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Land-based macroplastic is considered one of the major sources of marine plastic
debris. However, estimations of plastic emission from rivers into the oceans remain
scarce and uncertain, mainly due to a severe lack of standardized observations. To
properly assess global plastic fluxes, detailed information on spatiotemporal variation in
river plastic quantities and composition are urgently needed. In this paper, we present
a new methodology to characterize riverine macroplastic dynamics. The proposed
methodology was applied to estimate the plastic emission from the Saigon River,
Vietnam. During a 2-week period, hourly cross-sectional profiles of plastic transport
were made across the river width. Simultaneously, sub-hourly samples were taken to
determine the weight, size and composition of riverine macroplastics (>5 cm). Finally,
extrapolation of the observations based on available hydrological data yielded new
estimates of daily, monthly and annual macroplastic emission into the ocean. Our
results suggest that plastic emissions from the Saigon River are up to four times
higher than previously estimated. Importantly, our flexible methodology can be adapted
to local hydrological circumstances and data availability, thus enabling a consistent
characterization of macroplastic dynamics in rivers worldwide. Such data will provide
crucial knowledge for the optimization of future mediation and recycling efforts.

Keywords: plastic, pollution, hydrology, rivers, macroplastic, Vietnam, Saigon River

INTRODUCTION

Rivers are a major source of ocean plastic pollution. Recent global estimates of riverine plastic
emissions into the oceans vary between 0.4-2.75 million tonnes plastic per year (Lebreton et al.,
2017; Schmidt et al., 2018). At present, these model-based estimates are still associated with
large uncertainties, as a lack of field measurements is hampering the further advancement of
our understanding of the dynamics of riverine plastic debris (Eerkes-Medrano et al., 2015;
Jambeck et al., 2015; Gonzalez-Fernidndez and Hanke, 2017; Lebreton et al., 2017). Accurate
measurements to quantify and monitor plastic fluxes in rivers are scarce (Lechner et al., 2014;
Lebreton et al., 2017; Lahens et al., 2018). In addition, sampling methods and units are not
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standardized (Jambeck et al., 2015; Koelmans et al., 2017), which
makes the direct comparison between different river systems
challenging.

Previous studies that aimed to quantify meso (0.5-5 cm) or
macroplastics (>5 cm) in rivers used surface booms (Gasperi
et al.,, 2014; Dris et al., 2015, 2018), manta trawls (Moore et al.,
2011; Faure et al., 2015), nets (Lechner et al., 2014; Morritt et al.,
2014; Cozar et al, 2015), or sampling of shoreline sediments
(Browne et al, 2010). These methods all require additional
equipment, such as cranes or boats, and several people to perform
the measurements. Therefore, the current assessment of plastic
fluxes in rivers remains challenging and expensive. Variations
in time (daily and seasonal) and space (over river width and
length) therefore remain largely unknown. Most available data
solely contain point measurements that are directly upscaled to
daily or yearly plastic emission rates (Moore et al., 2011; Lechner
et al., 2014; Dris et al., 2018). Thus, the lack of spatiotemporal
information is unequivocally the largest uncertainty in global
estimations of riverine plastic emissions into the oceans. Note
that we use the definition from Lebreton et al. (2018) for
macroplastics (>5 mm) for consistency.

Here, we propose a new methodology to characterize (floating)
macroplastics in rivers, including a first application in the Saigon
River, Vietnam. Our stepwise approach uses a combination of
sampling methods and simple models to estimate daily and
monthly plastic emission rates. Vietnamese rivers are estimated
to have a high plastic loading per capita, partly because of a high
share of mismanaged plastic waste (Hoornweg and Bhada-Tata,
2012). The Saigon River traverses the densely populated megacity
of Ho Chi Minh City relatively close to the river mouth and is
estimated to be the 5th most plastic emitting river in Vietnam
and the 45th in the world, respectively (Lebreton et al., 2017).

Based on measurements conducted during a field campaign
from February 28 to March 13, 2018, this study provides a
first estimation of spatiotemporal variation in quantity and
composition of riverine macroplastics. Sub-hourly samples were
taken daily, using static bridge-mounted trawls and visual
counting of floating plastic debris. Subsequently, the trawled
samples were analyzed to determine their mass and composition.
Finally, we present new estimation of the total daily, monthly
and annual plastic emissions, which were compared to recent
estimates for the Saigon River (Lebreton et al., 2017; Lahens
et al, 2018). The objectives of this study are (1) to present
a comprehensive methodology to characterize macroplastics in
rivers, (2) to better understand spatiotemporal variation in plastic
transport in rivers, and (3) to provide refined estimates of plastic
emissions from rivers into the ocean.

