cells19,20. The extent of such impairments varies depending on the 71 

plastics composition, phytoplankton species, and phytoplankton growth 72 

characteristics18,20–26, with the global impact remaining unknown. Given the pivotal role 73 

phytoplankton plays in supporting the whole marine ecosystem by supplying oxygen 74 

and nutrition, we propose that the cumulative growth impairments experienced by 75 

individual phytoplankton have the potential to alter the ocean biogeochemistry and 76 

carbon cycles including the uptake of CO2.  77 

Here, we develop a coupled ocean plastic and marine ecosystem model to assess the 78 

comprehensive impacts of oceanic plastics on the marine phytoplankton community 79 

and the carbon cycle as illustrated in Figure.  1. We use a global ocean plastic simulation 80 



 

 

based on a three-dimensional model (NJU-MP)1. This model provides a detailed and 81 

comprehensive simulation of the behaviors of plastic particles in the ocean, accounting 82 

for variations in chemical compositions and sizes, including processes such as sinking, 83 

rising, drifting, beaching, and biofouling. Furthermore, it evaluates the uncertainties 84 

associated with these processes using an ensemble model approach. The model also 85 

assimilates available surface ocean plastic observations and considers the uncertainty 86 

associated with different plastic discharge inventories. The model performs reasonably 87 

well in simulating oceanic plastic concentrations, with an R2 value of 0.38 and a root 88 

mean square error of 0.53 with a unit of log (g km−2) when comparing modeled and 89 

observed surface oceanic plastic mass concentrations1. We use the simulated plastic 90 

distribution in the global ocean, based on emissions accumulated from 1950 to 2020, 91 

as input for marine ecosystem modeling. We examine the comprehensive impact of 92 

plastics such as DOC releasing and toxicity effects on marine phytoplankton by using 93 

the Darwin ecosystem model, which simulates interactions between marine plankton 94 

community and nutrients (e.g., carbon, nitrogen, phosphorus, silica, iron, and related 95 

compounds).7,25. It incorporates the growth, grazing, and mortality of different plankton 96 

functional groups (including Diatom, Other large, Prochlorococcus, Synechococcus, 97 

Coccolithophore, and Diazotrophs) and reproduces observed global ocean plankton 98 

community structure. We include plastic-released DOC as a new DOC source and 99 

adjust phytoplankton growth rates based on the toxicity relationship between plastics 100 

and phytoplankton in the model. Subsequently, these impacts are translated into 101 

changes in CO2 flux from the sea to the air, and we account for the contribution of 102 

oceanic plastic waste into the global carbon budget. Given that our simulations are 103 

jointly driven by multiple results and parameters related to interactions between oceanic 104 

plastics, marine ecosystems, and marine biogeochemical cycles, we have designed 105 

various scenarios to address the range of uncertainties. We evaluate oceanic plastics’ 106 

negative impacts based on results from all scenarios and discuss potential strategies to 107 

mitigate these impacts. 108 

Plastic carbon buried in sediments and beaches Our model suggests that buried 109 

oceanic plastics could be stored in ocean sediments and beaches, which are relatively 110 

stable but non-reactive in the marine biogeochemical cycle and do not remove from the 111 

contemporary atmospheric carbon pool6. By modeling the spatial distribution of 112 

oceanic plastic in both sediments and beaches, we find that approximately 0.13 Tg and 113 

0.21 Tg of carbon are buried in sediments and beaches in 2020 in our Plastic Abundance 114 

scenario (Middle) (See Methods for more details about scenarios setting), respectively 115 

(0a and 0b). The sedimentary process of oceanic plastics in our model is driven by the 116 

sinking process, and affected by the biofouling process that alters plastics’ densities 117 

(See Methods). Although the sinking and storage of plastics in sediments are not part 118 

of the ocean plankton biological pump, plastics and particulate organic matters such as 119 

marine snow can combine together and mutually affect their sink processes6,10. 120 

Sediments shallower than 100 m receive more than 75% of the total sedimented plastic 121 

fluxes (0d). The simulated buried carbon from sedimented plastics is higher in the 122 

nearshore water areas with shallow depth and high plastic emission from land, such as 123 

the East and Southeast coasts, the high latitude Atlantic and the Arctic (0a). Similarly, 124 



 

 

beached plastics are predominantly found in nearshore regions with higher plastic 125 

emissions, such as the populated mid-latitude regions (0b). Favorable beach 126 

morphology, especially gentle nearshore slopes and sandy coasts facilitates the 127 

beaching of oceanic plastics, leading to significant increase of buried carbon in the 128 

Caribbean Sea as well as in the Southeast Asian Seas28.  129 

We find that the buried carbon from oceanic plastics is affected by polymer types, 130 

encompassing which vary in density and carbon content. Our simulation includes five 131 

polymer types: PE (polyethylene), PP (polypropylene), PVC (polyvinyl chloride), PS 132 

(polystyrene), and ABS (acrylonitrile butadiene styrene plastic). These polymers 133 

represent more than 61% of global plastic production up to 2015, with the exception of 134 

ABS29. The contribution of different polymers to buried carbon closely mirrors their 135 

emission levels (0c). Specifically, PE and PP are the leading polymer in global plastic 136 

production, usage, and wastes29, which contribute 32% and 25% to total sedimented 137 

and beached plastics and 35% and 28% of buried plastic carbon, respectively. Plastics 138 

with a relatively high density such as PVC (1.38 g cm-3) and PS (1.05 g cm-3) exhibit 139 

faster sinking velocities, leading to their higher contributions to the total sedimented 140 

and beached plastics (22% and 15%, respectively) compared to their emissions (5% and 141 

