

[image: image1]
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Riverine systems are directly affected by plastic pollution and function as pathways for plastic transport to the sea. Plastic litter can enter the water by remobilization from the bed or from the riverbank, after which it can be transported with the flow. The process of remobilization is still poorly understood. To get a detailed understanding of the role rivers play in plastic transport and hence develop management measures to prevent or mitigate plastic transport it is vital to get a fundamental understanding of the factors contributing to remobilization of plastic on the riverbank. Therefore, we investigated how the wave action of inland navigation, one of the dominant actors in anthropogenic rivers, affects the remobilization of land-based plastics. Quantification of remobilization was performed along the riverbank of an intensely navigated river in the Netherlands (the river Waal) allowing for a real-world assessment of remobilization. Plastic pieces were placed at standardized distances from the average waterline to determine the plastic remobilization along the riverbank at different locations. Subsequently, wave actions of passing inland navigation was used to assess plastic remobilization. Inland navigation induced wave action was found to significantly cause remobilization of plastics present on the riverbank. The distance of the plastic object to the waterline combined with the wave height, riverbank slope and plastic size significantly affected remobilization probability. Overall, the remobilization effect was strongest on plastics present within ≤ 1.0 m from the waterline. With a wave height ≥ 0.5 m all plastics present up to 3.0 m from the waterline were remobilized and thereby potentially transported downstream through the river.

Keywords: groyne field, shipping, pollution, wave action, meso- and macroplastic


INTRODUCTION

Plastic pollution is an emerging anthropogenic threat to the environment and can potentially also be a hazard to human health (Mato et al., 2001; Teuten et al., 2007, 2009; Lang et al., 2008; Zalasiewicz et al., 2016). Predominantly entering the environment as waste, plastic is very persistent (Cole et al., 2011; Alimi et al., 2018). An estimated 76% of the total global plastic waste accumulated in natural environments or landfills up until 2017; this accounts for nearly 6,840 Mt (Geyer, 2020).

Even though much of the plastic pollution occurs on land, a large amount of plastic ends up in aquatic systems (Jambeck et al., 2015; OSPAR, 2017). The impact of plastics in aquatic systems is increasingly assessed, but the focus has largely been on marine systems (Blettler et al., 2018). However, research on plastic in riverine systems is also important because of direct effects as well as its contribution to the pollution of the oceans, functioning as pathways for land-based plastics (OSPAR, 2017; Schmidt et al., 2017). Yet, detailed knowledge of transport processes of plastics in rivers is limited but see Tramoy et al. (2020) and Newbould et al., 2021.

Plastic in rivers come in a wide variety of forms and can originate from multiple sources. Examples of sources are mismanaged waste, illegal dumping of waste often alongside rivers, generation of microplastic during mechanical recycling, littering, loss of fishing gear, wear and tear of tires, loss of nurdles, fiber release from the washing of synthetic clothing, and plastic from cosmetic products (Cole et al., 2011; GESAMP, 2016; Li et al., 2016; Zalasiewicz et al., 2016; OSPAR, 2017; Bernardini et al., 2020; The Pew Charitable Trusts SYSTEMIQ, 2020). Depending on the density (polymer), size and shape of a plastic item, it can be transported floating or submerged in the water column (GESAMP, 2016; OSPAR, 2017).

Plastic pollution can be harmful to riverine ecosystems and biota in multiple ways. Detrimental effects can occur through ingestion, animal entanglement, and accumulation and leakage of toxic compounds (van Emmerik and Schwarz, 2020). In freshwater systems, there is evidence that plastic is ingested by macroinvertebrates (Hurley et al., 2017; Windsor et al., 2019), fish (Horton et al., 2018; Urbanski et al., 2020), and birds (Holland et al., 2016). Furthermore, a recent study states that plastics are transferred throughout the food web (D'Souza et al., 2020), which could lead to bioaccumulation. Toxicity of plastic occurs through the leaching of additives into the environment or organisms (Oehlmann et al., 2009), or through accumulation and transfer of persistent organic pollutants (POPs) (Teuten et al., 2009).