NEW METHODOLOGY TO
CHARACTERIZE RIVERINE
MACROPLASTIC EMISSION INTO THE
OCEAN

Global estimates of plastic transport through rivers require a
standardized monitoring approach that can be easily applied to

any river system. We suggest a new methodology to quantify
macroplastic transport in rivers, consisting of the following four
steps (see Figure 1).

Determine Cross-Sectional Profiles of
the Plastic Flux

As simple point measurements are difficult to extrapolate over
the river width and could be influenced by local hydrodynamic
conditions, detailed profiles of the plastic flux should be
determined across the river width. In this study we used visual
plastic piece counting (Gonzélez-Fernandez and Hanke, 2017).
However, this can also be done automatically using drones or
cameras, for example.

Obtain Plastic Debris Statistics

An average value for mass per plastic piece can be used to
translate the cross-sectional profiles, expressed in pieces per unit
of time and river width, to plastic mass flow (e.g., mass per unit
of time). Here, we determined the mass statistics by (1) coupling
visually counted flow of plastic debris to trawled plastic mass, and
(2) by weighing a subset of plastic pieces individually. Further
statistics on plastic composition, size, volume and identity can
give additional insights into the origin and fate of riverine plastic

debris.

Couple Plastic Flux to Hydrology

Previous studies have coupled plastic transport to river discharge
(Lebreton et al., 2017; Schmidt et al., 2017). Other mechanisms
could include transport initiated through rainfall events, wind,
or flow velocity patterns. Especially for rivers with strong tidal
influence, the relation of plastic transport with hydrology should
be explored to derive the net transport of plastic into the ocean.
In more ungauged rivers, alternative (soft) data might be used to
as proxies for hydrological behavior (van Emmerik et al., 2015).

Extrapolate Observations

To estimate daily, monthly or annual plastic emissions, the
observed plastic mass flow can be extrapolated using timeseries of
hydrological data. For example, a relation between river discharge
and plastic flux can be used to estimate plastic emissions using
long-term discharge data.

Our methodology aims to be a first step toward standardized
macroplastic monitoring in river systems. It offers a high degree
of flexibility and a gradient in complexity, and can be easily
updated to other river systems. Depending on local circumstances
and available technology, different measurement techniques can
be used for each step. Finally, coupling to local hydrology is
highly reliant on data availability, but still offers a good first order-
of-magnitude approximation of annual riverine plastic transport.

APPLICATION OF THE METHODOLOGY
TO THE SAIGON RIVER, VIETNAM

All measurements were taken in the Saigon River in Ho Chi
Minh City (HCMC) from February 28 to March 13, 2018,
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FIGURE 1 | Proposed step-wise methodology to characterize macroplastic dynamics from rivers into the ocean.
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between 07:00 and 17:00. The Saigon River is about 250 km
long and has a catchment area of 4717 km? (Lahens et al,
2018). The dense urban canal network (700 km) of HCMC
drains into the Saigon River. The climate is characterized by a
monsoon season from May to October, and a dry season from
December to April. Sampling was done from the 300-meter-wide
Thu Thiem bridge (10°47'08.3”N 106°43/06.2"E), located 70 km
upstream from the river mouth. The sampling location was
affected by semidiurnal and asymmetric tidal influences, with a
tidal range of up to 3 m. Plastic debris counting was done at
12 locations across the Thu Thiem bridge. Figure 2 indicates
the measurement locations of the plastic sampling and counting
experiments. The observation sites are numbered from 1 (south)
to 12 (north). Plastic samples were primarily taken at locations
2, 3, 10, and 11, as here the highest plastic concentrations were
observed.