6%, respectively)29. However, PVC’s contribution to the buried carbon is sharply 142 

reduced (11%), attributable to its lower carbon content compared with other polymer 143 

types.  144 

Released DOC from seawater plastic Our simulation reveals that oceanic plastics 145 

could disrupt the marine carbon cycle by releasing 0.25 TgC yr-1 of DOC into the global 146 

ocean (based on modeling results of 2020), which is around 63% of Romera-Castillo et 147 

al.’s estimation14. We incorporate a plastic-DOC release process mediated by solar 148 

radiation in the ocean ecosystem model (see Methods). In general, the distribution of 149 

plastic-released DOC mirrors the spatial patterns of seawater plastics (0a), with higher 150 

concentrations over the center of mid-latitude gyres, a.k.a. garbage patches including 151 

the North Pacific, South Pacific, North Atlantic, South Atlantic, and Indian Ocean30. 152 

The coastal regions of Asia, Europe, and North and South America also experience 153 

higher DOC releases due to riverine and coastal plastic emissions31–33. The plastic-154 

released DOC, largely treated the same as the plankton-derived DOC, affects the carbon 155 

biogeochemical cycle by both providing an extra carbon source for microbial 156 

respiration and increasing the existed organic carbon content of seawater, which may 157 

further influence the sea-to-air CO2 exchange19 (See Methods). We calculate the 158 

increase in oceanic CO2 flux from the sea to the air caused by plastic-released DOC 159 

(0b). Our model reveals that plastic-released DOC weakens global oceanic CO2 uptake 160 

by 0.0044 TgC yr-1 (0b). The increase in CO2 flux due to released DOC largely overlaps 161 

with the spatial distribution of the DOC but is more concentrated in the mid- and low-162 

latitude oceans. This reflects differences in seawater chemical factors such as pH value 163 

and the buffer capacity, as well as the metabolic activity of marine organisms primarily 164 

mediated by the temperature7. While the increased organic carbon from oceanic plastics 165 

could potentially contribute to ocean acidification as an added carbon source, the impact 166 

on ocean acidification is currently negligible at present plastic concentrations. Our 167 

modeling results suggest that the change of the concentration of hydrogen ions (H+) due 168 



 

 

to plastic-released DOC is less than 0.001% even in oceanic areas with high plastic 169 

abundance such as the North Pacific Garbage Patch (NPGP).  170 

Toxicity effects on phytoplankton communities Ocean plastics could harm marine 171 

phytoplankton due to their toxicity effects, with further implications on the marine 172 

carbon cycle (0). We combine the marine ecosystem model with the oceanic plastic 173 

simulation by considering the plastic toxicity effect on the growth of phytoplankton 174 

(see Methods). In the ecosystem model, Diatoms, Other large (large fast-growing 175 

eukaryotes other than Diatoms)7, Synechococcus, and Prochlorococcus with varying 176 

sizes, affinity to different nutrients, and growth rate, are selected as representative 177 

function groups of the marine phytoplankton communities due to their crucial roles in 178 

marine net primary production (MNPP) and oceanic CO2 uptake7,27. The distributions 179 

of the biomass of these four marine phytoplankton groups without the influence of 180 

plastics are illustrated in 0a1-a4. Diatoms, with high affinity to silica, predominantly 181 

inhabit high-nutrient waters such as the middle and high-latitude regions of the Atlantic, 182 

Indian Ocean, and Pacific Ocean. In contrast, Other large are relatively more 183 

concentrated in the Arctic Ocean according to our simulation. Synechococcus, which 184 

shares similar habitat preferences with Diatoms, is more abundant along the northern 185 

coast of the Indian Ocean34. Prochlorococcus, with the smallest size, has a 186 

complementary distribution to Diatoms and Synechococcus. It is abundant in the open 187 

ocean between 40°N and 40°S due to being outcompeted by other phytoplankton in 188 

high-nutrient waters34. The vertical distribution of both oceanic plastics and marine 189 

phytoplankton are considered in our model as both of them are 3-D distributed in our 190 

model. We only discuss the overall growth change of phytoplankton within the top 100 191 

m due to the concurrent presence of phytoplankton and plastics. 192 

We find distinct spatial patterns for the toxicity effects of oceanic plastics, contingent 193 

on the plastic abundance and plankton community structures. We first assess changes 194 

in phytoplankton growth resulting from plastic toxicity and competition within the 195 

marine phytoplankton community in the Combined Toxicity Effect (Max) Scenario 196 

(0b1-b4), which considers the combined toxicity effects of all plastic types. This 197 

scenario is categorized into “Max”, “Middle”, and “Min” scenarios by selecting 198 

maximum, middle and minimum toxicity effect parameters, respectively, given their 199 

substantial variability in literature (see Methods). The results suggest that the 200 

phytoplankton growth is more severely impacted in plastic-abundant areas including 201 

the Pacific Garbage Patches, the western subtropical Pacific Ocean (particularly the 202 

coastal regions), the subtropical Atlantic Ocean, and the north Indian Ocean. Although 203 

all phytoplankton are affected in those plastic-abundant areas, those impacts are further 204 

intensified, mitigated, or even reversed due to community competition, as reflected in 205 

the growth change rate of the four phytoplankton functional groups (0b1-b4). For 206 

example, Diatoms and Synechococcus dominant in the Pacific Garbage Patch, exhibit 207 

contrasting responses due to community competition and toxicity effects from different 208 

plastics. The Pacific Garbage Patch can be divided into two areas (hereafter referred to 209 

as the west and east, 0b1-b4) based on the opposite distribution of plastic concentration 210 

and phytoplankton biomass. Phytoplankton is more abundant in the west while the 211 

concentration of plastics is considerably higher in the east due to PE and PP (Figure. 212 



