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ABSTRACT: A substantial fraction of marine plastic debris originates from
land-based sources and rivers potentially act as a major transport pathway for
all sizes of plastic debris. We analyzed a global compilation of data on plastic
debris in the water column across a wide range of river sizes. Plastic debris
loads, both microplastic (particles <S mm) and macroplastic (particles >$
mm) are positively related to the mismanaged plastic waste (MMPW)
generated in the river catchments. This relationship is nonlinear where large

rivers with  population-rich catchments delivering a disproportionately

higher fraction of MMPW into the sea. The 10 top-ranked rivers transport
88—95% of the global load into the sea. Using MMPW as a predictor we
calculate the global plastic debris inputs form rivers into the sea to range
between 0.41 and 4 X 10° t/y. Due to the limited amount of data high
uncertainties were expected and ultimately confirmed. The empirical analysis

rivers as source for global __—
marine plastic pollution

plastic

load

mismanaged
plastic waste

to quantify plastic loads in rivers can be extended easily by additional potential predictors other than MMPW, for example,

hydrological conditions.

1. INTRODUCTION

Pollution of the marine environment with plastic debris is
widely recognized and is of increasing ecological concern'
because of the chemical persistence of plastics and their
mechanical fragmentation to so-called microplastics,” which can
be ingested by even small organisms such as zooplankton.’
Beyond the long recognized occurrence of plastic debris in the
marine environment, plastic debris has been more recently
detected in freshwater environments and can be found even in
pristine, remote locations.” The plastic pollution of freshwater
systems, particularly rivers and of the marine environment is
interlinked because rivers ultimately discharge into the marine
environment. So far land-based inputs into the sea have been
attributed to a 50 km® and 200 km® wide coastal zone. Coastal
inputs have been assumed to be proportional to the amount of
mismanaged plastic waste (MMPW) generated in that coastal
zone but rivers have not been explicitly accounted for.” This
implicitly assumes that further inland plastic sources remain
unconnected to the sea. Undoubtedly, most of the global
population lives in coastal areas’ but river networks may
facilitate transport of plastic debris over long distances into the
sea, as it is has been shown for terrestrial sediments, organic
carbon,® nitrogen,9 and various other solutes. Thus, rivers
connect most of the global land surface to the marine
environment. Since land-based sources are considered to be a
major contributor to marine plastic debris, rivers are a major
pathway for plastic transport into the seas. Recently, Lebreton
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et al. (2017)"° estimated that ~3—19% of the costal plastic
emissions are facilitated by river transport and additional ~0.8-
1.5 X 10° t/y reach the ocean from inland areas.

Plastic loads and concentration in rivers depend on the
characteristics of the catchment. Urban land use and population
density have been shown to be positively related to plastic
concentrations."' However, our data and knowledge base is still
insufficient to link the sources, transport pathways, and fate of
plastic debris in both marine and freshwater environments. This
understanding is required to assess the plastic pollution in the
aquatic environment and to develop efficient prevention
strategies for pollution. One prominent example is the so-
called “missing plastic” problem—the mismatch between the
large estimated plastic inputs into the sea and the low amount
actually observed.”

The aim of the study is to compile available data of plastic
debris in rivers from available data, to identify patterns of plastic
concentrations and loads and to provide an estimate of the
amount of plastic exported from river catchments into the sea
assuming that the entire river catchment is connected to the
coastal sea via the river network. We combine plastic
concentrations in rivers with the amount of MMPW generated
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in the catchments. This approach is similar to a recently
published approach by Lebreton et al. (2017)."° Here, we
compiled a larger data set and treated microplastic (particles <5
mm) and macroplastic (particles >5 mm) separately. Both
approaches provide empirical frameworks to predict plastic
inputs via rivers into the sea.

