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One Sentence Summary: 

New data drastically drop previous estimates of microplastic river fluxes to the ocean, 15 

reducing the need for a missing ocean plastic sink. 

 

Abstract: 

Plastic floating at the ocean surface, estimated at tens to hundreds of kilotons, represents 

only a small fraction of the estimated several million tons annually discharged by rivers. 20 

Such an imbalance promoted the search for a “missing plastic sink” that could explain a 

rapid removal of river-sourced plastics from the ocean surface. Based on an in-depth 

statistical reanalysis of updated data on microplastics – a size fraction for which both ocean 

and river sampling rely on equal techniques – we demonstrate that current river flux 

assessments are overestimated by two to three orders of magnitude. Accordingly, average 25 

residence time of microplastics at the ocean surface rises from a few days to several years, 

strongly reducing the need for a missing sink. 

 

Main Text: 

Over recent years, plastic pollution has become a growing concern that attracted public awareness 30 

and fostered numerous studies to identify and quantify plastic waste sources, transport and fate 

within terrestrial, coastal and marine environments (1, 2). A central issue has been the 

quantification of discharge to the global ocean, considered as a major sink for plastic debris (3). 

Leakage from waste generation and inadequate disposal on land – the mismanaged plastic waste 

(MPW) – was initially identified as the main driver for plastic discharge to the ocean with a 35 

potential annual transfer of 4.8 to 12.7 Mt (4). Rivers are recognized to be the principal conveyors 

in this transfer (5, 6). Correlations between estimated river plastic fluxes and MPW in drainage 

basins confirmed, in subsequent studies, that maximum river fluxes of total plastics could reach 
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2.4 to 4.0 Mt yr-1 (7, 8). Among the different plastic size categories generally recognized, the <5 

mm microplastics (MPs hereafter) represent the size fraction for which both river flux and surface 

oceanic MP stock estimates rely on equal sampling techniques, thus allowing direct comparison 

(Supplementary Materials and Methods 3.1). Narrowing the figures to this better-documented 

category yields an average MP river input of 1.5 Mt yr-1 (9). Furthermore, the amount of plastic 5 

floating at the ocean surface, mainly composed by MPs (10, 11), is currently estimated at 14.4 kt 

(12), 35.5 - 66.1 kt (13) or even 236 kt (11), depending on data availability, modeling approach 

and the upper particle size limit considered. So far, compelling evidence for a rapid growth of the 

floating plastic stock in the ocean is missing (14, 15). Therefore, dividing the relevant amount by 

the annual MP flux from rivers provides a conservative indication of the average residence time 10 

of MP debris at the ocean surface. A global river discharge in the range of million tons per year 

accordingly implies an unrealistic short residence time of MPs at the ocean surface, i.e. in the range 

of days to weeks.  

As with the “missing carbon sink” concept (16) that fostered fundamental research on the global 

carbon cycle in the early 1990s, the idea of a “missing ocean plastic sink” emerged from such an 15 

overwhelming difference between the amount of MPs supposedly brought by rivers and the stocks 

accumulating at the ocean surface (12, 17, 18) and triggered research on the fate of plastic debris 

in the marine environment. Several processes have been proposed to be prime actors in preventing 

ever-growing plastic accumulation at the ocean surface. Among them is rapid accumulation in 

living biomass (19), quick loss of buoyancy and settling to deeper water layers and the seabed (20-20 

24), rapid stranding on beaches (25, 26), degradation through physical fragmentation (18), 

microbial alteration (27) and/or photochemical dissolution (28). None of these studies has 

nevertheless questioned the robustness of so short residence times of MPs at the ocean surface as 

those derived from the comparison between river fluxes and floating ocean stocks. 

Contrary to measurements at sea, MP studies in rivers were scarce at the time of initial river flux 25 

estimates and disregarded differences in sampling techniques. However, recent studies on MPs in 

rivers allowed us to reassess river fluxes based on a more exhaustive data compilation than 

previously made (Fig. 1 and Table S1). We consequently identify three main methodological 

biases that magnified errors in the process leading from the quantification of plastic debris in 

individual rivers to the calculation of global river budgets. Correcting these errors leads to flux 30 

estimates that are orders of magnitude (OM hereafter) smaller than previous values. The quest for 

a major missing plastic sink in the ocean becomes then needless. 
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Fig. 1. Global watershed delineation (0.5 x 0.5 degree grid cell resolution) and representation of the river 

catchments for which MP flux estimates can be established from the literature. They represent 340 measurements 

at 127 sampling locations in 89 rivers and have been compiled from 42 published studies (Table S1). With respect to 

the world total, the 89 sampled rivers represent 14% of water discharge. 5 

 