 

 

S8 and Figure. S11). The growth of Synechococcus in the west is inhibited by relatively 213 

high concentrations of PVC, PS, and ABS. This leads to increased NO3 and PO4 214 

concentrations due to decreased absorption by Synechococcus. The favorable nutrient 215 

condition largely mitigates the negative effects of plastics on Diatoms, resulting in 216 

increased growth change rate and biomass (~12% as shown in 0b1). These growth 217 

changes also contribute to an increase in total biomass of the phytoplankton community. 218 

On the contrary, a much higher concentration of plastics in the east restricts the growth 219 

of both Diatoms and Synechococcus, particularly the former with a maximum decrease 220 

of -4%. The concentrations of NO3 (0.44%) and PO4 (0.10%) are slightly elevated in 221 

the west, promoting the growth of Prochlorococcus, but there remains a net decrease in 222 

the total biomass of the phytoplankton community.  223 

Similar growth change patterns of phytoplankton impacted by oceanic plastics can also 224 

be found in other areas such as the east and southeast Asian coastal areas, the 225 

subtropical ocean areas, and the north Indian Ocean areas. The East Asian coastal area, 226 

characterized by high plastic abundance, is also the main habitat of Diatoms, 227 

Synechococcus, and Prochlorococcus. However, our modeling results suggest distinct 228 

changes in the growth pattern of these groups. Diatoms suffers from the impairments 229 

of multiple polymer types of oceanic plastics as their growth decreases by more than 230 

1%. Conversely, the growth of Synechococcus and Prochlorococcus benefits from the 231 

loss of Diatoms there, offsetting the direct toxicity effect by plastics. Moreover, the 232 

model also suggests the adverse growth change patterns of Other large and 233 

Synechococcus in the southeast Asian coastal area, another oceanic-plastic-abundant 234 

sea area.  This underscores the regulatory role of community competition in modulating 235 

the impact of plastics on different phytoplankton functional groups (0b1-b4). The 236 

growth changes of phytoplankton in the Indian Ocean also highlight the role of 237 

intergroup competition, with the growth of Synechococcus decreasing, while the growth 238 

of Prochlorococcus increasing. Indeed, all phytoplankton types are potential victims of 239 

this oceanic plastic intrusion, but the 'winner’ and ‘loser’ vary across different areas 240 

based on specific biogeochemical characteristics while oceanic plastics are reshaping 241 

the phytoplankton community structure and the marine ecosystem.  242 

The toxicity of plastic on phytoplankton may further impact the oceanic CO2 flux as a 243 

result of the growth rate changes. We find a net increase in air-to-sea CO2 flux of up to 244 

0.82 TgC yr-1, attributed to the toxicity effect of plastics on marine phytoplankton (the 245 

Combined Toxicity Effect (Max) scenario, 0b5). Increased CO2 flux from the ocean to 246 

the atmosphere is simulated in the Indian Ocean, the Atlantic Ocean, and the Northwest 247 

Pacific Ocean, while the CO2 intake flux (i.e., from the atmosphere to the ocean) is 248 

enhanced in the Northeast Pacific Ocean, southeast Asia, and the junction of the 249 

Atlantic and Arctic Oceans compared to the flux without plastic effects (0a5). The 250 

spatial distribution of oceanic CO2 uptake changes generally aligns with the overall 251 

growth rate changes of different phytoplankton functional groups. Specifically, the 252 

varying impairments of oceanic plastics on phytoplankton result in differing impacts 253 

on photosynthesis, as indicated by changes in chlorophyll content across different 254 

regions. For example, the significant increase in Diatom-related (~7.2%) and 255 

Prochlorococcus-related (~0.3%) chlorophyll contents due to growth change in the 256 



 

 

west and east Pacific Garbage Patch leads to distinct oceanic CO2 uptake change as 257 

shown in 0b5. The modeled increase of CO2 uptake in the Southeast Asian coastal area 258 

can also be explained by the enhanced photosynthesis of increased Other large (~1% 259 

increase of Other large-related chlorophyll). Similarly, the subtropical ocean areas 260 

exhibit significant CO2 flux changes due to the interplay of toxicity effects from 261 

abundant oceanic plastics and the high metabolic activity of phytoplankton in these 262 

areas.  263 

Implications Our simulations are subject to considerable uncertainties. We establish 264 

multiple scenarios to bracket the range of these uncertainties and assess sensitivities of 265 

assumptions we make in our simulations, including the abundance of plastics in the 266 

ocean, the releasing rate and bioavailability of plastic-released DOC, and the dose-267 

effect relationship for the toxicity effects of plastics (see Methods and the SI Text). 268 

Using different ocean plastic abundance can significantly affect the impacts of plastics 269 

on the marine carbon cycle through all three pathways mentioned above (e.g. -0.10 to 270 

3.76 TgC yr-1 of oceanic CO2 uptake change from toxicity effects). Varying the 271 

parameters for plastic DOC-releasing alters its impacts by a factor of ~4%, whereas 272 

different parameters for plastic toxicity have even greater effects on both phytoplankton 273 

community and oceanic CO2 uptake (0.02 to 0.82 TgC yr-1). Additionally, relative size 274 

effect can effectively mitigate the toxicity effects of plastic and their cascading effects 275 

(reducing the original impact by 96%). We also examine the interactive effects of these 276 

uncertainties, which could lead to a maximum reduction in oceanic CO2 uptake by 277 

12.08 TgC yr-1 (more detail in the SI Text). Despite these uncertainties, our model can 278 

still be interpreted as a diagnostic tool and hypothesis generator similar to the ModeEx 279 

approach (https://ess.science.energy.gov/modex/). It helps to reveal potential ways and 280 

modes of the interaction between oceanic plastic and the marine carbon cycle. 281 

