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Plastic pollution in rivers threatens ecosystems, increases flood risk due to its accumulations at hydraulic structures and its final emissions into the ocean threaten aquatic life, especially and probably most in coastal urbanized areas. Previous work suggests that plastic pollution in these urban rivers is influenced by hydrometeorological and anthropogenic factors. However, the transport dynamics of the plastics in such rivers are non-linear and complex and remain largely unresolved. Here, we show that tidal dynamics can be the main driver of plastic transport closest to the river mouth. Outside the tidal zone, rainfall and river discharge were identified to be more important drivers. We monitored plastic transport in the Odaw river, Ghana during the dry season. The Odaw drains the densely populated city of Accra and discharges into the Gulf of Guinea. Data were collected between March and May 2021 (dry season), using visual counting at four bridges along the river, of which two were located within the tidal zone. We explored the correlations between river plastic transport, and rainfall, tidal dynamics, and river discharge. Finally, we estimated the total plastic mass transport by using item-to-mass conversion data from previously published literature. We observed a peak in plastic transport at the upstream bridge within the tidal zone after an increase in rainfall (7.3 times larger). We found a gradient of the hydrometeorological factors driving plastic transport. Closer to the river mouth, tidal dynamics were more strongly correlated with plastic transport than upstream. The daily mass transport was estimated to be between 1.4–3.8 × 102 kg/d, which is lower than previous model estimates. These results add to the evidence of inconsistent correlations between plastic transport and hydrometeorological variables. Long-term monitoring data is required to further investigate this. The results also support the hypothesis that tidal dynamics are a crucial factor in controlling the emissions of plastics from rivers into the ocean. The findings provide a baseline for the Odaw river during the dry season and allow for comparison with the wet season. The approach adopted here also serves as a blueprint for similar urban river systems, regionally and globally.
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1 INTRODUCTION
Plastic debris has become a major challenge in our natural environment invading all ecosystems on earth. It has been detected in terrestrial, fluvial, and coastal environments (Borelle et al., 2020). Recent global estimates indicate that between 0.8 and 2.7 million metric tons of riverine plastics are emitted into the oceans yearly with small urban rivers polluting the most (Meijer et al., 2021). Plastic transport in the riverine environment is an important process to understand since it connects most of the land-based sources of plastics to the marine environment (van Emmerik and Schwarz, 2020). The source of these plastics in rivers is mainly impacted by anthropogenic activities (Lebreton et al., 2017; Schmidt et al., 2017). However, the amount of such plastic transport in rivers depends on the interaction of multiple drivers, acting on different spatial and temporal scales (Haberstroh et al., 2021a; Haberstroh et al., 2021b; van Emmerik et al., 2022).
Mobilization of macroplastics in the riverine environments is mainly influenced by natural processes connected to meteorological conditions (strong winds, rain, floods) and anthropogenic processes (population density and urbanization) which are known to drive temporal and spatial variations of plastic transport in a river system (Haberstroh et al., 2021a). Some recent observational studies have demonstrated the relative importance of these factors (storms, heavy rainfall events) (Duncan et al., 2020; Schirinzi et al., 2020; Roebroek et al., 2021) on the transport patterns of plastics in urban water systems. An example is the study by Castro-Jiménez et al. (2019) which demonstrated that increased quantities of plastic load were associated with a heavy rainfall event, since the accumulated litter in the water system was flushed by that event within a very short time-period. This showed that high discharges preceded by heavy precipitation events have a stronger influence on the transport of plastics than low base flows. Although recent evidence suggests that the variation in plastic transport is controlled by these drivers, the relationship between such variables and plastic transport has been found to be inconsistent within, and among, river systems. Several studies observed a positive trend when correlating discharge to plastic transport (Castro-Jiménez et al., 2019; Wagner et al., 2019), although others have reported an inconsistent relationship between discharge and plastic transport within rivers (Constant et al., 2020; Stanton et al., 2020; Roebroek et al., 2022; van Emmerik et al., 2022). Consequently, the relationships between potential drivers and plastic transport rates are not yet fully understood, so further field monitoring is required to understand these dynamics.