A macroplastic item begins to be transported with the flow in the river after it is littered in an active river zone, or when stored macroplastics are remobilized (Liro et al., 2020). Remobilization can either occur from the surface of the riverbed or floodplain [e.g., at increasing flow velocities or during flooding of the floodplains Van Emmerik et al., 2022], or from the subsurface (e.g., by bank erosion). Waves generated by inland shipping can lead to remobilization of meso- and macroplastics stored both at the surface and in the subsurface. An item that is transported with the flow becomes stored, after it was deposited at the riverbed, entangled in vegetation, or stranded at the riverbank. The effect of remobilization and deposition of meso- and macroplastics determines the number of items in the water which are potentially transported with the river flow.

Ships navigating the river generate (primary and secondary) waves, return currents and propeller-induced currents. The primary wave can result in a drawdown (Goransson et al., 2014; Gabel et al., 2017; Mao and Chen, 2020). The wave action and ship-generated flow can, for example, lead to a decrease in potential aquatic macrophytes (Thunnissen et al., 2019), increased turbidity, and riverbank erosion (Goransson et al., 2014; Gabel et al., 2017; Mao and Chen, 2020). In groyne fields the effect of passing vessel is that the water level rises when the vessel approaches the groyne field, and a drop in water level when it leaves the groyne field. Moreover, the short waves generated by the vessel result in water level variation in the groyne field. These effects are largest for large ships with a relatively small drought (loaded vessels) that navigate close to the groyne field. Especially at the point where the groyne is connected to the riverbank the wave run-up can be large.

By generating waves and eroding the riverbank, land-based plastics can be mobilized toward the water (Newbould et al., 2021). This would be especially relevant for riverbanks near urbanized and densely populated areas where the amount of (recreational) littering is high (Battulga et al., 2019; Luo et al., 2019; Huang et al., 2020). However, the impact of inland navigation induced wave action on this remobilization, and thereby the potential riverine plastic transport, remains to be investigated. Therefore, this study is the first study that aims to quantitatively asses the contribution of inland navigation induced wave action on the remobilization of land-based plastics into the water, and thereby on plastic transport and fate in riverine systems.

The objective of the present study is to unravel the effect of inland navigation on the process of remobilization of meso- and macroplastics from the riverbank into the river. We hypothesize that inland navigation induced wave action significantly contributes to the remobilization of land-based plastics into the water and that the effect becomes stronger with increased wave intensity. The research was performed at the Waal near Nijmegen (the Netherlands), which is one of the most intensely navigated rivers in Europe (Pauli, 2010; Reeze et al., 2017).

The effect of navigation on plastic mobilization was measured in two distinctly different locations along the river. Since the river Waal has a traditional river training system (i.e., groynes), those two different locations are represented by two different groyne field classes (Sukhodolov et al., 2002). Additionally, we hypothesized that the effect of inland navigation would be different for different locations within the groyne fields. Therefore, all measurements were performed in three locations within the groyne fields (left, middle and right). Furthermore, we hypothesized that the slope of the riverbank, the distance of the plastics to the average waterline, and the plastic size would affect the impact of inland navigation induced wave action. Therefore, those parameters were included in our analysis.



MATERIALS AND METHODS


Experimental Setup
 
Quantification of Plastic Remobilization From Riverbank to Water

The remobilization of plastics from the riverbank in a groyne field to the water was quantified by placing pieces of marked plastic in lines parallel to the waterline at 0.5, 1.0, and 3.0 meter from the waterline (Figure 1). The distance to the waterline was determined compared to the average water level when no inland navigation was passing. At each distance 20 pieces of flat standardized plastic items were placed. Two size classes were included; meso- (>5 mm ∧ <5 cm) and macroplastics (>5 cm) (van Emmerik and Schwarz, 2020), and all plastics used were polypropylene (PP), meaning it were hard, floating plastic pieces. Subsequently, the plastic remobilization from the riverbank into the water was quantified during a 15-min interval. Remobilization for each piece of plastic was categorized into two possible binary outcomes; (1) remobilization, or (2) no remobilization. Plastic that entered the water was immediately recaptured using a handheld net to minimize the introduction of plastic to the river (21 plastic pieces were lost, which accounts for 2.92% of total plastic pieces used). Experiments were conducted on days with little to no wind (bf ≤ 3) to exclude the effect of wind on the remobilization.