Furthermore, the model results can also guide further experimental and field studies to 282 

fill knowledge gap and reduce model uncertainties.  283 

Plastic is made of crude oil or natural gas, and recycled plastic products or plastics 284 

sequestered in landfills which are stable enough to hardly release CO2 to the atmosphere 285 

in a decadal time scale. Thus, once buried, most plastic C can be assumed to be stable 286 
38. However, we find the impacts of plastics on the marine ecosystem and carbon cycle. 287 

In our simulation, oceanic plastics may reduce oceanic carbon uptake by 0.22 TgC yr-1 288 

even in the Combined Toxicity Effect (Middle) scenario, which is 31% of oceanic 289 

plastic emission (0.70 (0.13-3.8) Tg yr-1), and such impact also ranges from -0.10 to 290 

12.08 TgC yr-1 for different scenarios (See Table S1). It is noteworthy that oceanic 291 

plastic pollution and these impacts are long-lasting due to the slow degradation rate of 292 

plastic in the oceanic environment. The cumulative extra sea-to-air CO2 flux may reach 293 

0.4 PgC by 2050 (ranged from -0.003 to 0.4 PgC), a time scale relevant to current 294 

climate policies and most of the released plastic can last even longer, if we assume the 295 

ocean plastic emissions remain steady at the present-day level. This value may be 296 

further expanded to approximately 1.6 PgC (at maximum), which is between the annual 297 

greenhouse gas emissions of the world’s largest (3.0 PgC) and second-largest (1.2 PgC) 298 

emitting countries in 2020, as plastic production is increasing at a rate of 8.4% per 299 

year29,35. There are additional carbon emissions during processes like plastic production, 300 



 

 

transport, and utilization, which also have considerable carbon footprint but are not 301 

included in this study36. Numerous laboratory studies have demonstrated the significant 302 

impacts of plastics on the marine carbon cycle such as 45% reduction in carbon export 303 

under relatively high plastic concentrations10,37. With the increase of plastic emission, 304 

the impacts of oceanic plastics are even more important in the future, contrasting with 305 

a likely decreasing or even fully neutralized CO2 emissions from energy production and 306 

other industrial sectors38. Moreover, our results suggest that oceanic plastic debris may 307 

have complex impacts on the plankton community structure and primary production, 308 

which fuel the ocean ecosystem and have many cascading effects on oceanic CO2 309 

uptake, O2 production, fisheries and aquaculture, marine food webs, and on vital 310 

ecological functions and ecosystem service of the ocean34. Oceanic plastic can also 311 

affect various trophic levels in marine ecosystems, including zooplankton42. These 312 

effects would further compound and amplify the impact of plastics on the marine carbon 313 

cycle, and our simulation is relatively conservative. 314 

Oceanic plastic concentrations are generally higher in nearshore areas as it is close to 315 

emission sources such as estuaries and coastal cities. Phytoplankton and primary 316 

production are also abundant in these areas due to nutrient repletion and reduced 317 

predation, and CO2 intakes are correspondingly high in these areas, constituting a 318 

significant blue carbon sink. Nearshore areas are thus potentially a hotspot for the 319 

impact of plastics on the ocean ecosystem and carbon cycle. While the resolution of our 320 

model is relatively coarse to directly model this impact, similar impact modes and 321 

influencing factors as the open ocean may still apply. Indeed, our current estimation of 322 

the impact of oceanic plastic is conservative, and we call for further research on this 323 

topic.  324 

The varied chemical and physical properties of oceanic plastic polymers lead to 325 

difference in their cycle processes and spatial distributions in the ocean, which is also 326 

the basis for their varying impacts on the marine carbon cycle. Combined with their 327 

distinct toxicological and DOC-releasing characteristics14,18,20–26,39,40, the differing 328 

stocks of these oceanic plastics contribute more unevenly to the impact on marine 329 

biogeochemistry and carbon cycling. The varied impacts of oceanic plastics are 330 

particularly reflected in the heterogeneity of their toxicity effects on different species 331 

of phytoplankton. Using PVC and PP as examples, PVC, with its higher density, tends 332 

to accumulate more on sediment and beaches than PP. However, PVC’s lower carbon 333 

content reduces its contribution to the buried carbon (less than 40% of PP’s 334 

contribution). Meanwhile, although the lower DOC-releasing capacity (PVC’s kDOC is 335 

about two orders of magnitude lower than PP) of PVC limits its impact on the marine 336 

carbon cycle through the DOC pathway, the significant ecological toxicity of PVC has 337 

resulted in a more noticeable impact on phytoplankton growth and sea-to-air CO2 338 

exchange compared to PP (Figure. S2). Other factors such as the toxicity effect model 339 

and parameters, the relative size effect, the plastic abundance effect, and the community 340 

competition could further exacerbate the complexity of the potential impacts of plastics 341 

on the marine carbon cycle. Higher or lower toxicity effect parameters or plastic 342 

abundance could significantly and nonlinearly strength or weaken plastics impacts on 343 

phytoplankton growth and ocean carbon uptake (Figure. S1-S4). The particle size can 344 



 

 

also effectively alter the toxic effect of oceanic plastics on marine phytoplankton, with 345 

smaller size plastics generally exerting a greater toxicity effect (Figure. S3)21,41. 346 