The first source of error refers to the choice of a representative mass for MPs in rivers. Since most 

field studies only determined MP number concentrations, the accurate estimate of MP mass 

transport depends on knowing how to convert numbers to mass. Based on our extended dataset (n 

= 129), a median mass of 0.23 mg item-1 (Weiss conversion factor 1, Wf1) for non-fiber MPs is 10 

obtained (Supplementary Materials and Methods 1.3 and Figs. S1, S2), which is significantly lower 

than those used in previous estimates, i.e. 3.0 mg item-1 (7) or 0.96 mg item-1 (8), referred as Lf 

and Sf conversion factors hereafter (according to initial letters of the first authors in (7) and (8), 

respectively). Our estimate for MP fibers is 0.75 µg item-1 (Weiss conversion factor 2, Wf2). Since 

bulk samples can be largely composed by fibers (up to >90%, Table S1), composite MP mass 15 

(estimated using a composite Weiss factor, Wf) often represents only a small fraction of Wf1, and 

Wf frequently is 1-2 OM lower than Lf or Sf. 

The second source of error results from the inappropriate mixing of data collected with different 

sampling techniques. MPs at sea are usually collected with plankton nets (29), which is also the 

most common sampling technique in rivers (30) (hereafter “plankton net sampling”). However, in 20 

a number of studies, MPs have been collected using other techniques (hereafter “miscellaneous 
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sampling”) including filtration through pore sizes smaller than the minimum mesh size of plankton 

nets (80 µm). Our data clearly show that filtration collects much larger numbers of MPs (Fig. 2A) 

and, particularly, small-sized MPs, which is consistent with previous studies that found 

distributions of MPs sampled with this method skewed toward the lower size range in rivers (31), 

atmospheric deposits (32) and seawater (33). Major biases arise when such small plastic fragments 5 

are included in mass conversions using factors obtained from plankton net sampling. A striking 

example is the Yangtze River for which miscellaneous sampling on filters (34) produced MP 

number concentrations 3 to 4 OM larger than sampling with plankton nets (35). The mass offset 

rises to almost 5 OM when the number concentrations based on filtration are converted to mass 

concentrations by using Lf [as applied in (7)] and the number concentrations based on plankton 10 

net sampling are converted by using Wf.  

A box plot of MP mass concentrations highlights the combined effect of inappropriate conversion 

factors and misleading mixing of measurements from different sampling techniques (Fig. 2B). 

Applying uniformly the Lf factor to the reported number concentrations in our exhaustive data set 

yields a mass concentration range encompassing 7 OM. MP mass concentrations would be in some 15 

cases as low as those of natural trace metals during low flow conditions (36) while in other cases 

they would be as high as total suspended sediment concentrations during flood conditions (37). 

Such an extended mass range has never been reported for any kind of particulate matter in rivers 

before. Using however the Wf factor not only lowers the median mass concentration by more than 

a factor of 30, but also narrows its variability by one OM. Restricting the outcomes from field 20 

studies to those from plankton net sampling further lowers median concentrations and leads to the 

strongest reduction of variability. Values now only stretch over 3 OM, which is more in line with 

the maximum seasonal variability for MP concentrations reported in case studies (38-40). 

 
Fig. 2. MP concentration variability in rivers. (A) MP number concentrations (items m-3) in different data subsets 25 

combining sampling techniques and study locations. Retention limits correspond to mesh (plankton net sampling) or 

filter pore sizes (miscellaneous sampling) used to retain MP particles according to the compiled studies. “River-like” 

sampling considers data obtained in rivers sensu stricto, i.e. excluding connected surface waters such as artificial 

canals, channelized streams, tidal estuaries or bays (Supplementary Materials and Methods 1.2). (B) Box plot 

representation of MP mass concentrations as a function of different combinations of sampling techniques and number 30 

to mass conversion factors (Lf, Sf, Wf). The similarity of the two box plots at the right (all plankton net data and 

plankton net data restricted to rivers) indicates that the high variability observed in the other box plots is mostly related 

to miscellaneous sampling. 
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The third source of error concerns global MP flux estimates based on the relationship between MP 

river fluxes and MPW. Our calculations yield MP fluxes as high as millions of tons when using 

the above-mentioned Lf or Sf conversion factors (4,610 and 1,479 kt yr-1 respectively) and 

correlating river mass fluxes with MPW stocks in drainage basins (Table 1). Nevertheless, the 

associated values of the coefficient of determination are quite low (r² = 0.53), suggesting that the 5 

models are far from fully explaining the calculated river loads. Applying the composite factor Wf 

drops the global MP flux to 129 kt yr-1, while r² increases to 0.59. Restricting the regression to the 

plankton net data subset further improves the correlation (r² = 0.66) and reduces the global flux to 

