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Rivers transport land-based plastic waste into the ocean. Current efforts to quantify riverine plastic emission come with uncertainty as field observations are scarce. One of the challenging aspects is the lack of consistent measurement methods that allow for comparing rivers over space and time. Recent studies have shown that simple visual observations provide a robust first-order characterization of floating and superficially suspended plastic transport, both in quantity, spatiotemporal distribution and composition. For this study, we applied this method to the river Seine, France, to provide new insights in the spatiotemporal variation in riverine plastic transport. First, we studied the response of plastic flow to increased river discharge by comparing measurements taken during low flow and high flow periods. Second, we investigated the variation of riverine plastic transport over the river length to improve our understanding of the origin and fate of riverine plastics. We demonstrate that during a period with higher river discharge, plastic transport increased up to a factor ten at the observation point closest to the river mouth. This suggests that the plastic emission into the ocean from the Seine may also be considerably higher during increased discharge. Upstream of Paris plastic transport increased only with a factor 1.5, suggesting that most plastics originate from Paris or areas further downstream. With this paper we aim to shed additional light on the seasonal variation in riverine plastic transport and its distribution along the river length, which may benefit future long-term monitoring efforts and plastic pollution mitigation strategies.
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INTRODUCTION

Land-based plastics, mostly conveyed through rivers, are considered one of the main sources of marine plastic pollution (Jambeck et al., 2015; Lebreton et al., 2017). Current model estimations of plastic emission (Lebreton et al., 2017; Schmidt et al., 2017) are highly uncertain, mainly due to a lack of field data. Although it is expected that most riverine plastics are emitted in Southeast Asia (Lebreton et al., 2017; Schmidt et al., 2017), several European rivers, such as the Danube (Lechner et al., 2014), Thames (Morritt et al., 2014), and Rhine (Mani et al., 2015) are also found to contribute significantly to marine plastics pollution. Marine plastic litter has hazardous effects, such as plastic ingestion by marine fauna (Thompson et al., 2004; O Conchubhair et al., 2019), which has recently also been observed in the North and Baltic seas (Rummel et al., 2016). A better understanding of the origin and fate of plastics are necessary to effectively implement prevention and mitigation strategies.

One of the unknowns to date is the spatiotemporal variation of riverine plastic transport. Most studies focused on assessing plastic transport in specific river cross-sections (Crosti et al., 2018; van Emmerik et al., 2018) or the emission from complete river systems (Tramoy et al., 2019). Observations in the Saigon River in Vietnam, for example, demonstrated that riverine plastic transport may exhibit strong variations over the cross-section (van Emmerik et al., 2018). However, the variation of river plastic transport along the river remains unknown. Such data may shed additional light on the sources, sinks and (natural) accumulation zones of river systems. The temporal variation of river plastic transport also remains understudied. Sampling in the Los Angeles rivers suggested that there might be a considerable difference in plastic transport in different times of the year (Moore et al., 2011). Recent work on Asian rivers demonstrated that mean monthly plastic transport can vary up to an order of magnitude (van Emmerik et al., 2019a, b). However, in this specific case plastic transport was mainly related to the presence of organic material (entrapment in water hyacinths) rather than the river’s hydrological regime.

Several efforts have been made to study riverine plastic pollution in the river Seine, France. The Seine runs through the megacity of Paris and is one of the few rivers equipped with debris collection infrastructure, consisting of a network of 26 floating debris collection booms. Gasperi et al. (2014) analyzed data from the collected debris for a first regional assessment of floating debris in a river system. Further work focused on quantifying microplastics in the Seine, showing that microplastics are present in surface waters (Dris et al., 2018). Recently, Tramoy et al. (2019) used data from extracted riverine plastic waste and a conceptual model to estimate the yearly emission from the Seine into the ocean. However, in this approach the seasonal river dynamics were not taken into account. High discharge events are important drivers of material transport from river systems into the oceans. For the Seine, Chen et al. (2014) showed that 20% of the annual material flow (not including plastics) was transported by a single high discharge event. For plastics, the 2015/2016 floods in the United Kingdom were found to transport around 70% of the microplastics stored on the riverbanks (Hurley et al., 2018). In the seine, microplastic concentrations were found to be up to 15 times higher during high flow compared to low flow periods (Treilles et al., 2018). Although macroplastic debris may behave differently than sediment or microplastic transport, annual macroplastic debris transport may also be strongly influenced by high discharge events. We therefore hypothesize that increased river discharge results in increased river plastic transport.