Community competition may mitigate the damage of plastics to the growth of specific 347 

species of phytoplankton, or exacerbate the growth loss of other phytoplankton, 348 

depending on the phytoplankton’s community structure and oceanic plastic 349 

concentration at different areas. Although the diversity properties of oceanic plastics 350 

and factors mentioned above complicates oceanic plastics effects on the ocean 351 

ecosystem and carbon cycle, these also encourages us to implement specific strategies 352 

for controlling marine plastic pollution to minimize oceanic plastics impact. Reducing 353 

oceanic plastic emissions could effectively reduce the impact on marine ecosystem and 354 

ocean carbon uptake. Existing oceanic plastics should be controlled as early as possible 355 

before they are washed and worn into smaller microplastics, or even nanoplastics, to 356 

prevent their damage to the marine microbial community as well as the marine carbon 357 

cycle. Plastic types with higher phytoplankton toxicity and ocean carbon footprint (such 358 

as PVC and PS) should be controlled with higher priority. The cleaning up of oceanic 359 

plastics in phytoplankton colonies that have significant implications for ocean carbon 360 

uptake should be given top priority. Overall, we emphasize the need to consider the 361 

impact of plastic debris on ocean biogeochemical and carbon cycle when formulating 362 

plastic and climate change policies, such as the ongoing and future negotiation for the 363 

global plastic treaty (Intergovernmental Negotiating Committee on Plastic Pollution)42. 364 

We suggest that delaying action on plastic pollution may undermine our endeavors to 365 

combat climate change, impede our progress towards sustainable development, and 366 

compromise the functioning of ecosystems and their associated services. Immediate 367 

actions are necessary to mitigate plastic pollution and alleviate its impacts on the carbon 368 

cycle and climate change. 369 

Methods 370 

Oceanic plastic simulation We simulate the transport and transformation of oceanic 371 

plastic with different chemical compositions and sizes in the Nanjing University Marine 372 

Plastic Model (NJU-MP). This model is based on the model framework of MITgcm 373 

(Massachusetts Institute of Technology General Circulation Model)43. The resolution 374 

of NJU-MP is 2° × 2.5° horizontally as well as 22 levels vertically, and its time step is 375 

4 h. Five polymer type of oceanic plastics with different densities are included in this 376 

model: PE, PP, PVC, PS, and ABS, and each of them has six diameter groups: <0.0781, 377 

0.0781–0.3125, 0.3125–1.25, 1.25–5, 5–50 and >50 mm. The model depicts the 378 

processes by which plastic waste enters and circulates within the ocean, including 379 

sinking and rising, drifting, fragmentation/abrasion, beaching, and biofouling and 380 

defouling. These processes depend on intrinsic properties of plastic such as density, as 381 

well as exterior influences of circulation, marine plankton, etc. The model is run from 382 

1950 to 2020, and the simulated distribution and fluxes of plastic by the end of 2020 383 

are used to further model the plastics’ impacts on marine ecosystem as well as marine 384 

carbon cycle. 385 

Three plastic emission sources: the riverine plastic emission, the coastal plastic 386 

emission, and the ocean plastic emission are used in our oceanic plastic simulation. The 387 



 

 

riverine plastic emissions are plastic debris carried by river water, so their spatial pattern 388 

follow as the locations of estuaries from major rivers worldwide32. The coastal plastic 389 

emissions are closely related to coastal areas, primarily from coastal residents33. Both 390 

riverine and coastal emissions derive from terrestrial environment, influenced by 391 

factors such as plastic consumption, waste management and population density. Direct 392 

ocean plastic emissions refer to plastics discharged from fisheries and shipping, and its 393 

spatial pattern is consistent with the global footprint of fisheries and shipping tracks44,45. 394 

In this simulation, cumulative plastic production is used as a proxy for historical trend 395 

of plastic emissions, with polymer types allocated based on global consumption data in 396 

201329. Discharged plastics are initially divided into micro-plastics (<5 mm) and 397 

macro-plastics (>5 mm) in emission sources, then the diameters groups are expanded 398 

to six after fragmentation and abrasion processes of our model.  399 

The sinking and rising of oceanic plastics in our model are determined by their densities, 400 

diameters, shapes, and the state of seawater. The drifting process, also known as leeway 401 

drift or windage, is affected by five forces including gravity, buoyancy, seawater stress, 402 

horizontal wind stress and Coriolis force. The fragmentation/abrasion rate varies with 403 

the polymer type and shape of oceanic plastics, and depends on environmental factors 404 

such as sunlight. In our simulation, beaches bi-directionally exchange plastics with the 405 

ocean. Based on the length of sandy beaches within a model grid, we set an effective 406 

beaching rate between 0.15% to 1.1% day-1, with part of beached plastics accumulating 407 

over time. In our model, biofouling and defouling are represented as the attachment and 408 

release of oceanic plastics with biomass including microbes, phytoplankton, 409 

zooplankton, and marine snow based on Kooi et al.3.Those processes can change 410 

densities of oceanic plastics, and further affect the vertical and horizontal transport of 411 

oceanic plastics in the sinking, rising and drifting process in our modeling. More details 412 

of each process can be found in Zhang et al.1. 413 

Model ensemble and optimal estimation There are multiple sources of uncertainty 414 

for the plastic emissions simulated by NJU-MP model. The model parameters and 415 

process settings, as well as the oceanic plastic emission sources setting are the main 416 

sources of uncertainness. The former includes the value of different parameters in 417 

different processes such as the different fragmentation rate (3% to 30% per year) and 418 

varied biofouling rate (based on the biomass data of plankton) for different plastic 419 

polymer types1. The latter originates from different emission inventories34,35,50. To 420 

assess these uncertainties, a model ensemble is constructed by randomly generating 421 

model parameters1.  This ensemble consists of 156 modeling scenarios driven by 422 

varying model parameters (generated by using a Monte Carlo approach) such as 423 

fragmentation, biofouling, sedimentation, beaching rates, as well as emission 424 

inventories. These model members are further optimized by constraining them with 425 

observation data of ocean surface plastic through a super ensemble three-dimensional 426 

variational method91. The optimized model performs well in capture the trend of the 427 

vertical profile of oceanic plastics1. The optimal estimates of plastic discharged to the 428 

global ocean from these model scenarios range from 0.13–3.8 million Mt (metric tons) 429 

yr−1, spanning approximately 1.5 orders of magnitudes. We select three scenarios 430 

representing min (0.13 million Mt yr−1), middle (0.70 million Mt yr−1), and max (3.8 431 