31 kt yr-1. Interestingly, with this latter subset of data, MPW is no longer the best predictor for MP 

river loads, since the associated coefficient of determination is greater (r² = 0.69) if correlated to 10 

total basin population (Pop). Processing the large-scale extrapolations with the parametric equation 

based on regression with Pop instead of MPW still decreases the global MP flux by about one OM 

down to 3.5 kt yr-1. We also tested whether multi-regression models can improve the statistics 

(Supplementary Materials and Methods 2.2 and Table S3). For the plankton net dataset, we identify 

a significant relationship between specific MP fluxes, population density (sPop) and drainage 15 

intensity (sQ). This relationship increases again the coefficient of determination to r² = 0.80 (Table 

1), although global budgets only change moderately (6.1 kt yr-1). However, regression analyses 

alone do not allow rejection of MPW as the best predictor for riverine MP fluxes but the 

heterogeneity that MPW values implied in the spatial distribution of riverine MP discharges into 

the ocean does. Indeed, this heterogeneity does not match the observed accumulation patterns in 20 

the different ocean basins (Fig. 3). The discrepancy is particularly striking for the North Atlantic 

Ocean. Although this basin should have a MP concentration at least as large as the North Pacific 

Ocean (12, 33, 41), it always receives less than 6% of the global river inputs when extrapolations 

are calculated from MPW (Table 1). This is because MPW estimates for Europe and North 

America are quite low compared to Asia and Africa (Fig. S3). Extrapolations based on Pop and/or 25 

on sPop and sQ better fit with observed MP accumulation at the ocean surface (Fig. 3). Very 

recently, a modeling study (6) proposed a scenario of global river plastic fluxes based on a Human 

Development Index (HDI). Although the authors found clearly lower and spatially more 

equilibrated values compared to (7) and (8), discrepancies with the accumulation patterns at the 

ocean surfaces still exist. They are more important than in our approach, which is not giving more 30 

credit to HDI compared to Pop. 

 

Table 1. Regression models for observed MP river fluxes and potential controlling factors in the respective 

drainage basins for the data subsets shown in Fig. 2. The resulting global MP fluxes are further detailed according 

to the main ocean basins to which they are discharged. The “Others” column includes discharges into the 35 

Mediterranean Sea, the Black Sea and the Arctic Ocean. MPW: Mismanaged plastic waste; Pop: basin population; 

sPop: population density; sQ: drainage intensity. 
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Fig. 3. Comparison between relative distribution of estimated MP stocks at the surface of the different ocean 

basins (12) and relative distribution of riverine MP fluxes according to the “plankton net sampling” model 5 
outputs (Table 1). Both surface ocean stocks for the listed ocean basins and river fluxes close at 100%. Extrapolations 

of MP river fluxes based on Pop and/or sPop and sQ generally fit better with observed MPs accumulation at the ocean 

surface according to Cózar’s et al., observations (12) than extrapolation based on MPW. Nevertheless, discrepancies 

exist, especially for the Indian Ocean in the Southern Hemisphere. The oceanic gyre is here connected to the South 

Atlantic via the Agulhas Current leakage (45) and to the South Pacific via the Great Australian Bight and the Tasman 10 

Sea (46), suggesting that the stocks in these two ocean basins could be partly fed by MPs originating from the Indian 

Ocean. 

 

Lowering the global river plastic flux down to a few thousand tons per year has of course major 

implications for our understanding of MPs cycling in the sea. Conservatively dividing the oceanic 15 

stock of 14.4 kt (12) by our best MP flux estimate of 6.1 kt yr-1 yields residence times around 2.4 

years for the floating stock at the ocean surface. Although associated with significant uncertainties 

(Supplementary Materials and Methods 3), such values support the idea that surface oceanic MP 

stocks result from rather slow accumulation processes and thus conflicts with the concept of ocean 

MPs being a highly reactive pool in terms of biological and chemical degradation and sequestration 20 

processes. Longer residence times are also in accordance with the observed long-distance transport 

of invasive species living on rafting plastics that may be part of the “plastisphere” (27, 42). Slow 

accumulation does not exclude selective sorting and sequestration of MPs on their way from land 
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to the oceanic gyres. The average mass of a floating oceanic MP is generally higher (between 0.97 

and 7 mg (10, 12, 13, 18, 41)) than the value we found for non-fiber MPs in rivers and tends to 

increase in accumulation areas (Supplementary Materials and Methods 3, and Fig. S1). This 

difference could reflect selective sequestration of smaller MPs, for example through turbulent 

dispersion in the water column (33) or ingestion by a wide range of organisms (14, 17, 43) and 5 

subsequent transfer to seafloor sediments where they form the bulk of plastic litter (20, 23, 44). 