2. MATERIALS AND METHODS

2.1. Compilation of the River Plastic Data Set. Peer
reviewed papers were systematically searched in Web of Science
on Apr. second 2017 applying the key word combinations
“plastic AND stream” and “plastic AND river”. These search
terms were intentionally kept broad to ensure that no relevant
studies are overlooked. We scanned through the titles of 1870
search results and extracted 73 articles that deal with aquatic
systems. From these articles full texts were obtained and
assessed if they reported plastics in streams and rivers and if the
plastics had been sampled from the water column. We included
studies reporting particle and/or mass concentrations or loads
regardless of the size fraction considered (e.g, microplastics
only, various size fractions or total plastics only). Given the
limited observational data, our strategy was to include as many
data as possible, although the diverse sampling and analysis
techniques certainly limit the comparability among data sets.
We focused our search on data from the water column as we
were interested in the fraction of plastic that is mobile in river
systems and not retained in sediments. Data from sampling on
beaches, river banks, and river bed sediments have thus not
been considered. Also data from estuaries were excluded
because discharge cannot be obtained and the tidal mixing with
seawater may result in a mixing of plastic particles that originate
either from the river or from the sea.

Additional data from two reports and from an article in a
nonpeer reviewed journal was discovered in a web search and a
search within cited references. In total data from the 10"~
peer-reviewed articles and three”' ™’ nonpeer-reviewed pub-
lications have been extracted for further analysis. Either
stationary drift nets (hand-held or floating) or drift nets
attached to a vessel com;)rised the vast majority of sampling
techniques. In one study'” particles were extracted by pumping
and subsequent sieving. The tyg)ical mesh size was 300—500
um, the minimum was 50 gm,"” 100 gm mesh size was used
by.'"* In order to ensure comparable size distributions the
smallest fractions in'*,'’have been omitted from further load
estimations. The dimensions of the net openings did not exceed
1 m width, height was between 0.1 and 0.5 m. One study used
channel spanning retention booms.> Mesh size and net
dimensions for each reference are provided in Supporting
Information (SI) Data SI.

Data reported in units of particle or mass “per area” were
converted to “per volume” by dividing with the submerged
height of the net. This approach assumes that plastic particles
are uniformly distributed across the water column. If river
discharges have not been obtained in conjunction with the
plastic sampling, missing discharges were extracted from
available data, for example, from online database from the
closest gauging station or by contacting the corresponding
author.

We grouped the particle sizes into two classes: “microplastic”
which comprise particles of S mm and below and “macro-
plastic” which are all particles larger than S mm in diameter. A
third class “total plastics” was introduced to account for data
from studies which reported total plastics only. Data from

studies that reported micro- and macroplastic concentrations
are considered separately in the micro- and macroplastic size
class and as sum of the two fractions in the total plastic class.
We selected 5 mm as size cutoff because it is typically
considered as microplastic and studies focused on microplastic
frequently do not report lager particle sizes.

Data from studies that exclusively reported particle
concentrations have been converted to masses and mass
concentrations. For this we used studies reporting both particle
concentration and mass concentrations and calculated the
arithmetic mean of particle masses for microplastic and
macroplastic, respectively. All data are provided in the SI
(Data S1).

2.2. Estimation of Plastic Loads. The load of a solute or
particulate matter can be estimated from concentration C(t)
and discharge time series Q(t) (eq 1).

T

L= [ cwama

0 (1)
where L, is the load over time interval 7. By applying eq 1 we
assumed that the observed concentrations are uniform and
representative for the entire river water column. Further, we
assumed that all plastic particles are transported in the water
column and transport with the sediment bedload is negligible.
We used concentrations in units of mass per volume resulting
in loads as mass per time. eq 1 could be equivalently applied to
particle count data. Because river discharge and plastic
concentrations have been rarely measured simultaneously and
with high, quasi continuous frequency, loads were estimated
from the available, discrete and sparse data via a variety of
methods.”* Currently, we are not aware that regular monitoring
programs have been established. All load estimates have thus to
rely on data from single sampling campaigns, typically covering
not more than three or four consecutive measurements over the
course of a few months. Loads were estimated from the
instantaneous plastic concentration C; and weighted by the
instantaneous discharges Q; and the mean discharge Q to
account for bias introduced by sampling at very high or low
discharges (eq 2).

L = Zn (tcle) Q
2. Q )

Equation 2 was applied separately to the three size classes
“microplastic”, “macroplastic” and ‘total plastic’ to estimate the
loads for each of them. When only mean discharges were
available loads have been estimated from mean discharge and
the mean concentration. Single concentration measurements at
one point in time were combined with mean discharges.