 

 

million Mt yr−1) estimates of oceanic plastic emission as the min, the middle, and the 432 

max plastic abundance for further modeling of plastic impacts on marine carbon cycle1.  433 

Marine ecosystem model We use the Darwin ecosystem model to simulate the impact 434 

of plastics on the marine carbon cycle by coupling with the plastic model7,27. The 435 

coupled model has the same spatial resolution and time step as the NJU-MP model. The 436 

Darwin ecosystem model has been widely used in examining the interplay between 437 

marine ecosystem and biogeochemical cycles7,46. Six phytoplankton functional groups 438 

(Diatom, Other large, Prochlorococcus, Synechococcus, Coccolithophore, and 439 

Diazotrophs) and two zooplankton (small and large) functional groups are included to 440 

represent the marine plankton community. The biogeochemical cycles of inorganic and 441 

organic forms of carbon, nitrogen, phosphate, phosphorus, iron, and silica are simulated 442 

through the interaction with marine ecosystems. This model also includes the feed, 443 

graze, and mortality process of marine plankton, as well as the transformation of 444 

elements such as the air-sea CO2 exchange process. We select Diatoms, Other large, 445 

Synechococcus, and Prochlorococcus to study the impacts of plastics on the marine 446 

ecosystem and carbon cycle. This simulation spans from 2000 to 2020, and we use the 447 

results of 2020 as the baseline for further analysis. The Darwin ecosystem model is used 448 

simulate the specific impacts of oceanic plastics on the ocean carbon cycle including 449 

the process and magnitudes, and the structure of coupled model is shown schematically 450 

in Error! Reference source not found.. 451 

The diversity and biogeography of plankton communities are key for modeling 452 

plankton communities. The Darwin ecosystem model explores numerous 453 

characteristics such as cell size and nutrient affinity, as well as functions traits such as 454 

ingestion and growth of phytoplankton to understand them. The Darwin ecosystem 455 

model can simulate more complex functions and relationships such as the community 456 

competition and top-down control based on basic characteristics and function traits. We 457 

simulate oceanic plastics’ impacts on marine phytoplankton communities to understand 458 

how plastics impact marine ecosystem. Specifically, we select Diatoms, Other large, 459 

Synechococcus, and Prochlorococcus to investigate the toxicity effect of plastics on the 460 

growth of marine phytoplankton community as these four are the major contributors to 461 

the total ocean primary productivity and phytoplankton biomass34,46. 462 

The elemental cycle in the Darwin ecosystem model are jointly determined by both 463 

biogeochemical transformation and biological activities. For example, inorganic 464 

nutrients in surface ocean can finally be transformed as sinking particulates in the sea 465 

bed through ingestion, mortality, grazing, egestion of plankton, and formation, 466 

transformation and remineralization process. We focus on the response of marine 467 

carbon cycle to the marine ecosystem change under the impacts of oceanic plastics. 468 

Meanwhile, we also treat DOC-releasing of plastics as another way of plastics 469 

impacting marine carbon cycle by adding plastic-released DOC into oceanic DOC cycle 470 

as an extra DOC sources in the coupled model. These impacts on marine carbon cycle 471 

are further examined by the change of oceanic CO2 uptake. 472 

Buried Carbon Oceanic plastics buried in the ocean sediments are hardly involved in 473 

marine biochemical reactions6, so we treat them as the increase of buried carbon. Such 474 



 

 

buried carbon comes from both plastics’ direct sinking and indirect sinking resulting 475 

from biofouling which can alter plastic’s density. Beached plastics serve as a transfer 476 

reservoir of oceanic plastics with part of beached plastics remains and accumulates 477 

there. Thus, we also treat beached plastics as a net increase of buried carbon. Based on 478 

the simulation results of sedimented plastics and beached plastics, we calculate buried 479 

carbon from these two sources by multiplying the carbon content of each polymer type 480 

of oceanic plastics:  481 

 sediment ij j iC P A C  (1) 482 

where Csediment denotes the mass of buried carbon from sedimented and beached plastics 483 

every year (TgC yr-1). Pij is the concentration of polymer type i of oceanic plastic in 484 

grid j (#m-2), and Aj is the area of grid j. Ci denotes the percentage of carbon content for 485 

five polymer types of oceanic plastics we calculate based on their chemical structures.  486 