Our finding that MP river fluxes are much lower than previous estimates should not be 

misunderstood as an attempt to minimize the severity of the plastic pollution problem. On the 

contrary, it implies that even if riverine plastic inputs were to cease immediately, the floating MP 

stocks and their deleterious effects on the marine environment would persist for many years. We 10 

neither claim that plastic cycling in the oceans is fully understood. There are many size classes, 

oceanic compartments and land-to-sea transfer processes on which further research is urgently 

needed to properly evaluate the exposure of marine biota to this novel type of pollution and design 

cleaning strategies. Reliable mass quantification of plastic stocks and fluxes both in the lower 

micrometer to nanometer scale and in the form of macroplastics are on top of the priority list for 15 

action. However, as we clearly demonstrate with our results, in all of these approaches, great effort 

should be spent on the development of standard sampling techniques and reliable extrapolation 

methods in order to avoid major errors in budget calculations that are uncritically accepted. We 

finally demonstrate that MP pollution in the world ocean is not restricted to MPW-designated hot 

spot countries in Asia or Africa. Collective initiatives aiming at reducing the ocean’s MP load 20 

therefore should rely more on global land-based actions at much larger spatial scales than 

previously thought. 
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SUPPLEMENTARY MATERIALS AND METHODS 

1. Data collection on MPs in rivers 

1.1. Data mining 

Our dataset on microplastics (MPs) in rivers has been compiled based on an extensive 

bibliographic search and a careful analysis of the collected data (Table S1). All retrieved values 

have been thoroughly verified in the respective original source publications. The resulting database 

contains 127 average MP concentration values corresponding to 127 sampling stations from 42 

published studies on 89 rivers and connected surface waters all over the world (Fig. 1). Most of 

them are located in Europe, North America and South-East Asia. Our study goes far beyond 

previously published compilations (7, 8) in terms of number of measurements (n = 340) and 

diversity of studied environments and protocols. Our 127 average values have been calculated 

from these 340 referenced measurements. Repeated seasonal measurements for a given river 

station have been averaged to one single data point. For conversion to instantaneous fluxes we 

have used, whenever possible, the reported literature values for water discharges and basin areas. 

In many case studies, however, the associated water discharge was not cited, and we have used 

instead the long-term estimate extracted from our drainage intensity data layer (see below). 

Research on plastic pollution in rivers is recent. The first papers on this topic were published in 

2004 and 2005 (17, 47, 48). It took another decade to develop the first field protocols for 

quantifying MPs in rivers [Danube (40), Los Angeles rivers (49), Tamar (50), Seine (51)]. Up to 

now, there is no standardized protocol and our database encompasses a great diversity of sampling 

and analytical procedures. Mesh or pore sizes for recovering MPs in freshwater samples are highly 

variable (3 µm to 2 mm). 

1.2. Data subsets 

In order to test whether the diversity of the sampled environments and the applied sampling 

methods could influence the calculation of MP concentrations and global budgets, collected data 

have been categorized according to two binary classifications. On the one hand, river studies have 

been classified according to sampling locations (“river-like” column, Table S1). Sampling in rivers 

sensu stricto (flag = 1, n = 101) have been differentiated from other locations (flag = 0, n = 26), 

such as artificial canals, channelized streams, tidal estuaries or connected bays. On the other hand, 

data have been classified according to sampling techniques (“plankton net” column, Table S1). 

Here, we distinguished sampling based on trawling with plankton nets (flag = 1, n = 96), which is 

the most common technique used for MP sampling in freshwaters and open ocean environments 

(29, 30). The other methods (flag = 0, n = 31) comprise continuous pumping through filters, bulk 

sampling with bottles and successive filtration, and/or micro-layer sampling with sieves. These 

methods normally use much smaller mesh or pore sizes to retain MP particles compared to 

plankton nets (i.e. 80–1000 µm, with most of them corresponding to 300 or 333 µm, e.g. manta-

trawl). 