In recent years, the number of field studies focusing on the monitoring of macroplastic transport in river networks has increased (Geraeds et al., 2019; Haberstroh et al., 2021a; Haberstroh et al., 2021b). However, Meijer et al. (2021) show that the most polluting small rivers located in Southeast Asia and West Africa have limited field-based plastic research. Due to the limited number of observational studies in these regions, not much is known yet on the temporal dynamics of plastic transport in these rivers, making global model estimates (Lebreton et al., 2017; Meijer et al., 2021) of their emission into the ocean highly uncertain. This study then focuses on the Odaw river, one of the most polluted coastal urban rivers in Accra, Ghana (Adank et al., 2011). This river is subject to intense environmental pollution due to it being located within a densely populated area characterized by the presence of commercial (trading) and industrial (such as plastic packaging and auto mechanics) activities. Due to the inadequate waste management structure along this river, most sections of the river are used as a garbage dumping receptacle (Larmie, 2019). Most of this litter comprises plastics driven by the rapid growth in single-use plastic consumption (Lau et al., 2020; Dasgupta et al., 2022). Previous model estimates indicate that, annually, 1.3 × 106 kg of macroplastics are exported into the ocean through this river. With no field studies done for this river, not much is known yet on the spatial and temporal dynamics of plastic transport in the river.
This study therefore aims to provide a first quantitative assessment of riverine macroplastic transport as well as exploring the role of meteorological (rainfall) and hydrological (discharge and tides) drivers on plastic transport dynamics in the Odaw river. Focusing monitoring efforts on quantifying the riverine macroplastics in the Odaw and exploring the role of these drivers on plastic transport will provide insights into the factors that influence the spatial and temporal variability of plastic transport in the system, further assisting the modeling of plastic transport for this river. We expect this will assist policymakers in developing sustainable solutions to managing the plastic pollution issue in this river system. Also, since this is the first riverine macroplastic fieldwork carried out in Ghana, the method presented can be used by other researchers and citizen science-led projects in Ghana to monitor floating riverine macroplastics. The research was carried out at four bridge locations located downstream in the Odaw river on eight different days during the dry season (March to May 2021). Plastic litter was monitored using visual observation at these bridges. Rainfall, tide, and discharge were the driving indicators which were explored in relation to plastic transport dynamics in this system. Daily rainfall data obtained from the Trans-African Hydro-Meteorological Observatory (TAHMO), and tidal data obtained online (https://tides4fishing.com/gh/ghana/accra) were used to simulate discharges using a hydrodynamic model. Discharge was simulated since there were no measured data for the Odaw river. Statistical correlation tests were performed to understand the link between these drivers and the plastic transport in the river over the sampling period. With the results presented for this study, we emphasize the need for additional research over an extended temporal and spatial scale to better understand the response of plastic transport to the seasonal wet and dry cycle and the dynamic anthropogenic processes across the river catchment.
2 METHODS
To explore the role of hydrometeorological factors in influencing the dynamics of plastic transport in the Odaw river, field monitoring of plastics using visual observation at four bridges along the river was first conducted to show the spatial distribution. To understand the relationship between the transport rate and the corresponding transport factors, rainfall data obtained from TAHMO, tidal data obtained online, and simulated discharges were statistically correlated with plastic transport using Pearson and Spearman rank correlation statistical techniques (Figure 1).
[image: Figure 1]FIGURE 1 | Methodological overview of the macroplastic transport dynamics in the Odaw river based on the three transport variables for the study. The data collection mode for each transport variable is shown in the first row. The black dashed box in the first row indicates the model used to simulate the discharges with the daily rainfall and tide as inputs. The arrow from each transport variable indicates the possible role of each transport variable in driving the dynamics of plastic concentration monitored for the Odaw river over the sampling period.