Plastic Flux Profile: Visual Plastic Debris

Counting

Visual counting of plastic debris was based on the approach
presented by Gonzilez-Ferndndez and Hanke (2017). It was
conducted on 10 days between February 28 and March 13 to

(1) quantify the spatial variation of plastic debris across the
river width, and (2) to extrapolate the plastic sampling results
over the river cross-section. During each sampling day, between
5 and 11 h profiles were made between 07:00 and 17:00. At
12 locations across the bridge, the number of plastic pieces
that passed through a 15-m-wide section was visually counted
for 2 min. All locations were observed sequential, starting at
location 1. Hence, a complete profile was measured in 30 min.
In total 60% of the cross-section was observed. Counting was
done facing downstream, as we could identify plastic pieces
more accurately. The distance from the bridge to the water
was on average 12 m, with maximum fluctuations of around
3 m. Each floating and superficially submerged plastic piece
that was visible was counted, independent of its size. Based
on visual inspection, it was estimated that the clearness of the
water was stable during the measurement period, and that the
first 10 cm of the water column was visible. Although weather
conditions such as heavy rainfall, high wind speed, or sun glare,
might influence the visibility of plastic, this was not experienced
during the measurement period. The average minimum debris
size was estimated to be 1 cm. If the debris type was uncertain,
it was not counted as plastic. For subsequent analysis, the plastic
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FIGURE 2 | (A) Measurement location and observation sites on the Thu Thiem bridge. Note that the observation sites run from 1 (south) to 12 (north). Arrows project
the observed influence of tidal dynamics on plastic flux direction. Bridge-mounted trawls were deployed at location 2 and 3 during ebb tide flow and at location 10
and 11 during flood tide flow (Map: Google, Digital Globe, 2018). (B) Overview of the curvature of the river, with an indication of the location of the highest plastic

concentration during flood and ebb tides. (C) Location of each observation point.

debris counts were normalized over time and distance and
expressed in plastic pieces per meter river width, per minute or
second.

Plastic Statistics: Plastic Sampling With
Static Trawls

Plastic sampling was done using static bridge-mounted trawls,
with a height of 70 cm and width of 100 cm, that were fixed
onto the Thu Thiem bridge. Sub-hourly sampling was done on
10 days between 1 and 13 March, between 7:00 and 17:00. During
sampling, 40 cm of the nets height was constantly submerged.
A 2-meter long net was attached to the frame, with a square
mesh size of 4 cm. The chosen mesh size was an optimization
between the desired size fraction of the plastic catch and the
controllability of the trawl due to the drag force. To increase
buoyancy and stability, horizontal buoys were attached on each
side of the frame. Depending on the water flow velocity, trawling
deployments lasted between 1 and 10 min. During each trawling
experiment, additional 2-min visual plastic debris counting was
done for the stretch were the trawl was deployed to estimate
the average mass per plastic piece. Also here, a 15-m stretch
was visually counted, but normalized to plastic items per meter
to link it to the trawl measurements. The trawling location was
determined based on the prevailing flow direction and observed
largest debris amount. During ebb tide flow trawling was done at
location 2 and 3 (Figure 2), and during flood tide flow trawling
was done at location 11 and 12 (Figure 2).

The retrieved samples were divided into three categories: (1)
organic, (2) plastic, and (3) rest debris. All categorized samples
were weighed individually. After separation of the sample, the
trawl was deployed again. At the end of each day, all plastic
samples were visually subdivided into polyethylene terephthalate
(PET), polystyrene (PS), and polyolefin (PO) and weighed. The

division guidelines can be found in the Supplementary Table S1.
A subset of plastic samples, daily totals of 1 to 3 and 10 March, was
further analyzed in the lab at CARE in HCMC. The samples were
sun-dried for at least 24 h and up to 7 days, and subsequently the
bulk dry mass was determined for each plastic type. Finally, each
plastic piece was individually analyzed to determine their mass,
size, and plastic type.

Relation With Hydrology

Plastic transport M, (kg s~!] can be expressed as a function
of discharge Q [m? s™'] and plastic concentration C, [kg
plastic/m?]

12
M,=Q-Cp= Q'{Cp,i

With specific C,; for each section. The total plastic mass
transport was estimated by integrating the cross-sectional plastic
profiles over the river width. This yields the total plastic flux
in numbers of plastic pieces per unit of time. Subsequently, the
plastic flux was multiplied by the estimated average mass per
plastic piece (based on trawling and lab measurements) to derive
the total plastic mass flux.