2.3. Catchment and Population Data. The river network
and the global catchment boundaries have been taken from the
HydroSHEDS data sets™ (http://hydrosheds.cr.usgs.gov). We
used 1494 catchments with an outlet to the sea as provided by
Milliman & Farnsworth (2011),* regardless of their size. For
each sampling point in the plastic data set, the upstream
catchments were estimated from the hydrologically conditioned
digital elevation model distributed with the HydroSHEDS data
set which is based on data from the Shuttle Radar Topography
Mission. Global population was taken from the 2010 data set
Gridded Population of the World (GPWv3) (http://sedac.
ciesin.columbia.edu/data/collection/gpw—vS‘).27 Population
data are provided on a grid with 2.5 arc-minutes resolution.
This data set was intersected with the catchments boundaries to
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Table 1. Summary of Particle and Mass for Instantaneous Concentrations

median [particle/1000m?]

mean [particle/1000m?] standard dev. [particle/1000m°]

particle concentration with Os without Os
MicP 134 18.8
MacP 0.01 0.5
mass concentration median [g/1000m®]
MicP 0.6 0.6
MacP 0.3 0.4

with Os without Os with Os without Os
37 659.7 38208.1 272 998.1 274 950.1
3154.7 16 945.1 22 819.1
mean [g/1000m°] standard dev. [g/1000m?]
298.6 298.6 1760.5 1760.5
864.7 933.9 5461.3 5674.0

estimate the population in each catchment. Country boundaries
from the GPWv3 data set were used throughout the study.

2.4. Estimation of Mismanaged Plastic Waste Gen-
eration. To estimate the amount of MMPW generated per
person and time (kg/person/day) in each catchment, we
extended the data from Jambeck et al. 2015° which contained
192 coastal countries (including sovereign, UN — listed states
and other independent territories) by 41 countries which have a
share on river catchments that discharge into the sea. Plastic
waste is considered to be mismanaged if it is inadequately
disposed or littered. The waste generation rate and the fraction
of plastic in the waste stream for these countries have been
taken from Hoornweg and Bhada-Tata, (2012).%® To estimate
the fraction of plastic waste that is mismanaged in the 41
additional countries, we applied the average values of MMPW
for each World Bank economic classification” (HIC = high
income; UMI = upper middle income; LMI = lower middle
income; LI = low income, see SI Data S1) taken from the
countries covered in.” The country-based data were intersected
with the catchment boundaries of global river catchments*® and
the global population data set.”” The MMPW generation rate in
each catchment was estimated from the area-weighted average
of the country-based population and the MMPW generation
per capita. The same procedure was applied to estimate the
MMPW generated in the catchments upstream of each
observation location. MMPW per person and time for each
country and catchment are provided in SI Data S1.

2.5. Regression Analysis. An initial eveluation of the data
revealed a nonlinear relationship between MMPW and L. To
account for the nonlinearity we use a power-law model. The
regression coefficients b; (slope) and b, (intercept) were
estimated by linear least-squares regression of log,,(MMPW)

and log;o(L) (eq 3).

logm(L) = b, + bllogw(MMPW) (3)

Particularly when the regression was extrapolated for estimating
global plastic loads into the sea, uncertainties propagate into the
estimation results. To address the underlaying uncertainty we
performed bootstrapping by case resampling for the regressions
of L and MMPW and estimated b, and b, for 5000 bootstrap
samples. Then the 5000 combinations of b; and b, were applied
to the global MMPW data set to generate a range of plausible
values for the global plastics loads.

2.6. Global Estimation of Plastic Loads. To estimate the
plastic load delivered by rivers into the sea we apply the
regression models of MMPW and loads to the global river data
set. Because of the inherent uncertainty in the underlying data
sets we use two different approaches to estimate the global
plastic loads. “Model 1” is based on the microplastic data set
which includes all microplastic measurements. “Model 2” takes
data sets into account where both microplastic and macro-
plastic fraction were measured. The macroplastic data is the

same in both models. Summing the microplastic and
macroplastic models yield estimates the total mass of plastic
debris discharged per time regardless of its size. A graphical
overview on the methodological concept, the data set and the
data flow of the analysis is provided in SI Figure S1.

3. RESULTS

3.1. Data Set. The analyzed data set of plastic in rivers
consists of 240 individual samples, at 79 sites covering 57 rivers.
The sampled rivers are not uniformly distributed across river
sizes. Plastics have been predominantly sampled either in small
rivers (mean discharge < ~ 50 m®/s) or in larger rivers with
mean discharges > ~1000 m’/s. An explanation for the
underrepresentation of medium-sized rivers could be that small
rivers are easily wadeable, whereas large rivers can be sampled
by trawls with vessels adapted from marine sampling.
Population in the catchments ranged between ~1900 and
309 x 10° inhabitants.