1.3. Conversion to mass concentrations 

MP quantities in the literature are generally expressed as concentrations by numbers (i.e. number 

of items per unit volume), and mass concentrations are rarely provided. Only 8 of the 42 articles 
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in our data compilation provide measured mass concentrations. Thus, standard conversion factors 

had to be determined to calculate MP mass concentrations for the remaining 34 studies. To do so 

we have used the 8 studies that simultaneously measured both number and mass concentrations, 

separating the fraction of synthetic fibers from non-fiber MPs (such as fragments, beads, films, 

foams). Indeed, according to Constant et al. (38, 52), synthetic fibers account for more than 90% 

of the number concentrations, but only for 4 to 7% of the mass concentrations. Ideally, conversions 

should be performed specifically for the different size classes, shapes and polymer types, but the 

information that would be needed to do so is lacking. 

Based on 129 samples for non-fiber MPs [from refs. (38, 39, 49, 53-57)], and 96 samples for fiber 

MPs [from refs. (38, 54-56)], we calculated an average particle mass per sample dividing the mass 

concentration by the number concentration. Then, we analyzed the distribution of average particle 

masses for the two shape categories, fiber and non-fiber MPs (Fig. S1A, B). Both histograms 

followed a normal distribution, although the fiber histogram was more irregular, which might be 

related to the smaller number of related studies. A probability density function was fitted to the 

data and showed that the maximum probabilities were approximately met at median particle 

masses of Wf1 = 0.23 mg item-1 for non-fiber MPs and Wf2 = 0.75 µg item-1 for fiber MPs. We 

therefore retained these values for number to mass conversions. The composite MP mass (Wf) was 

consequently determined according to the following equation: 

Wf = ( Wf1 * Cnf + Wf2 * Cf ) / ( Cnf + Cf ) 

with Cnf and Cf being the number concentrations (item m-3) of non-fiber and fiber MPs, 

respectively. As expected, conversions with Wf fit much better observations (Fig. S2A-D) 

compared to the previously proposed factors of Lf = 3.00 mg item-1 (5) and Sf = 0.96 mg item-1 

(6). 

 

2. Regression analysis 

2.1. Potential predictor factors 

For extrapolating riverine MP fluxes to regional and global scales, we performed regression 

analyses to find the best predictors among a series of georeferenced and globally available gridded 

parameters such as MPW (5), Pop (58), sPop or/and sQ (59). Previous modeling studies correlated 

the observed river MP fluxes (in tons per year) with MPW (4, 7, 8) alone, or MPW together with 

drainage intensity sQ (7) in their respective drainage basins. For MPW we used the newer data set 

of Lebreton and Andrady (5), although for ease of comparison also the older data set of Jambeck 

et al. (4) was considered. This data set was originally used in the modeling studies cited above. 

For sQ we took the data set of Ludwig et al. (59) and further integrated data sets on population 

numbers in 2015 (Pop) (58) and riverine particulate matter fluxes in general (60). Their spatial 

variability at global scales is summarized in Table S2 according to the main ocean basins to which 

they are connected. 

Quantification of MPW stocks on land is strongly linked to total population numbers, but also 

depends on socio-economic behavior of the populations. MPW is hence more variable than Pop 

(Fig. S3). In the study of Lebreton and Andrady (5), MPW was estimated at much finer spatial 
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scales than in the original study of Jambeck et al. (4), rendering this dataset more suitable for our 

purpose. Both data sets are nevertheless highly correlated and have in common that they predict 

relatively low MPW stocks in the drainage basins connected to the North Atlantic (Table S2). 

Waste management is considered sophisticated in North America and Europe, reducing waste 

leakage rates to the environment. The two studies differ, however, on their evaluations of MPW 

stocks in drainage basins of the North Pacific, which is proportionally a larger hot spot for Jambeck 

et al. (4) than for Lebreton and Andrady (5). It should also be noticed that the latter study predicts 

a global MPW stock that is only about two thirds of the predicted MPW stock in the former study. 

We extracted the average values for each potential predictor factor upstream of river sampling 

stations for all basins. Regressions were calibrated with our dataset of observed MP fluxes. The 

resulting equations were applied to the predictor parameters of each river basin worldwide in order 

to obtain the corresponding MP fluxes. For these extrapolations of average river MP fluxes at 

regional and global scales we used a simplified river routing scheme (61) allowing both identifying 

the main world river basins in a 0.5x0.5 degree grid cell resolution (30 arc minutes), and 

conservatively tracking riverine matter fluxes from headwaters down to the receiving ocean basins. 

This approach has the advantage that many global environmental data sets exist at this resolution, 

which consequently eases combinations for extrapolation purposes, at the cost of spatial resolution. 

For characterization of the 127 studied catchments, a second drainage basin data layer was created 

for the drainage basins and sub-basins holding stations that had been sampled for MPs (Fig. 1). 

Both were delineated by including all basin grids upstream of sampling points. 