River discharge for 2018 was not available and was estimated
using discharge measurements and astronomical tide for 2013,
as this was the only year with discharge data available. Based on
linear regression, discharge for 2018 was estimated for March.
Discharge data measured at Phu An station in 2013, 2.5 km
downstream of the measurement location at Thu Thiem bridge
was made available by the Center for Water Management and
Climate Change of the Vietnam National University. Estimated
astronomical tide for 2013 and 2018 at Vung Tau, 90 km
downstream of The Thiem bridge, was obtained from XTide'.

Thttp://tides.mobilegeographics.com/
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Extrapolation to Daily, Monthly and

Annual Estimations

To estimate daily and monthly plastic emission from the Saigon
River, a simple model was formulated that assumes that plastic
transport [plastic concentration in a volume of water (kg plastic
m~2)] is a function of discharge and can be approximated using:

Cp :1\/'()-676 Ql +C()

With concentration at zero flow Ny [kg m~3], parameter p and
background concentration Cy [kg m~3]. The model was fitted
using all 82 measurements of total plastic mass fluxes. The plastic
transport model was used to estimate the total daily and monthly
plastic mass flux for March 2018. Subsequently, the seasonal
dynamics estimated by Lebreton et al. (2017) were used to scale
the monthly estimations to annual predictions. Our estimation
of monthly emission for March was linearly scaled to monthly
emissions for other months and for annual emission. The results
were subsequently compared to previous measurements of canals
flowing into the Saigon River (Lahens et al., 2018) and model
predictions for the monthly and annual plastic emission of the
Saigon River (Lebreton et al., 2017).

RESULTS AND DISCUSSION

Plastic Flux Profile

Figure 3 presents the cross-sectional profiles of the plastic flux
for March 2, 7, and 9, 2018. These specific are presented to
demonstrate the variation of the profile during the day, between

days, and the shift of the tidal cycle. The results for the whole
measurement period (March 1-13, 2018) can be found in the
Supplementary Figures S1, S2. Note that a positive plastic
flux means ebb tide flow (e.g., toward the river mouth) and
negative plastic flux means flood tide flow (e.g., away from the
river mouth). During periods of positive plastic flux, plastic
is concentrated on the south side around 50 m, and during
negative plastic flux, plastic is concentrated on the north side
around 280 m (Figures 3A,C,E). The peak total plastic flux varies
considerably between days (Figures 3B,D,F). On 7 March the
total flux was more than 1,100 plastic pieces per minute, while
on 2 and 9 March the peak flux was between 250 and 400 pieces
per minute.

Close to the bridge columns a high plastic concentration was
found, presumably caused by the trapping effect of the eddies
created by the columns. A concentration of macroplastic fluxes
was observed close to the river shores. This observation could
be explained by the curvature of the river in combination with
the influence of the changing tide. During ingoing tide, the flow
velocity (and therefore plastic flux) is expected to be the highest at
the north side of the bridge and during outgoing tide the highest
flow velocity is expected at the south side of the bridge. Additional
reasons for the plastic concentration include wind effects and
navigation. In future work, meteorological data (wind speed and
direction, rainfall) will give additional insights into the transport
of plastic.

Plastic Statistics
In total 660 kg of material was sampled during the measurement
campaign, of which 7.6% of the mass was identified as plastic

A B
Hourly plastic flux profile 2 March Plastic flux and tide 2 March
—@—08:00 AM 300 I I I 1500 Tow tide: 10:36
©—09:00 AM +P§nic\e flux high tide: 16:54
—@—10:00 AM 200 1000 | = Tide moon: ful 1
—0—11:00 AM £ £ . =
—0—12:00PM £ 100 £ w00 0 £
—0—13:00PM 8 8 3
—O—14:00 PM ) & =
—O—15:00 PM * a = [ -1
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FIGURE 3 | Cross sectional profiles of observed plastic pieces per minute over the river width for 2, 7 and 9 March 2018. (A,C,E) present the plastic flux over the
river width with each color representing the time of day. (B,D,F) present the total plastic flux after integration over the river width, including information on high and
low tide and the moon phase. The distance runs from measurement location 1 (south) to 12 (north; Figure 2), with the southern river bank as reference. Note that a
positive plastic flux means ebb tide flow and plastic flux means flood tide flow. The tidal data is expressed as deviation compared to mean water level.
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(Supplementary Figure S4), 90.7% as organic, and 1.7% as rest
material. A breakdown of all samples into plastic, organic and
other debris can be found in the Supplementary Figure S3. From
the simultaneous visual counting, a mass per sampled plastic
piece of 3.2 g was found (Supplementary Figure S5). The amount
of organic material is considerably higher than previously found
by Lahens et al. (2018) (7.6 vs. 26%), explained by their focus on
a side canal of the Saigon River. Based on visual inspection, it
was found that most of the organic material consisted of water
hyacinths, an invasive aquatic plant species. It is yet to be studied
how the ratio between organic and plastic material changes
over time, especially in the wet season. Based on estimations by
Lebreton et al. (2017), it is expected that the plastic emission in
September might be considerably higher than in March, mainly
driven by higher river discharge and rainfall. At the same time,
it should be low season for water hyacinth flow in autumn. It is
therefore also expected that later in the year, the relative amount
of plastic will be significantly higher than measured during our
field campaign in March.