3.2. Observed Concentrations. Microplastic particles
were detected in 98.5% of the samples with mean and median
concentrations with zero detections excluded of ~38200 and
~19 particles/1000 m* and zero detections included of ~37700
and ~13 particles/1000 m?, respectively (Table 1). The range
of concentrations varied over almost 8 orders of magnitude
(Figure 1a).

Macroplastic particles were detected in 55% of the samples.
We attribute this relatively large number of zero detection to
the sampling design which is not specifically adapted to sample
the relatively low counts of macroplastic. Relatively small nets
of ~0.25 to 0.5m? cross-sectional and short exposure times (<1
h) may not be appropriate to representatively capture
macroplastic concentration. We thus report both, concen-
trations with and without zero detection. For the subsequent
calculation of loads we used the data with zero detection
included. Depending on whether zeros are included in the
calculation of mean and median, the resulting concentrations
differ. Excluding zeros from calculation the mean and the
median concentration was about 3000 and 0.5 particles/1000
m?® and thus approximately 1 order of magnitude lower than for
microplastic. The observed range of concentration also spanned
more than 7 orders of magnitude. The total plastic particle
concentration comprises in average of 95% microplastic
particles (Figure 1d).

Mass concentrations have been obtained less frequently in
comparison to particle counts. From the total 240 samples only
~20% have been reported mass concentrations. Studies
providing masses detected microplastic in all samples. Median
concentration of microplastics was 0.6 g/1000 m°>. Mean mass
concentration was ~300 g/1000 m?, also indicating a right-
tailed distribution (Table 1).

Macroplastic mass concentrations revealed a similar range
with a median of 0.3 and 0.46 g/1000 m* with and without zero
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Figure 1. Boxplots of particle concentration (a) and mass
concentration (b), masses of single particles (c) for microplastic and
macroplastic. (d) shows the fraction of microplastic in interms of
particles and mass. In each boxplot the horizontal line represents the
median the box the 25th and 75th percentile, dots are data outside the
edges of the box are the 25th and 75th percentiles, the whiskers
represent 1.5 times the range between the 25th and 75th percentiles
and dots are outside this range.

detection, respectively. Mean mass concentrations ranged
between 870 and 930 g/1000 m?, depending on the inclusion
of zero detection. Macroplastic masses were detected in 93% of
the macroplastic samples.

The fraction of microplastic mass concentration in total
plastic varied strongly between samples. A few larger particles
contribute a large fraction of the total plastic concentration.
The mean mass fraction of microplastics in the samples was
0.48 (median 0.47) (n = 33).

The average particle masses of micro- and macroplastic have
been estimated from studies where both mass and particle
concentrations were available (Figure 1c and SI Data S1). The
mean mass of microplastic particles is 0.0018 g and for
macroplastic 0.2226 g. These values have been used further to
estimate mass concentrations.

3.3. Plastic Export from River Catchments. Catchment
area and average discharge covered by the data set range from
15 km*~1.46 X 10° km® (microplastic), 101 km*—82 x 10°
km? (macroplastic), 15 km*~8.2 X 10° km? (total plastic) and
0.5 m*/s to 2.5 X 10* m®/s (microplastic), 1.2 m*/s to 6500
m?®/s (macroplastic), 0.0450 m*/s to 6500 m*/s (total plastic).

The overall MMPW generation in the individual catchments
ranges between 4.7 t/y and 10.4 X 10° t/y. Specific MMPW
generation (MMPW generated per unit area and time) ranges
between 14 kg/y/k.m2 and 10.7 t/y/kmz.

We evaluated the loads separately for microplastic, macro-
plastic and total plastics because they comprise different, yet
partially overlapping subdata sets. Loads are reported in terms
of masses. Observed annual loads in the individual catchments
range over 10 orders of magnitude from 0.18 kg/y to 2.3 X 10°
t/y for microplastic, 0.13 kg/y-1400 t/y for macroplastic, and
0.18 kg/y-1800 t/y for total plastic. Note that e.g. for the

Yangtze characterized by the highest observed microplastic
loads, no data on macroplastic were available which explains the
different range of micro- and macroplastic loads.