2.2. Multi-parametric regressions 

A single controlling parameter may not be sufficient to explain the observed variability of MP 

fluxes in rivers, and multi-regression models can help identifying additional controlling factors. 

We therefore tested this type of regression based on specific, i.e. normalized by basin area, values 

for MP fluxes (sMP) and drainage basin characteristics (sMPW, sPop, sQ). Regression analyses 

with absolute values are strongly dominated by observations in the largest river basins, which can 

consequently be a source of statistical bias. When restricting the data to our plankton net data 

subsets, we find that the following model best fits our observations: 

sMP = b * sPop a1 * sQ a2 

The regression coefficients a1, a2 and b are listed in Table S3. Correlation is rather weak for both 

data subsets (r² = 0.35 and r² = 0.38) but is significant for all parameters. Applying this model and 

converting the values into absolute MP fluxes increases the correlations in Table 1 to r² = 0.80. In 

addition, in our specific multi-regression models, sPop is a more powerful predictor for sMP than 

sMPW.  

 

3. Constraints and uncertainty assessment 

3.1 Residence time 

Our approach of estimating plastic residence time in the surface ocean only considers the MP size 

fraction of plastic debris. Both MP sampling in the oceans and MP sampling in freshwaters rely 
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on common techniques (plankton net trawling) and sufficiently large data sets could be assembled 

to produce reliable quantitative estimates at the global scale. The surface ocean stocks were 

determined from hundreds to thousands of MP plankton net samples (11-13) and extrapolated 

together with oceanic circulation models to distinguish between accumulation (i.e. gyres) and non-

accumulation zones. Also, most plastic flux estimates in rivers rely on measurements of MP 

concentrations. They are clearly more frequent than measurements of macroplastic (>5 mm) 

concentrations (7, 8) and often serve as extrapolation basis for the calculation of total plastic fluxes 

assuming constant MPs to macroplastics ratios (6, 7). Often macroplastic fluxes in rivers were not 

determined independently.  

However, accumulation of plastic at the ocean surfaces also involves larger plastics and other 

sources than rivers. This introduces uncertainty into our results, which has to be addressed. 

3.1.1 Size limits 

Variable or unclear definition of the size limits between MPs, macroplastics and total plastics both 

in the surface ocean stocks and in the river fluxes is definitively a source of uncertainty. On the 

one hand, plankton net sampling of MPs in the oceans not always excluded plastic debris larger 

than 5 mm (as in rivers), but used instead an upper size limit of 100 mm (12) or 200 mm (13). 

Only one study (13) quantified this effect in terms of mass stocks and concluded that plastic debris 

in the 5-200 mm range contributed with about 43% to the total (<200 mm) stock collected by 

plankton net sampling. Macroplastics >200 mm such as plastic bottles are not included in the 

surface stock estimates in our study because they were determined by field observation surveys 

and not by plankton net sampling (13). 

On the other hand, previous mass flux estimates from rivers were often only reported in the form 

of total plastics without further discrimination between MPs and macroplastics (e.g. 6, 7). Based 

on compilations of field studies that reported independently riverine MP and macroplastic mass 

concentrations for individual rivers, it can be roughly estimated that MPs represent on average 

about half of the total plastic mass concentrations (41% according to (7) with n=6 and 48% 

according to (8) with n=33) in rivers. Since a few larger particles can contribute a large fraction of 

the total plastic mass concentration (8), estimating this contribution is nevertheless problematic. 

Assuming that up to half of the MP mass stock at the ocean surface could be composed by particles 

in the 5–200 mm sizerange, it may therefore be concluded that size effects might represent an error 

factor of <2 in the calculation of average residence times based on MP river loads and surface 

ocean stocks, and of <4 based on total river loads (which may contain, although associated with 

large uncertainty, as much macroplastics as MPs). This is clearly less than the almost three OM 

difference we find between previous mass estimates of riverine MP fluxes and ours. 

The smallest MPs at the lower micrometer scale and nanoplastics also contribute to oceanic stocks 

and river fluxes. Recent studies (18, 22) highlighted that these particles could represent a 

significant or even dominant part in the oceanic plastic stocks (mainly below surface). Our data 

confirm their abundance in rivers, at least in terms of number concentrations. However, this should 

have no impact on our calculations of residence times as we only refer to MP debris collected by 

plankton net sampling, which do not retain such small particles. 