In total 614 plastic pieces, collected on 4 days (1 - 3 and 10
March), were analyzed in more detail. The mass and number
of pieces per size class is presented in Figure 4. PO had the
largest share in terms of mass (76%), and PS in terms of count
(55%). Very little PET was found (7% of mass, 2% of count).
A clear peak is observed in the 10 - 50 cm size class, both
in mass (75% of total) and number (50%) of pieces. Note that
the classes are chosen to match the classes used by Lebreton
et al. (2018) to characterize the plastics in the Great Pacific
Garbage Patch. The mass per plastic piece was 5.9 g, which is
higher than the 3.2 g found during the trawling and plastic piece
counting measurements. The variation of mass per piece was
used for later estimations of total daily, monthly and annual

plastic emission. Note that the size distribution is influenced by
the selection of mesh size, 4cm in this case. For future research
it is recommended to use a smaller mesh size to increase the
likelihood of catching pieces from the 1.5 - 5 cm size class.
Figure 5 presents the item identity of all 614 sampled plastic
pieces. Most of the identified pieces were related to consumables
(food and beverages), with a clear peak for PS foam food
containers and fragments (224 of 614). For potential interception
and recycling purposes, more detailed plastic separation is
recommended for future work. Because of limited methods for
plastic type identification in the field, we propose a separation
method based on usage (e.g., bags/foils) or hardness (e.g., rigid
or soft vs hard).

Relation With Hydrology

River discharge and total number of plastic pieces are related
(Figure 6A). The match between maximum/minimum discharge
and plastic flux is consistent for most days, except for 6, 7, and
9 March. Here the direction of the flow does not match, which
might be an artifact of the discharge estimation, as discharge is
also influenced by an upstream dam and drained rainfall in the
basin. Plastic concentration is also related with river discharge
(Figure 6B). For higher discharge, the concentration is lower.
This suggests that the amount of plastic is relatively constant, and
the same plastic mass is distributed over a larger water volume.
In turn, a constant plastic mass indicates a limited plastic source,
and the same amount of plastic is released into the river every
day. An explanation of this relation might be the predominant
local plastic input from areas close to the measurement location,
rather than upstream riverine plastic input. During tidal slack,
when there is no movement in either direction, the concentration
of plastic the highest. The modeled plastic flux for the complete

Mass and # total plastic
T

T T 3
250 —l-Mass [kg] |{2.5
% 200 — -2
£ —
= 2
3 =
o© 150 15 ]
: g
o 100 — -1
50 - -0.5
0 I I
0.5-1.5 1.5-5 5-10 10-50 50-100 >100
Size classes [cm]
B Cc D
200 Mass and # PET > _— Mass and # PS 5 200 Mass and # PO 2
Particles [#] Particles [#] Particles [#]
—l—Mass [kg] —l— Mass [kg] —il—Mass [kg]
150 1.5 150 15
= —
— j=
[ =
3 100 1 100 1 @
g &
S =
50 0.5 50 0.5

0 0
0.5-1.5 1.5-5 5-10 10-50 50-100 >100
Size classes [cm]
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Identification of sampled plastic
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FIGURE 5 | Plastic pieces identification of the 614 analyzed plastic pieces, including plastic composition.
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measurement period matches the timing and direction of the
observed plastic flux, but is generally (Figure 6C) over and
underestimating the peaks. When discharge approaches zero, the
concentration peaks, and changes direction once the water starts
flowing in the other direction. For the days on which the flow
direction of the plastic flux and discharge does not match, the
model performance is poor. However, on most days the direction
and order of magnitude are modeled well. On average, the error
between observed and modeled plastic flux was 58% and is largely
influenced by the days on which flow direction is not modeled
correctly.