In this paper we present the results from two multi-day field assessments: one during low discharge in September 2018, and one during high discharge in March 2019. During each assessment, the plastic transport and plastic composition were measured at three locations along the Seine. We focus on studying the variation between the measurement locations and between the two measurement periods. In this paper we aim to provide additional insight in (1) plastic transport along a river and (2) the variation in plastic transport in response to increased river discharge. This can be used for both optimizing mitigation strategies and designing long-term monitoring approaches, for the Seine River and beyond.



MATERIALS AND METHODS


Study Site

The river Seine [32,000 km2 catchment area; 350 m/s mean discharge (Gasperi et al., 2014)] is a 777 km long river located in Northern France, that flows into the English Channel at Le Havre. It traverses the megacity of Paris at around 300 km from the river mouth. The basin is under heavy anthropogenic influence and has around 16.7 million inhabitants, of which 12.5 million live in Paris alone (Tramoy et al., 2019). Four measurements locations were selected for the plastic transport measurements (see Table 1 and Figure 1): Rouen (113 km upstream), Meulan-en-Yvelines (260 km upstream; only for during low discharge conditions), Triel-sur-Seine (268 km upstream; only during high discharge conditions), and Villeneuve-le-Roi (367 km upstream). The locations were selected to cover (1) a location upstream and a location downstream of Paris and (2) the location closest to the river mouth, which includes tidal influence on plastic transport. As the used methods depend on accessible bridges, Rouen was the most downstream location during this campaign. We will refer to Villeneuve-le-Roi as upstream, Meulan-en-Yvelines, and Triel-sur-Seine as middle and Rouen as downstream. Discharge was measured at Vernon (203 km upstream from river mouth) and Austerlitz (382 km upstream from river mouth), and was obtained from the French Ministry of Ecology, Sustainable Development and Energy1. Precipitation at Paris-Montsouris and Rouen-Boos was obtained from Infoclimat2.


TABLE 1. Details of measurement locations along the Seine.
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FIGURE 1. Overviewof measurement locations, and locations with additional precipitation and discharge data along the Seine. Numbers 1–7 indicate the locations were data was collected for this study. Note that 4a and 4b are very close to each other (8 km) and are later both considered as the location downstream of Paris.




Plastic Transport Measurements

This study focuses on floating macroplastic debris transport. To determine the plastic transport, visual counting of plastic debris (based on the approach presented by González-Fernández and Hanke (2017) was done from 17th to 21st September 2018 (low discharge and low tidal coefficients in Rouen) and 21st to 23rd March 2019 (high discharge and high tidal coefficients in Rouen). During each sampling day, hourly profiles were made between 09:00 and 17:00. Each bridge was divided into three sections with equal width. During each measurement, one observer counted all plastic items passing through the respective sections for a period between 15 and 20 min. Counting was done facing downstream, as we could identify plastic pieces more accurately. The vertical 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 20 cm of the water column was visible. The minimum observed 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 debris counts were normalized over time and distance and expressed in total number of plastic items per hour, either per section or summed to total plastic items per hour for the whole cross-section.



Estimating Net Plastic Transport

The upstream and middle locations are outside the tidal influence. For these locations, the average transport in items per hour was used to estimate the hourly transport. For Rouen, the tidal influence was taken into account through assessing the flow direction. Flow direction was derived from flow velocity, determined using water level data3 at Petit-Couronne (10 km downstream of Rouen) and Oissel (14 km upstream of Rouen):
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With flow velocity v (m/s), Chezy coefficient C (m1/2/s), hydraulic radius R (m), and hydraulic gradient i (m/m). In this case we assume that the hydraulic gradient is equal to the difference in water level divided by the distance between Petit-Couronne and Oissel (24 km). As we are only interested in the direction of the flow, we do not consider the Chezy coefficient. From the flow direction, we determine the mean relative duration of each direction for both the high and low discharge measurement periods. During the low flow period, the flow was directed toward the ocean 72% of the time. During the high flow period this was 86%. This ratio was multiplied with the average hourly plastic transport rate (items/hour) to estimate the total net transport at Rouen. To assess the net transport, the hypothesis was tested that the mean of the absolute transport is equal in both directions. A two-paired t-test was used to test the null hypothesis for the population of transport measurements (items/hour) in each direction. There is no significant difference in the mean of the transport at Rouen for the different flow directions (95% confidence level, p = 0.88).

At Meulan-en-Yvelines, only 60% of the river width was monitored. For that reason, the measurement location was relocated 8 km upstream to Triel-sur-Seine during the high discharge measurements. The measurements taken at Meulan-en-Yvelines during the low flow period was scaled based on river width, to correct for the unobserved section.