DOC releasing Under light irradiation, oceanic plastics can leach DOC at a certain rate 487 

depending on the polymer type of plastics. Plastic related DOC leaching conforms to 488 

zero-order or first-order reaction kinetics14,39,40. To simplify this process, we choose a 489 

fixed leaching rate for different polymer types as depicted in Table S5. Such release 490 

rate drops to a minimum value in the dark environment14,39,40. We treat the rate constant 491 

of reaction of plastic-DOC-leaching as the DOC releasing rate, and calculate the 492 

released DOC based on the seawater plastic concentrations and their DOC releasing 493 

rate: 494 

 ij exp( )DOC DOCi j iP P k atten Bio   (2) 495 

where PDOC is the concentration of DOC leached from polymer type i of oceanic plastics 496 

in grid j with same units as DOC (mmolm-3). kDOCi denotes the DOC releasing rate 497 

constant of different oceanic plastics, and this equation is also modified by attenj which 498 

is the light irradiation attenuation of each grid attenuated by depth, chlorophyll, 499 

planktons, and dissolved and particulate material47. We first convert DOC-releasing rate 500 

from laboratory studies to a rate of uniform light intensity based on their experimental 501 

conditions, and use the average value of these rates as DOC releasing rate for each 502 

polymer types of plastics under fully illuminated conditions. Then we use the same light 503 

attenuation coefficient (attenj) to represent the % of DOC-releasing rate decrease with 504 

ocean depth. As few studies measure the DOC releasing rate of ABS, we use the average 505 

value of the DOC releasing rate of PVC and PS, both amorphous plastics, to represent 506 

ABS’s DOC releasing rate based on their similar chemical and physical properties. We 507 

adapt high, middle, and low data set of kDOCi based on laboratory studies as shown in 508 

Table. S5. Our modeled mean value of total plastic-released DOC is only 0.25 TgC yr-509 
1, which is only nearly 0.0012% biogenic DOC production rate and 0.0005% of total 510 

DOC pool in our model48. Thus, we assume plastic-released DOC has the same 511 

conversion process as the plankton-derived DOC in our model. Plastic-released DOC 512 

in our model can increase the plankton-derived DOC pool and can be utilized by 513 

microbes, ultimately being converted to dissolved inorganic carbon (DIC) and CO2 514 



 

 

through biological processes within the ocean carbon cycle. Based on the proportion of 515 

bioavailable plastic-released DOC17,43,44, we also modify this equation with the 516 

bioavailable fraction Bioi. We use the average value of percentage of bioavailability 517 

from laboratory studies as shown in Table S9. Plastic-released DOC may disturb the 518 

marine carbon cycle in both ways, and further affect the air-to-sea CO2 exchange. 519 

Therefore, we use the change of oceanic CO2 uptake as an indicator to evaluate the 520 

overall impacts. 521 

Growth change of phytoplankton The detrimental effects of most oceanic plastics on 522 

phytoplankton’s cell morphology and photosynthesis may ultimately impact their 523 

growth, and several laboratory studies have investigated the response of phytoplankton 524 

growth rates to plastic concentrations17–26,41,49–53 These impacts suggested by laboratory 525 

studies are significant as the concentration of added plastic debris in these studies are 526 

relatively high. To investigate the toxicity effect of oceanic plastics, we derive the 527 

growth impact parameters from the growth curve or growth data (the former is based 528 

on the latter) of phytoplankton under different concentration of plastics from several 529 

studies17–25,41,49–53. Details about growth impacts parameters can be found in Table S6, 530 

S7 and S8. We calculate the growth rate of phytoplankton as a function of plastic 531 

concentrations: 532 

 exp( )ijs js is ijGrowthP GrowthI Param P   (3) 533 

where GrowthPijs denotes the growth of species s of phytoplankton in grid j under the 534 

exposure of polymer type i of plastics. GrowthIjs is the original growth rate of species 535 

s of phytoplankton in grid j without plastics7,27. Paramis is the toxicity effect parameter 536 

of polymer type i of oceanic plastics on species s of phytoplankton derived from 537 

laboratory studies which are not complete for all plastics and all phytoplankton, so we 538 

use same Paramis of PS to represent Paramis of ABS for all phytoplankton; use Paramis 539 

of PE to represent Paramis of PP for the growth impacts on Synechococcus and 540 

Prochlorococcus; use Paramis of PVC to represent Paramis of PS for the growth 541 

impacts on Prochlorococcus. The value of Paramis not only depends on the polymer 542 

type of plastics and the species of phytoplankton but also varies even for the same 543 

plastics and the same phytoplankton due to different experimental subjects and methods 544 

chosen in those laboratory studies17–25,41,49–53. We follow this equation to consider the 545 

effect of each individual plastic polymer type (the Independent Toxicity Effect 546 

Scenario). We also investigate the combined toxicity effects of all oceanic plastics on 547 

each phytoplankton by multiplying their growth impacts as different polymer types of 548 

plastics are dispersed around phytoplankton: 549 

 exp( )js js is ijGrowthP GrowthI Param P   (4) 550 

where GrowthPjs denotes the growth of species s of phytoplankton in grid j under the 551 

exposure of all oceanic plastics. Due to differences in experimental conditions, different 552 

studies may have different results on the toxicity effects of the same polymer type of 553 

oceanic plastics on the same phytoplankton species. We select the maximum, middle 554 



 

 

and minimum parameters to investigate how dose-effect affect the growth impacts of 555 

oceanic plastics: 556 

 557 

 exp( )js js is ijGrowthPtoxic GrowthI Paramtoxic P   (5) 558 

where GrowthPtoxicjs is the growth of species s of phytoplankton in grid j under the 559 

exposure of all oceanic plastics with max, middle, or min toxicity effect parameters. 560 

Paramtoxicis denotes the max, middle, or min toxicity effect parameters of polymer 561 

type i of oceanic plastics on species s of phytoplankton for each phytoplankton. We also 562 

include the relative size effect by multiplying the relative size effect parameters: 563 

 exp( )js js is ij isgGrowthPsize GrowthI Param P Paramsize   (6) 564 

where GrowthPsizejs is the growth of species s of phytoplankton in grid j under the 565 

exposure of all oceanic plastics which is modified by the relative size effect. 566 

Paramsizeisg denotes the relative size effect parameter for each phytoplankton and g 567 

denotes the relative size groups. We divide the Paramsizeisg into different groups based 568 

on both the diameter of different oceanic plastics and the size of phytoplankton. 569 