Discharge was estimated using a regression-based model
based on astronomical tide and discharge data from 2013. It is
assumed that a similar accuracy (R*> = 0.88) was obtained for
the 2018 discharge estimations. In the Supplementary Figure S6
the results for the discharge estimation for 2018 are discussed.
For this study, only discharge data for 2013 was available.
Longer discharge time series will allow to test the robustness
of the discharge estimations. In the future, two-dimensional
hydrodynamic data or model output will give additional insight
in the transport mechanisms, and spatiotemporal variation of
macroplastics in the Saigon River, which is specifically crucial for
complex tidal systems.

Daily, Monthly and Annual Plastic

Emission

The dynamics of plastic transport are heavily influenced by the
tidal dynamics. During days with high net discharge, plastic
emission can be up to twice as large as during days with lower
net discharge. The average daily emission was estimated to be
0.2-0.3 tons per day, and 5.6-10.3 tons per month in total

for March 2018 (Figure 7). Our March estimates are linearly
scaled using the monthly emission estimates from Lebreton et al.
(2017), to arrive at an estimation for monthly and annual plastic
emission. We estimate the emission from the Saigon River to be
7.5:10°~13.7-10° tons per year, which is 10-20% of the estimated
yearly plastic emission of all Vietnamese rivers together (Lebreton
etal., 2017). Note that the estimations were made using the range
of estimated average mass per plastic pieces (3.2-5.9 g). Around
6 and 20 March the ebb tide plastic flux was significantly lower,
which is related to the tidal influence. The highest ebb tide plastic
flux was measured during a period of neap tide, resulting in
relatively high net discharge. We therefore conclude that in river
systems with low net discharge and high tidal influence, plastic
emission is strongly governed by tidal dynamics.

The estimated plastic emissions from the Saigon River for
March 2018 are up to 4 times higher (2 times when compared to
the lower and upper boundaries) than the estimate by Lebreton
et al. (2017) (Table 1). Annually, our estimates are considerably
higher than both the model study by Lebreton et al. (2017) and
the observations by Lahens et al. (2018). This can be explained
by (1) the longer measurement period of our study and therefore
obtaining more accurate average plastic flux estimates, as well
as (2) a possible underestimation of the global model (Lebreton
et al., 2017) due to inaccurate calibration (at global and local
scale) or missing physical processes. Note that the model by
Lebreton et al. (2017) also includes microplastics, which is not the
case for our estimations and those from Lahens et al. (2018). Also,
no additional discharge of plastic in areas downstream of Saigon
is considered here. This suggests that the total plastic emission
of the Saigon River might be even higher than estimated in this
study.
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TABLE 1 | Comparison of daily, monthly and annual macroplastic emission estimates.

Daily [tons/day] Monthly [tons/month] Annual [kilotons/year]
March Year average March Year average
This study 0.18-0.33 20.5-37.5 5.6-10.3 622-1141 7.5-13.7
Lahens et al., 2018 N/A 0.5-24 N/A 15-725 0.2-8.7
Lebreton et al., 2017 0.08-0.17 8.8-18.7 2.5-5.3 268-562 3.2-6.7

Synthesis

With the proposed new methodology, we present a
comprehensive study of macroplastic emission. However,
we acknowledge the uncertainty induced through limited
available observations. For example, no measurements are
available throughout a complete tidal cycle. For systems
that experience strong tidal influence, accurate net plastic
emission estimates are difficult, emphasizing the importance
of accurate hydrological data, such as flow velocity and river
discharge. In the first application of our proposed methodology
several sources of uncertainty related to specific methods were
identified. Despite its uncertainties, this work does present a
new holistic approach that hopefully encourages others to (1)
start measuring (macro)plastics in other river systems, and
(2) develop new measurement techniques for riverine plastic
sampling.