3.1.2 Other terrestrial MP sources 
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Beyond rivers, other pathways involved in the land-to-sea transfer of plastics are atmospheric 

transport and deposition, direct wastewater inputs from coastal cities, settlements and the areas 

nearby, and direct dumping from the shoreline. Unfortunately, all these sources are poorly 

quantified at global scale. Would they be quantitatively much greater than MP discharge from 

rivers, the residence time of MPs at the ocean surface would indeed decrease much further. But 

OM calculations indicate that these sources are clearly less important than rivers. Besides the 

smallest MPs and nanoplastics, atmospheric MP deposits on land correspond almost exclusively 

to fibers (38, 62, 63). Consequently, fibers should also be the dominant MP form from atmospheric 

deposition at sea. It could be eventually assumed that atmospheric fiber deposits on land are 

integrally transferred to the sea by rivers via surface runoff. However, this would lead to an 

overestimation as fibers can also originate from other sources such as wastewaters. The average 

mass percentage of fibers in our “Plankton net – River” subset of data in Table 1 is 1.1% (n=68 

when omitting the case studies in which fibers were not measured), which corresponds to a global 

mass flux of 0.08 kt yr-1 of MPs. Assuming an equal deposition rate over the entire ocean, i.e. over 

an area about 3 times larger than the land area draining into the sea, atmospheric fiber deposits at 

sea should therefore be <0.25 kt yr-1. Again, smallest fibers and MPs may not be retained in 

plankton nets and actual atmospheric deposition rates could be greater. But as we compare 

plankton net sampling in rivers with plankton net sampling at the sea surface, this should have no 

impact on the average residence times we calculate. Very recently, a study detected airborne MP 

particles in the marine atmosphere over the Atlantic, which were all clearly smaller than 300 µm 

in size (64).  

To our best knowledge, only one global modeling study (65), although poorly constrained by 

observations, quantified MP discharges to the sea by wastewaters. The authors estimated them to 

be 9.4 kt yr-1, i.e. in the same range we found for riverine MPs in general. In their study, all 

wastewater inputs are supposed to enter the oceans via rivers, hence being included in our estimate. 

However, in coastal areas, wastewaters may be directly discharged into the sea via submarine 

outfall systems, specially off large cities. According to our GIS, 18.9% of the world population 

lives in coastal areas within <50 km distance to the sea and could potentially be connected to such 

systems. Assuming approximately that wastewaters from up to one quarter of this population may 

be drained through submarine outfall systems would consequently produce an additional flux 

estimate of 0.44 kt yr-1. This is clearly lower than riverine MP loads as a whole. 

3.1.3 Fragmentation 

Fragmentation of larger plastic debris can also contribute to the floating MP stock at sea.  Because 

of the difficulties in studying this process under field conditions, there is no estimate quantifying 

its significance at the global scale. However, comparison of the average MP particle masses both 

in rivers and at the ocean surface is indicative in this respect. If fragmentation happens rapidly, 

and rivers remain a dominant source, ocean MPs would be expected to be smaller on average than 

riverine MPs. If the opposite, small MPs of riverine origin could be preferentially withdrawn from 

the ocean surfaces as they would have lower buoyancies (33, 66) compared to large MPs. In that 

case, it would be the larger MPs that accumulate at the ocean surface.  

The study of Cózar et al. (12) is of interest in this context because it allows estimating the 

representative standard mass of MP debris at the ocean surface from regression analysis. Based on 

the relationship between mass and number densities the authors published in their supplementary 
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data section, together with the average MP density derived from their mid-estimate MP stock (44.5 

g km-2), we calculated that this mass is about 0.97 mg item-1. Regionally, it ranges from 

approximately 0.3 mg item-1 in low-density (~102 items km-2) areas to 3.0 mg item-1 in high-density 

(~107 items km-2) areas. Due to the log-log nature of the cited relationship, which implies normal 

data distribution, the standard MP mass in the ocean can be directly compared to our MP mass 

estimate. This consequently represents about 4 times the median mass of 0.23 mg item-1 we 

retained for riverine non-fiber MPs (for this purpose fibers can be neglected since they were often 

not accounted for in marine samples). The studies of Eriksen et al. (13) and van Sebille et al. (11) 

solely reported average number and mass budgets according to which the average MP weight in 

the oceans is 4.6–7.3 mg item-1, i.e. 10–15 times our average value for non-fiber MPs in rivers 

(0.48 mg item-1, see Fig. S1A). In all cases, oceanic MPs are hence heavier on average than riverine 

MPs, which does not support the idea that plastic debris undergo rapid fragmentation into floating 

MPs when they arrive to the marine domain. 