Specific loads provided insight into the plastic transport
independent from the catchment size by normalizing both the
load and MMPW with the catchment area.

The observed specific loads (load per unit catchment area)
cover a wide range between ~0.17 X 1077 and 1.6 (t/y/km?®)
for microplastic and ~0.12 X 1077 and 0.6 (t/y/kmz) for
macroplastics (Figure 2d—e). Particular low specific loads have
been observed for the tributaries to the Great Lakes.’
Maximum specific loads were observed for the Yangtze River
(1.6 t/y/kmz) close to Wuhan." Notably, the second highest
specific loads have been found the Hanjiang River (1.1 t/y/
km?) in the same study. For macroplastic the San Gabriel river,
a highly urbanized river crossing Los Angeles shows the highest
specific loads."”

The observed plastic loads are generally positively related to
the MMPW generated annually in the catchment. MMPW is a
good predictor for microplastic loads (r* = 0.78). Also the
relationships for macroplastic and total plastic are highly
significant, yet with lower r* (Figure 2a—c). A similar behavior
can be observed for the specific loads and their relationship to
the area weighted MMPW generation. The slopes of the linear
regressions are consistently larger than 1 (Figure 2d—e)
indicating that an increasing fraction of MMPW, both total
and area weighted, is found being transported in rivers with
increasing MMPW generation (Figure 2a—e).

To explore this further we introduce a metric which can be
referred to as plastic delivery ratio. It is the ratio between the
observed plastic loads in rivers and MMPW generated in the
catchment. This is conceptually the same as the conversion
rates of mismanaged plastic waste to marine debris as applied in
Jambeck et al. 20157. The observed delivery ratios range
between ~5 X 1077 and 0.23 for microplastic, ~ 1 X 107 and
0.06 for macroplastic and ~2 X 107° for total plastic.

The delivery ratio tends to increase with increasing total
MMPW generation (Figure 2g—i). This effect is particularly
notable for microplastic while macroplastic and total plastic
show also a positive, yet less steep and insignificant relationship
at an a = 0.05 level (p values: macroplastic 0.077; total plastic
0.13). Mean and median of the delivery ratio are 1.3 X 10~* and
~9 X 107 for microplastic, 3 X 107> and 6 X 107> for
macroplastic and 3 X 107 and 1 X 107* for total plastics.

3.4. Global Plastic Inputs from Rivers into the Sea.
From the 1494 rivers and the data set of Milliman and
Farnsworth, 2011,>° we analyzed the 1350 rivers where the
estimated MMPW generation was nonzero. The rivers in the
data set range from small first order streams to large rivers
which all discharge to the sea. The catchment sizes ranged
between <1 and 5.9 X 10° km* and total population in the
catchments between 0 and 621 million. Drawing from the
classification scheme of Jambeck et al. 2015 there is an amount
of approximately 76 million tons/y of plastic waste generated in
these catchments which is mismanaged and potentially available
for transport into and within river systems.

To estimate the plastic loads we use two different regression
models which yield different results pointing on the uncertainty
of the underlying data. “Model 17 comprises all microplastic
measurements. “Model 2” takes only data sets into account
where both microplastic and macroplastic have been measured
in conjunction. The macroplastic data is the same in both
models. Summing the each microplastic model and with the
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Figure 2. Regression of MMPW generated in the catchments and measured plastic loads (a—c) and regression of specific (area-weighted) load and
MMPW (d—f) for micro-, macro and total plastic. The bottom row shows the relationship between MMPW and the MMPW delivery ratio. Dashed
lines represent a hypothetical proportional modal where 15% of the MMPW to illustrate the disproportionality of plastic loads associated with larger

MMPW-rich catchments.

macroplastic model yield estimates the total mass of plastic
debris discharged per time regardless of its size.

Model 1 yields a median of 0.16 X 10° t/y of microplastic
with 25 and 75% prediction intervals of 0.06 X 10° and 0.45 X
10° t/y, respectively. Model 2 yields a global median of
microplastic load of ~2.31 X 10° t/y, with 25 and 75%
prediction intervals of 141 X 10° and 3.73 X 10° t/y.
Macroplastic loads are estimated to be at 0.15 X 10° t/y (25
and 75% prediction interval: 0.051 X 10° and 0.44 x 10° t/y)
(Figure 3).