Specifically, there are three groups for Diatoms: <0.3125, 0.3125––5 mm, >5 mm; three 570 

groups for Other large: <0.0781, 0.0781–1.25, >1.25 mm; two groups for 571 

Prochlorococcus and Synechococcus: <0.0781, >0.0781 mm (See Table S2). Plastic 572 

abundance can also affect the growth impacts of oceanic plastics on phytoplankton via 573 

higher or lower concentration of oceanic plastics. We include the plastic abundance 574 

effect based on different plastic simulation scenarios: 575 

 exp( )js js is ijpGrowthPplastic GrowthI Param P   (7) 576 

where GrowthPplasticjs is the growth of species s of phytoplankton in grid j under the 577 

exposure of different concentration of oceanic plastics. Pijp is the concentration of 578 

polymer type i of oceanic plastic in grid j (#m-2) in plastic simulation scenario p.  579 

Scenario settings We design various scenarios to comprehend the influence of factors 580 

such as plastic toxicity parameter settings, uncertainties related to plastic abundance, 581 

and the role of relative size effects in the process of plastic impacting the marine carbon 582 

cycle (Table S1).  We use the middle plastic abundance as the baseline of oceanic plastic 583 

emission to investigate the mean value of plastic-related buried carbon and the impacts 584 

plastic-released DOC (middle DOC releasing rate is also used) as shown in 0 and 0.  585 

We also estimate the upper and lower bound of buried carbon by adapting the max and 586 

min plastic abundance as shown in Table S2. The upper and lower bound of impacts of 587 

plastic-released DOC on marine carbon cycle are estimated by using max and min 588 

plastic abundance as well as high and low DOC releasing rate as shown in Table S3. 589 

Based on the middle plastic abundance, we combine toxicity effects of each plastic on 590 

all phytoplankton species as the Combined Toxicity Effect scenario, and we select 591 

different toxicity effect parameter (Max (0b1-b5) Min and Middle (Figure. S1a1-a4 and 592 



 

 

Figure. S1b1-b4)) for evaluating uncertainties; we design the Independent Toxicity 593 

Effect scenario to investigate how oceanic plastic with single polymer type (PE, PP, 594 

PVC, PS, and ABS) impacts marine phytoplankton individually (Figure. S2a1-a5); we 595 

consider the relative size effect of plastic-phytoplankton pairs by setting different 596 

relative size pair groups as the Relative Size Effect Scenario (Figure. S3a1-a5 and see 597 

Table S4 for more details). Then, we combine the middle toxicity effect parameters with 598 

max and min oceanic plastic emission as Plastic Abundance (Max) Scenario (Figure. 599 

S5a1-a5) and Plastic Abundance (Min) Scenario (Figure. S4b1-b5). We also investigate 600 

the joint impacts of max toxicity effects and max plastic abundance by combining 601 

toxicity effect parameters from the Combined Toxicity Effect (Max) and oceanic plastic 602 

emission of Plastic Abundance (Max) scenario as the Combined Toxicity Effect (Max) 603 

& Plastic Abundance (Max) Scenario (Figure. S5a1-a5). Plastic-released DOC may also 604 

contribute to air-to-sea CO2 flux change in these toxicity-related scenarios as it can be 605 

utilized by microbes as nutrients. However, we consider the interactions with nutrient 606 

demand by phytoplankton is rather small as carbon is not a typical limiting nutrient for 607 

phytoplankton growth. In addition, plastic-released-DOC is also much smaller than the 608 

existing plankton-derived. Thus, we only present results of one scenario which 609 

incorporate the impact of plastic-released DOC into the impact of plastics toxicity effect 610 

on the oceanic CO2 uptake change simultaneously as the Combined Toxicity Effect 611 

(Include DOC) scenario (See Table S1).  612 

Model sensitivity We test the sensitivity of model results of air-to-sea CO2 flux change 613 

to key model parameters as depicted in Table S9 and Figure. S7. Sensitivity of plastic 614 

DOC releasing is tested by using different DOC releasing rates, plastic abundance as 615 

well as considering bioavailable scenario as shown in Figure. S7a. We also teste 616 

sensitivity of plastic toxicity effects to plastic abundance, toxicity effect parameter, size 617 

effect and DOC-releasing effect (Figure. S7b). 618 
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Figure Legends 638 

 639 

Figure.  1 | Schematic of coupled model in this study 640 

 641 

Figure.  2 | Plastic carbon buried in sediments and beaches. a,b Modeled spatial 642 

distribution of buried carbon from sedimented plastics and beached plastics. c 643 

Proportion and mass of different polymer types of plastics and their contributions to 644 

buried carbon. d Vertical cumulative mass of sedimented plastic with different depths 645 

under the sea surface (We chose carbon storage in 2020 as the baseline of current annual 646 

buried carbon from oceanic plastics) 647 

 648 

Figure.  3 | Impacts of DOC released by marine plastic on the ocean carbon cycle. 649 

a Sea surface DOC change, and b Sea to air CO2 flux change 650 

 651 

Figure.  4 | Toxicity effect of oceanic plastic on phytoplankton biomass/growth 652 

over the top 100m depth and sea-to-air CO2 flux. a1-a4 Spatial distribution of 653 

marine plankton biomass without plastics. Phytoplankton growth change in the b1-b4 654 

Combined Toxicity Effect scenario (Max) (Red and blue box denote the west and east 655 

of the Pacific Garbage Patch, respectively). a5 Spatial distribution of the mean annual 656 

sea-to-air CO2 flux and b5 sea-to-air CO2 flux change in the Combined Toxicity 657 

Effect scenario (Max)  658 
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