[image: Figure 1]
FIGURE 1. Flow chart of the used experimental set-up to assess macro- and mesoplastic remobilization under the influence of inland navigation induced waves and the resulting model on remobilization.


To assess variability in riverbank—water remobilization between different groyne fields the experiment was performed in two groyne field classes present in the river Waal: namely groyne field class three and six. Groyne field class identification was based on morphological patterns according to Sukhodolov et al. (2002) and was determined from areal pictures. Groyne field class three and six correspond with upstream shaped triangular deposition and uniform partial deposition, respectively. Groyne field class six [51.8714975, 5.8190625] was chosen due to the prevalence in the river Waal, thereby being representative for the inland navigation induced effects on plastic remobilization. Groyne field class three [51.8692691, 5.8910346] was included due to a different deposition pattern compared to groyne field class six, potentially impacting plastic remobilization. Within each groyne field the experiment was performed in the right and left corner, and in the middle (Figure 1), resulting in a total of 36 different experimental conditions. At every experimental location the slope of transect was measured using high resolution RTK GPS (PolarisGNSS).

During the 15-min duration of the remobilization experiment continuous pressure measurements were collected (1 Hz: HOBO Onset Water Level Data Logger U20L-04). The logger was attached to a brick to ascertain that it stayed in place despite the wave action of inland navigation. The brick was placed at a water depth of ~0.70 m, directly in front of the plastics (Figure 1). An additional water level logger was used as a barometric control to calculate the water depth of the logger placed in the water.




Data Processing

The raw data from the water level loggers was retrieved after which the water level was determined using HOBOware. The Water depth range was calculated per remobilization experiment of 15 mins as the maximum minus the minimum water level.

Data analysis was performed in R Version 4.0.3 (R Core Team, 2020) and consisted of an analysis of the plastic remobilization in relation to ship passage and several other variables (Table 1). Data distribution was determined with the “fitdistrplus” package (Delignette-Muller and Dutang, 2015). Model performance was assessed using the “MuMIn” (Burnham and Anderson, 2002) and “performance” package (Gelman and Hill, 2007). Data visualization was performed with “ggplot2” (Wickham, 2016) and the “viridis” color scheme was used (Garnier, 2018).


Table 1. Overview of measured variables.
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Analysis of Plastic Remobilization

Prior to modelbuilding variables were tested for collinearity. The correlation of variables was assessed using the “corrplot” package (Taiyun and Simko, 2017). To be able to determine the correlation coefficient, categorical variables were first transformed to numerical values; either ordinal or nominal based on the logic of the variable. Variables with a high correlation coefficient (≥ 0.70) were never included in the model simultaneously (Tabachnick and Fidell, 1996). To determine which of the correlated parameters should be included separate models were built for the correlating variables, and the best performing model was selected based on the Akaike's Information Criterion with a correction for small sample size (AICc).

A binomial generalized linear model (GLM) was used to analyze the impact of the measured variables on the fraction of plastics mobilized to the water. The analysis was performed using the glm function in R (R Core Team, 2020). The GML was built stepwise, and interactions were only included if they significantly improved the model. A Chi-square test was used to analyze the difference in deviance between the models, and the selection for significant model improvement was based hereon. Final model selection was performed by assessing the models based on the AICc and by testing if models were significantly different. During the process of modelbuilding the data for 3.0 meter from the water were dropped as it skewed the model results and strongly lowered the performance of the models. Therefore, all data presented as model output are based upon a model with only 0.5 meter and 1.0 meter as levels for the variable Distance to the water. Data predicted by the GLM were visualized using lines, and the raw data the prediction was based upon were depicted as point data.