RESULTS AND DISCUSSION


Plastic Transport

Discharge of the Seine was two to three times higher at Vernon and Paris, respectively, in March 2019 compared to September 2018 (Figure 2A). Precipitation increased after September 2018 both at Paris and Rouen, though the large peak in December was only measured at Rouen (Figure 2B). A considerably higher plastic transport was measured during the high flow sampling period (Figure 3). Upstream of Paris at Villeneuve-le-Roi, the average plastic transport was 1.5 times larger in March 2019 (165 items/hour) than in September 2018 (111 items/hour). Directly downstream of Paris at Meulan-en-Yvelines/Triel-sur-Seine, the plastic transport was almost four times larger during higher flow (160 items/hour in September, 2018, 602 items/hour in March, 2019). At Rouen, the location closest to the river mouth, the average net plastic transport was measured to be ten times higher in March 2019 (1056 items/hour) than in September 2018 (106 items/hour). The additional plastic transport can be caused by several factors. First, increased rainfall rates after September 2018 may have mobilized more land-based plastics that can reach the water system. Second, (temporarily) accumulated plastics on (urban) riverbanks and on the riverbed can be remobilized through the increased flow velocity and water level. In several river systems plastics were found to be abundant on riverbanks (e.g., Rech et al., 2015; Kiessling et al., 2019), and the Seine is no exception (Tramoy et al., 2019).
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FIGURE 2. (A) Mean monthly discharge of the Seine measured at Paris and Vernon and (B) total monthly precipitation at Paris and Rouen.
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FIGURE 3. Mean plastic flow during (A) low discharge (September 2018) and (B) high discharge (March 2019), including standard deviation and minimum and maximum value per measurement location.


Figure 3 also clearly demonstrates the spatial variation in plastic transport. At the upstream measurement location, the plastic transport is around ten times lower than at the downstream location during high discharge. The expected main source of plastic pollution, the city of Paris, is located around 300 km from the river mouth, and therefore does not contribute to the upstream plastic transport, such as measured at Villeneuve-le-Roi. However, during high flow more plastic may be introduced from Paris, explaining the increase in plastic flux at the middle measurement location. Note that extensive floating debris collection infrastructure (Gasperi et al., 2014) is located between the upstream (Villeneuve-le-Roi) and middle (Meulan-en-Yvelines/Triel-sur-Seine) measurement locations. Also, the riverbank geometry and material may influence the introduction, transport and accumulation of plastic debris. In urban areas such as Paris and Rouen, the riverbanks are smooth and canalized, whereas in less densely populated areas the riverbanks mainly consist of vegetated surfaces. Such areas may act as temporary sinks of plastic debris during low flow, before remobilization during high flow.

The response to high flow is the clearest at Rouen, where the plastic transport was measured to be highest. Increased discharge and flow velocity can flush the system, and plastic accumulated throughout the year may be mobilized again during this period. The variation in time at Rouen during the high flow period was higher than at the other locations, which might have two explanations. First, the discharge and flow velocity may have varied. Second, as the highest plastic transport was measured on 21st March, most of the mobilized plastics was flushed out of the system into the ocean, and no new plastics were introduced or remobilized from 22nd to 23rd March. Also recall from Figure 2B that the precipitation between September 2018 and March 2019 was higher (especially in December 2018) than in Paris, which may have resulted in more localized introduction of new plastic debris or remobilization of accumulated plastics closer to Rouen. Finally, Rouen is located in the Seine estuary, meaning that there is bidirectional flow. This may result in additional accumulation in this section of the river.

The variation of plastic transport over the cross-section may give important insights for potential prevention and mitigation strategies. Figure 4 illustrates the variation in plastic transport along the river width. The cross-sectional variation in river transport is mainly influenced by the flow velocity profile and navigation activities. The upstream location is less intensively used than the other locations. The upstream measurement site was located in a river bend, with higher flow velocities at the right side, which may explain the similar profile in plastic flux. At the middle location less plastics were observed on the left side, which may also have been caused by the river geometry. At Rouen most plastics were observed at the left side. This is surprising as the measurement location was located on a straight, canalized stretch of the river. However, this part of the river is more heavily navigated and experiences strong tidal influence. Also, wind speed and direction may influence the spatial distribution of plastic. These factors may explain the observed variation plastic transport.
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FIGURE 4. Distribution of plastic transport over the river cross section at (A) the upstream location Villeneuve-le-Roi, (B) the middle location Meulen-en-Yvelines/Triel-sur-Seine and (C) the downstream location Rouen. Note that for the Middle location, low flow measurements were taken at Meulan-en-Yvelines and the high flow measurements were taken at Triel-sur-Seine. Left, middle, and right are used in downstream facing direction.