The resulting total plastic loads differ based on the input
data. Model 1 results in a median total load of 0.47 X 10° t/y
with (25 and 75% prediction interval: 0.21 X 10° and 1.12 X
10° t/y). Model 2 yields 2.75 X 10° t/y as median estimate with
a 25 and 75% prediction interval of 1.72 X 10° and 4.38 x 10°
t/y (Figure 3).

The different underlying data sets do not have only
consequences for the total estimates but also for the spatial
distribution of plastic inputs into the sea. The spatial
distribution of plastic export from rivers is highly nonuniform
because of the skewed distribution of river and catchment sizes.
Because spatially nonuniform plastic delivery ratios tend to
increase toward larger, population rich catchments, this
disproportional pattern is even amplified. For Model 1 the
top 10 catchments contribute 88% of the total estimated load
and 94% for Model 2. For comparison, a spatially uniform
delivery ratio would result in 58%. Of the 10 catchments
delivering the highest loads to the ocean, 8 are located in Asia,
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Figure 3. Probability of global microplastic loads for Model 1 and
Model 2, macroplastic loads and their combinations. Text insets depict
the median values.

with mostly middle-income countries*® such as China (SI Data
S1, Table S1), where high rates of MMPW generation prevail.

4. DISCUSSION

The enormous concentration variability of ~7 (macroplastic)
to ~8 (microplastic) orders of magnitude (mass concen-
trations) is not unusual for particulate matter and has been
observed for suspended sediments®® and coarse particulate
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organic matter.” Like concentration in rivers, the plastic

concentrations at the sea-surface vary over a wide range
covering 4 orders of magnitude.”” High particle concentrations
have been found in the North Atlantic with up to 580000
particles/km*** equivalent to 1160 particles/1000 m® assuming
0.5 m submergence of the trawl net. Mass concentrations have
been reported to be up to 8000 g/km? or 16 g/1000 m>**
Thus, mean concentration in rivers is roughly 40—S50 times
higher than the maximum concentration observed in the open
ocean.

Observed differences between concentrations in rivers and in
the seas, as well as among different rivers likely arise also from
differences in the sampling program design, sample collection
and analysis methods and target variables such as particles or
mass or the size and type classification. Generally, reporting
masses and mass distributions of particles would provide a
more unbiased, conservative measure of plastic debris, for
example, if large plastic debris is fragmented, the sum of the
fragment masses is constant. Moreover, the abundance of
plastic in rivers would ideally be reported in conjunction with
discharge in order to derive concentration and load. Both are
absolutely crucial for establishing mass balances, comparison
between sites and for understanding fragmentation.”* Despite
these uncertainties, the presented empirical quantification of
plastic loads in rivers provides a testable framework which can
be extended to other catchment properties such as land use or
hydrologic conditions than the amount of mismanaged plastic
waste alone, for further assessing plastic transport and
accumulation in rivers worldwide.

Microplastic and macroplastic loads are related to the
MMPW generation in the catchments. The steeper slopes for
microplastic of the log—log linear regression suggest that
microplastic is more efficiently transported than macroplastic
and total plastics in river systems whose catchments have a high
MMPW generation. This is in line with the increased
correlation (Pearson correlation coefficient) of microplastic
loads with the mean discharge (microplastic: 0.79; macro-
plastic: 0.4, total plastic: 0.49) (SI Figure S2). Not only loads
but also concentrations are positively related to larger rivers. A
further indication of an increased transport control of
microplastic is that the +* is considerably lower for the
relationship between specific MMPW and specific loads than
for MMPW and loads. Specific MMPW can be interpreted as
source strength within the river catchment. However, on the
one hand larger rivers may facilitate the transport of
microplastics, on the other hand there are additional sources
which are not accounted for in the MMPW data, such as
wastewater discharge, inland navigation and industrial activities
located preferentially at larger rivers may directly contribute to
microplastic inputs such as preproduction pellets.'”