RESULTS


Data Exploration

The local water level fluctuation was higher after inland navigation passes than without inland navigation (Figure 2). The maximum Water depth range after ship passage based on the visualized data is 0.6 meter (Figure 2). During the experiments nearly always all plastics at 0.5 and 1.0 meter from the waterline were mobilized toward the water. On the other hand, during most of the experiments the remobilization fraction for plastics at 3.0 meters from the riverbank was zero, indicating no remobilization (Figure 3).


[image: Figure 2]
FIGURE 2. Water depth fluctuation with and without ship passage. These data are continuous measurements of the water depth and are presented as a standardized water depth (i.e., fluctuations around the mean water depth, which was set to zero). Two ship passages are shown (i.e., at ~t = 0 and at t = 900).
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FIGURE 3. Generalized linear model output with the fraction of plastics mobilized from the shore to the water as a function of the water depth (0–1m), different plastic types (microplastic, macroplastic), distances to water (0.5 and 1 meter) and slopes (0.036–0.092). Contours depict the 95% CI.




Generalized Linear Model Results

The best GLM describes the fraction of plastic mobilized from the riverbank to the water with the Water depth range, the Slope, the Distance to the water, the Plastic type, the interaction between the Water depth range and the Plastic type, and the interaction between the Slope and the Distance to the water as explanatory variables. All explanatory variables significantly contributed to the model performance (Table 2). The AICc for this model was 1,024.5 and the Tjur's R2 was 0.872.


Table 2. Generalized linear model output with explanatory variables, degrees of freedom (Df), deviance, residual degrees of freedom (Resid. Df), residual deviance (Resid. Dev), and the p-values based on a Chi squared test[Pr(>Chi)].
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With an increase in Water depth range the fraction of plastics mobilized increases. However, the steepness of the Slope impacts this relationship by reducing the effect of an increase in the Water depth range with an increase in Slope steepness. Additionally, there is a difference in the effect of the Water depth range for Plastic type, with a higher Water depth range required for the remobilization of macroplastics than for mesoplastics. Lastly, Distance to the water also impacts the effects of Water depth range on plastic remobilization. Plastics closer to the water (at 0.5 m) are mobilized at a lower Water depth range than plastics further from the water (1.0 m) (Figure 3).




DISCUSSION

The results from this study clearly show that inland navigation contributes to the remobilization of plastics from riverbank to water in riverine systems, thereby illustrating that shipping affects plastic transport and fate. Specifically, water depth fluctuation caused by the inland navigation, the slope of the riverbank, the plastic size category, and the distance to the average waterline are relevant in explaining the remobilization of plastics. Five main conclusions can be deduced from the GLM predictions. First and foremost, Water depth range fluctuation induced by inland navigation shows a strong positive relation with the fraction of plastics mobilized. Secondly, the Water depth range needs to be larger to have the same amount of remobilization with a steeper slope. However, this pattern is not entirely consistent as the order of the predicted lines does not always correspond to the ordinal steepness of the slopes. Therefore, this pattern should be treated as a general pattern. Thirdly, macroplastics require a larger fluctuation in water depth range to have the same remobilization fraction as mesoplastics. Fourthly, plastics at 0.5 meter from the average water line are mobilized with less fluctuation in the water depth range than plastics at 1.0 meter from the water. Lastly, based on these predictions, independent of plastic type, slope, or distance to the water, all plastic pieces are mobilized to the water with a Water depth range of ≥0.5 meter at 0.5 and 1.0 meter from the waterline. Furthermore, the pattern in water depth fluctuation after ship passage is in accordance with that presented by De Roo et al. (2012) with regards to the primary and secondary wave systems.