Outlook

This study provides new observational evidence that plastic debris transport may depend strongly on the hydrological flow regime, which is in line with previous work on the Los Angeles rivers (Moore et al., 2011). We also found that the daily variation in transport closest to the river mouth was the highest of all observation points, highlighting the importance of consistent long-term plastic monitoring. Continuous monitoring would allow to better quantify the evolution of plastic transport over time, which would increase the general understanding of how much plastic is transported in how much time. Monitoring efforts may also be expanded with riverbank plastic monitoring, which can be used to better attribute the increase of plastic transport to either increased introduction of new plastics or the remobilization of accumulated plastics. Work on Chilean (Rech et al., 2015) and German rivers (Kiessling et al., 2019) showed that this can be facilitated through citizen science campaigns, which may be facilitated through implementation of river plastic measurement modules in citizen science apps such as CrowdWater (Seibert et al., 2019). Other ways forward include using unmanned aerial vehicles (UAV) for monitoring floating plastics or plastics on riverbanks (e.g., Geraeds et al., 2019).

To date, most assessments of the Seine (Gasperi et al., 2014; Tramoy et al., 2019) focused on floating macroplastic debris. Since most plastic studies in aquatic environments are biased toward microplastics and marine plastic pollution (Blettler et al., 2018), such studies are much needed to improve our understanding of riverine plastic transport. We encourage, however, to also include plastics that are suspended in the water column or are transported over the riverbed in future assessments. Measuring plastics at deeper layers is challenging, but observations suggest that they can account for a considerable portion of total plastic debris transport in rivers (Morritt et al., 2014; Hohenblum et al., 2015).

For the considered period from September 2018 to March 2019, neither the maximum monthly mean discharge nor the maximum total mean precipitation occurred in March 2019. Therefore, the annual maximum plastic transport is likely to have occurred in a different month as well. It is yet unclear whether maximum riverine plastic debris occurs at the peak discharge, or during the “first flush” of a river system. Furthermore, the role of river geometry needs to be explored further. This emphasizes the urgent need for longer-term monitoring efforts to quantify the seasonal variation of plastic debris flow and understand its driving mechanisms. Not only for the Seine, but for rivers across the world.

The observations presented in this study suggest that river discharge conditions may be a governing factor driving the temporal distribution of plastic transport. Future work on the effect of extreme events, such as floods, may shed additional light on the relation between river discharge and plastic transport. For the Nakdong River, it was estimated that 5% of the total yearly plastic transport occurred during floods (Jang et al., 2014). A study on lakes in the Bistrita river catchment in Romania demonstrated that plastic transport from rural areas into rivers and lakes was also mainly driven by floods (Mihai, 2018). With the available global flood risk models (e.g., Ward et al., 2015), future work should focus on global assessments of plastic transport as a result of flood events.



CONCLUSION

Plastic transport at the most downstream location was on average ten times higher during high flow period than during low flow, suggesting that transport is strongly related to river discharge and flow velocity. These results also highlight that a large amount of annual plastic debris may be transported during a very limited timeframe, similar to transport of other materials, such as sediment.

Plastic transport increased considerably over the river length and may be linked to population density, behavior, riverbank design, and industrial areas along the river. At Rouen, the measurement location closest to the river mouth, the plastic transport was ten times higher than upstream of Paris during the high flow period. However, during low flow conditions the plastic transport was relatively similar along the river.

Variation of the plastic flux over the cross-section is influenced by both natural factors (such as river geometry, flow velocity profile, and wind) and anthropogenic factors (such as infrastructure, behavior and navigation). Variation along the river width was observed, but especially due to anthropogenic factors this remains difficult to predict.

With this paper, we demonstrate that plastic transport varies considerably during low and high flow conditions. The 10-folded amount of plastic transport at the most downstream location suggests a similar ratio might apply to plastic emission from the Seine, and other rivers around the world, into the ocean.
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Location Bridge Precipitation = Discharge Plastic Distance from Bridge width Tidal influence (Y/N)
river mouth (km) (m)

(1) Villeneuve-le-Roi Pont de Villeneuve-le-Roi X 367 118 N

(2) Paris-Montsouris - X 353

(3) Austerlitz = X 352 - N

(4a) Triel-sur-Seine Pont Rue Eugéne Senet X 268 148 N

(4b) Meulan-en-Yvelines*  Pont Rhin et Danube X 260 135 N

(5) Vernon = X 203 - N

(6) Rouen-Boos - X 119

(7) Rouen Guillaume Le Conquérant X 113 134 ¥

Note that plastic was measured at locations 1, 4a, 4b, and 5 and discharge at 3 and 5. An “X” indicates the data collected at each location. *At Meulan-en-Yvelines only

one of the bridges was measured.
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