3.1.4 Surface ocean stocks 

It is finally also important to mention that estimates for the average residence time of MPs at the 

ocean surface not only depend on annual river loads but also on the quality of estimates of the 

floating MP stock in the ocean. For quantification of the latter, we refer to the study of Cózar et 

al. (12) as a conservative low-end estimate. Larger stocks would consequently increase the 

calculated average residence time. Although Cózar et al. (12) did not cut off plastic debris >5mm 

in their data compilation (they used an upper size limit of 100 mm, see above), the mid-estimate 

plastic stock they propose only corresponds to 41% of the estimated stock of Eriksen et al. (13) for 

plastic debris below this size. The former study assembled a larger number of field observations 

than the latter and covered many low-density areas in the oceans. At the high-end of estimates, the 

oceanic MP stock can reach more than 10 times Cózar’s et al. (12) stock and differ significantly 

in terms of spatial distributions according to a series of modeling studies that are summarized in 

van Sebille et al. (11). However, whereas these studies still increased the number of observations 

for calibration, all models involved accounted for dynamic MP interactions at the land-to-sea 

interface (i.e. prediction of the land-derived inputs and/or outputs via beaching along the 

coastlines), thus making them less suitable for independent comparisons with observations, as the 

load estimates they produce directly depend on the algorithms controlling the land-to-sea 

interactions.  

3.2 Regression uncertainties 

The multi-parametric regression models we determined using the specific prediction parameters 

sPop and sQ only yield moderate coefficients of determination for the prediction of specific MP 

fluxes (Supplementary Materials and Methods 2.2). Based on the standard error of both regressions 

(total fluxes + standard error), the corresponding error intervals for the fluxes reported in our Table 

1 stretch from 1.3 to 30.1 kt yr-1 (n=96) and from 1.3 to 31.7 kt yr-1 (n=84). Weak coefficients of 

determination and large error intervals are not surprising given the constraints under which the MP 

flux estimates had to be established. These constraints include standard per item mass conversions 

instead of size specific mass conversions, missing information on hydrological conditions and 

seasonal variations, and restriction of plankton net sampling to low discharge conditions. The 

global fluxes we calculated should consequently be considered as OM estimates. To quantify the 

confidence we can associate to these estimates, we further submitted our regressions to a bootstrap 
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method (67) as it was done in Schmidt’s et al. models (8). This method includes random data 

sampling from our data sets, the computation of associated models and MP fluxes (5,000 runs), 

and the determination of the 95% confidence intervals according to the improved percentiles (Bca) 

method. These intervals were calculated to 3.6–13.9 kt yr-1 (n=96) and to 3.4–12.6 kt yr-1 (n=84) 

and in both cases they encompass our global fluxes reported in Table 1. 
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Fig. S1. Mass histograms and probability density functions. (A) For non-fiber MPs and (B) for 

fiber MPs. Both were calculated from literature studies in Table S1 in which both mass and number 

concentrations have been determined (see Supplementary Materials and Methods 1.3). 
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Fig. S2. Comparison between measured and calculated MP mass concentrations. Determined 

from (A) the combination of median masses of fiber and non-fiber MPs (Wf) in Fig. S1, (B) the 

combination of average masses of fiber and non-fiber MPs in Fig. S1, (C) the average MP mass 

proposed by Lebreton et al. (7) (Lf), and (D) the average MP mass proposed by Schmidt et al. (8) 

(Sf).  
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Fig. S3. Comparison between specific Mismanaged Plastic Waste (MPW) generation (5) and 

2015 population densities (58) for each exorheic basin in our global GIS (0.5 x 0.5 degree grid 

cell resolution). sMPW is about two orders of magnitude (OM) more variable than sPop, which 

can explain why MPW-based extrapolations generally lead to much greater budgets than 

extrapolations with the Population. Specific MPW generation rates are generally higher in African, 

South American and Asian countries than in European and North American countries. 
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Table S1. Compiled literature studies providing MP concentrations in rivers. For data 

categorization as “plankton net sampling” and “river-like” see Supplementary Materials and 

Methods section 1.2 and for details on the calculation of MP mass concentrations see section 1.3. 
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Table S1 (continued). Compiled literature studies providing MP concentrations in rivers. For 

data categorization as “plankton net sampling” and “river-like” see Supplementary Materials and 

Methods section 1.2 and for details on the calculation of mass concentrations see section 1.3. 
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Table S2. Characteristics of the 0.5 x 0.5 degree resolution river basin GIS and integrated 

data layers used in this study. Parentheses correspond to percentages of global values. For data 

sources, see Supplementary Materials and Methods 2.1. 
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Table S3. Regression and correlation coefficients for the multi-regression models performed 

in this study. All parameters are significant with p < 0.03. sPop: population density; sQ: drainage 

intensity. For the parametric equation, see Supplementary Materials and Methods 2.2.  

 