Although the GLM model was simple and based on limited field data, the explained variability was high (R2 = 0.87), illustrating that the simplicity is not per se problematic. Even though the results of this study might not be comprehensive—there are undoubtedly more factors that are at play when considering the effect of inland navigation on plastic remobilization—we would like to stress that from the fieldwork we can visually confirm that the waves caused by inland navigation led to the remobilization of plastics. The bigger the waves, the more plastics were picked up. At the rare intervals at which no ships passed virtually no plastic was mobilized (an occasional one or two pieces were mobilized due to variation in wave action without ship passage). However, no studies were found that have quantitively investigated the effect of inland navigation on plastic transport and fate in riverine systems. The only reference to the potential effect of shipping is made by van Emmerik et al. (2020), stating that inland navigation might contribute to plastic transport and accumulation.

Having confirmed that inland navigation affects plastic transport and fate in riverine systems, we would like to mention that the results on plastic remobilization do not solely determine the number of plastics in the water, since some of the items may strand (again) at the riverbank or deposit to the bed. During the collection of field-data the plastics were immediately recaptured using a handheld net if they entered the water. Additionally, plastics that were picked up by waves, but deposited on the riverbank were counted as mobilized. The latter was decided upon with respect to the first point mentioned: in recapturing every piece of plastic that entered the water deposition on the riverbank was prevented, thereby leading to an unreliable amount of plastic deposition on the riverbank. This leads to an overestimation of plastic remobilization to the water, since not all plastics would per se end up in the water which were deposited on the riverbank and maybe some plastics that entered the water would be redeposited onto the riverbank. In future research it would be interesting to study the net effect of remobilization and stranding, by not immediately recapturing plastics that enter the water and by including more possible outcomes in the analysis.

Initially, we also attempted to perform the experiment with soft film plastics (biodegradable binbags). However, the effect of wind on this plastic category was very high, and therefore we excluded that category from the experiments. Based on this aspect we can hypothesize that for this specific plastic category the wind may be relevant in determining transport and fate.

One might argue that extreme events like floods are more influential in plastic remobilization between the riverbank and water than inland-navigation induced waves. However, floods occur a few times per year and even though the effect of a single ship-induced wave is limited, inland navigation induced waves are a near continuous stressor for intensely navigated waterways. To give an indication of the number of ships passing at the river Waal at Nijmegen: in 2015 ~105,000 ships passed (Reeze et al., 2017). Thereby, it is among the most intensely navigated rivers in Europe (Pauli, 2010; Reeze et al., 2017), resulting in virtually no moments without ship passage. Furthermore, extreme flood events predominantly occur in winter when the amount of recreational littering is limited. On the other hand, inland navigation continues all year round, and thereby exerts it pressure during summer also—the time of the year when recreational littering is more prevalent.

These data are relevant for both the scientific community and for policy makers. For the scientific community it is relevant because it aids in fundamentally understanding the drivers for plastic pathways in riverine systems. Thereby, the results might be useful in modeling attempts, which could possibly lead to better understanding the relative importance of the drivers of plastic transport and fate in riverine systems. For policy makers it is relevant because the results are meaningful in mitigating plastic transport and understanding plastic fate in riverine systems. For example, they can decide to implement measures that reduce the effect of the waves of inland navigation like longitudinal training dams (Collas et al., 2018). Furthermore, these results show that especially plastics close to the waterline are mobilized to the water which could help in efficiently focus cleaning efforts. Furthermore, the data are relevant since the intensity of inland navigation is only expected to increase over the coming years (European Commission, 2001; Pauli, 2010; Radmilovic and Vladislav, 2011).

This research contributes to a more holistic overview of plastic transport and fate in riverine systems and to fundamental understanding of the effect of inland navigation on those pathways. A better understanding of the drivers of riverbank to water remobilization is relevant in tackling the plastic pollution problem and implementing evidence-based techniques to reduce the plastic load in rivers.
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