The delivery ratios are not uniform and are related to the
river size. The delivery ratio is the ratio between the observed
plastic loads and MMPW. Again the relationship between the
delivery ratio is stronger for microplastics, supporting the idea
of the higher transport efficiency for microplastic, particularly in
larger catchments. Spatially uniform delivery ratios as reported
by’ thus reflect the fraction of plastic MMPW potentially
available for transport but not necessarily the actual fraction
transported in rivers. On the other hand, if a high fraction of
MMPW enters the river systems but only a relatively small
amount is found being transported, suggest that plastic debris
accumulates in river systems with potentially adverse effects on
aquatic life, similarly to the oceans.”® Although there is no data

12251

to quantitatively confirm the immobilization, plastic debris has
been documented at river banks’®”’ and in river bed
sediments.”® Also transport simulations suggest that plastic
particles are efficiently retained in rivers.*”

The estimates of land-based plastic inputs into the sea in
Jambeck et al. (2015)° range between 4.8 X 10° and 12.7 X 10°
t/y. Their estimates consider a 50 km coastal zone with an
MMPW production of 32 X 10° t/y. The area of the global
river catchments is of course larger and 76 X 10° t/y MMPW
are produced in the catchments. One would expect higher loads
originating from global rivers compared to the coastal zone
alone. Our estimates of river inputs are remarkably lower for
Model 1 with a median of 048 X 10° t/y and are within a
similar range for Model 2 with a median of 2.75 X 10° t/y. Our
results bracket those of a recent study by Lebreton et al.
(2017)"? who found that rivers export between 1.15 and 2.41 X
10°/y. These similar results are not surprising, as both studies
use the same underlying MMPW data set and partially
overlapping data of plastic in rivers.

Generally, our estimated values are uncertain because of the
sparse, both spatially and temporarily and fairly heterogeneous
source data. However, assuming Model 1 being realistic would
suggest that pathways other than rivers such as direct
stormwater runoff, wind dispersal and littering potentially
account for a considerable fraction of total land-based inputs. If
Model 2 would best represent reality, rivers would indeed be a
major pathway for land-based plastic inputs to the sea.

The high discrepancy between the total plastic loads in
Model 1 and 2 mainly arise from the different slopes of the
underlying log—log -linear regression equations. Steeper slopes
result in largely increased load estimates in large rivers and thus
also in the global loads. However, with the current database it is
hardly possible to better constrain the river inputs into the sea.

Independent of the estimate, be it millions or hundreds of
thousand tons, it is not possible to close the mass balance
between the plastic debris loads delivered to the sea and the
amount found at the sea surface. The estimates of floating
plastic debris in the oceans diverge greatly between 7000 and
35000 tons,”” 268940 tons,”’ and between 93 000—236 000
tons"' and broadly agree with the annual load supplied by the
global river networks. However, the ocean data represents
plastic debris discharged over an unknown time period, yet
longer than annual time period and no exhaustive information
on plastic fate in the ocean can be derived from these data. We
have also tested if plastic loads in rivers reveal a temporal trend.
Our data set comprises samples taken between 2004 and 2016.
We considered loads of microplastics, macroplastics and total
plastics. There was no observable trend in the data. However,
we had to aggregate data across river catchments because no
multiyear time-series are available yet from a single river. We
compared loads normalized by population to account for the
different catchments. The composition, size, and mass
distribution of floating plastic debris in the sea appears similar
to that of the mobile plastic debris in rivers.”* This suggests that
plastic debris may not be significantly fragmented within the
time scales required for transport from rivers to the large ocean
gyres or it simply indicates that certain size fractions are
preferentially captured by the drift net sampling applied in both
marine and freshwater systems and also that certain size
fractions are preferentially transported in river systems which is
then reflected in the composition of marine plastic debris.

The spatial pattern of river inputs are generally similar to the
estimates of Jambeck et al.> However, in our estimates the
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fraction contributed from larger rivers is considerably higher.
Note that despite differences in the MMPW generation per
capita among the different countries as a result of their
economic status, the catchment size has a main control on the
total amount of MMPW generated (SI Figure S2).

Rivers from the 10 top-ranked catchments alone contribute
between 88% and 94% (depending on the underlying model)
of the total plastic load. A proportional relationship between
MMPW and the load would result in 58%. The high fraction of
a few river catchments contributing the vast majority of the
total load implies that potential mitigation measures would be
highly efficient when applied in the high-load rivers. Reducing
plastic loads by 50% in the 10 top-ranked rivers would reduce
the total river-based load to the sea by 45%.

Our analysis reveals that plastic loads of large rivers
disproportionately increase in relationship to the increase of
plastic debris available for transport.®
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