The visual counting might suffer from an observer bias.
This counting bias is likely to increase during high water
velocities, e.g., increased plastic fluxes. The number of counting
locations depends heavily on local conditions. In the Saigon
River, there is a distinctly higher flux on either side of
the river, and the number of observation points might be
increased. Homogeneously distributed plastic fluxes over the
river width, on the other hand, might require less observation
sites. We also observed strong fluctuations of the plastic flux
profile on an hourly basis. For other locations, we recommend
including measurements with a higher temporal resolution to
optimize the measurement frequency. For locations with lower
plastic transport, the counting routine should also be adjusted
accordingly, e.g., by increasing the counting duration, to obtain
representative data. Automated plastic pieces counting, for
example by using cameras or drones, are likely to decrease the
observation errors. Future developments should also include
the use of citizen science for data collection, and collaborative
acquisition and sharing of data among research institutes, such
as under development in the Riverine and Marine floating
litter Monitoring and Modeling of Environmental Loading
[RIMMEL, (EC JRC, 2016; Gonzéilez-Fernandez and Hanke,
2017)].

The plastic composition obtained from the trawls depends
on the location of deployment. Additional measurements with
multiple, synchronous trawls might give additional insights in
the spatial variation in debris composition and average mass per
plastic piece. The chosen mesh size also influences the capability
to catch plastic pieces of certain sizes. If smaller plastic pieces
are expected, it is recommended to use a net with a smaller
mesh size. Mesh size and exact trawl design depend on debris

size of the target plastic pollution. Since little is known about
the temporal variation in plastic composition, we recommend
including sub-hourly trawling measurements to build plastic
statistics.

Future efforts will benefit from using more detailed
information on the hydrology, especially on the monsoon
season. Riverine plastic emission is highly influenced by tidal
dynamics. The more accurate the understanding and data of
the tidal and discharge dynamics, the better the net transport of
plastic into the ocean can be estimated. Future research should
also focus on comparing plastic fluxes with tidal constituents.
A way forward includes two-dimensional simulations of
river flow patterns, to better understand and simulate the
spatiotemporal variation of plastic flux. Additional hydrological
data would considerably improve the current global and local
plastic emission estimates. Because of the strong tidal influence
and low net discharge, river discharge could be estimated
accurately using astronomical tide predictions. However, for
other river systems this might be different, highlighting the
importance of high-quality hydrological data.

Future measurements should also focus on characterizing
the seasonal variation in macroplastic flux, transport and
composition. The relation between macroplastic fluxes and, for
example, river discharge and rainfall are still unknown. It is
expected that in areas with a strong hydrometeorological division
between dry and wet seasons, rainfall at the start of the wet season
can cause a “first flush” effect. During early rain events, plastics
on land are flushed into the river system, causing a peak load.
This hypothesis is yet to be tested in future research. Also, as
suggested by Gonzdlez Fernandez et al. (2016), the hysteresis
effect (different concentrations for rising and descending phases)
of rivers might influence the plastic concentration in rivers and
should be assess in more detail. Finally, sampling plastic along
the water column will allow a more complete estimation of total
plastic emission.

CONCLUSION

We demonstrate that our step-wise methodology allows for a
robust and adaptable assessment of riverine plastic emission into
the oceans. For each step different alternatives can be chosen,
depending on the research questions and local conditions.

For estuarine rivers, plastic emissions are highly dependent on
tidal dynamics. During ingoing tide, plastic can enter the river
from the sea. Thus, the highest emissions of plastic occur during
periods of high outgoing tide.
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Fluxes of macroplastic are likely highest in the outer curves
of the river, depending on the flow direction. Future work
will shed additional light on the relation between plastic flux
concentration and hydrometeorological variables. Most plastic
pieces were identified as POs (76%) and only very few as
PET (4%). Most of the categorized plastic items are related to
consumables. Additional work should explore relations between
plastic composition, plastic consumption and management, river
discharge and rainfall.

The macroplastic emission from the Saigon River is estimated
to be 5.6 - 10.3 tons for March 2018, or 7.5-10°~13.7-10° tons per
year, which is up to 4 times higher than the most recent estimate.
This illustrates the need for additional observations of plastic flux
in the Saigon River and beyond.

Future work should also include measurements along the
river length and depth. Especially in meandering rivers with
strong tidal influences and frequent shipping activities, not
all plastics might reach the ocean. Quantifying the decay rate
of macroplastic flux through deposition and fragmentation
would therefore significantly improve the global riverine plastic
emission estimates.
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