2.1 Study site
The Odaw river has a drainage basin of 270 km2 located in Accra, the coastal capital city of Ghana (Larmie, 2019). The river is approximately 30 km long and runs through the Accra metropolis with an interception weir located 1.32 km away from the river mouth (Resource Centre Network Ghana, 2021). The course of the river is natural but is channelised through some sections of the city to mitigate perennial flooding. The main tributaries of the Odaw are the Nima, Agbobgloshie, and South Kaneshie streams (Larmie, 2019). Hydrological data on discharges of the river are unavailable since the river is not gauged, however, modeled discharges showed a mean discharge of about 60 m3 s-1 (Zsoter et al., 2021). Along some sections of this river, there are slum settlements and commercial centers with a dense population located only a few meters away from the banks where waste is regularly dumped either on the riverbank or into the river itself. Some sections of the river are also badly choked with weeds and eroded sediments from land (Larmie, 2019). For this study, four bridge locations were selected (Figure 2). These locations were chosen because of their proximity to an urban area with a high population density which was assumed to contribute a high load of plastic litter into the river system. The bridge locations, their distance to the river mouth, and the width of each bridge across the river are given in Table 1.
[image: Figure 2]FIGURE 2 | Overview of the study area of the Odaw river, the monitored bridges (A–D) used as measurement locations, and the TAHMO rain gauge stations found around the study area. Map source: OpenStreetMap Standard.
TABLE 1 | Details of bridge measurement locations at which visual counting of plastics was performed.
[image: Table 1]2.2 Floating macroplastics observations
To quantify the floating macroplastic distribution along the Odaw river, visual counting from bridges was conducted. This method, described by González-Fernández and Hanke (2017) and van Emmerik et al. (2018), involved viewing the selected river from bridges. Each bridge was divided into two to three sections (16.5–22.7 m wide) based on the length of the bridge across the river. Floating macroplastics per section on the bridge were visually counted for 2 min. This exact observation was repeated for the remaining sections across the bridge until the complete river width was covered (indicated as a “sweep”). Four sweeps were done at each bridge on each sampling day. This provided a more representative dataset as plastic amounts vary throughout the day. On average, the plastic observations for each bridge with two observers lasted 30 min. To have an unobstructed view of the water surface, visual counting of the plastics was done facing the river upstream. Sampling was done in the dry season over 3 months (March-May) on eight different days between 20 March and 18 May 2021 (i.e., 20 March, 7, 12, 14 April, 13, 14, 17, and 18 May) to provide insight into the temporal variability of macroplastics in the river. To maximise observations within the limited time frame for this study, the selected days were chosen based on the availability of the field workers. The total observations during this study was 312. This ranged between 60 and 90 at each bridge depending on the bridge sections. During the sampling, the direction of the plastic transport was noted. Plastic transport in the downstream direction (ebb tide) was indicated as positive and upstream plastic transport (flood tide) was noted as negative. The total plastic transport, [image: image] (items/h) over the entire river width at each bridge location, j was calculated by summing the average plastic transport, [image: image] (items/2 min) for each section, i of a bridge and multiplying it by a scaling time factor of 30 to express it as items per hour.
[image: image]
An error and uncertainty analysis was performed for all observations carried out at each bridge during the sampling period. This was done by calculating the Standard Error (SE) and the Relative Standard Error (RSE) of the floating items per 2 min data collected. The analysis was carried out to show the reliability of the results estimated from the field data collected for this study.
2.3 Daily floating plastic mass estimation
The daily floating plastic mass transport, [image: image] (kg/d) at each of the monitored bridges (j) in the Odaw river was calculated by first averaging the mean daily plastic transport (items/h) at each of the monitored bridges over the sampling days (n = 8). This average plastic transport was then multiplied by a range value of average mass per plastic item, [image: image] between 5.4 and 10.0 g based upon the literature of Vriend et al. (2020) and van Emmerik et al. (2019b) and a scaling factor of 24 to express it in the form of kg/d.
[image: image]
2.4 Rainfall and tidal data
For this study, three factors driving the spatial and temporal variability in macroplastic transport within the river were considered: namely rainfall, tide, and discharge. Four TAHMO (van de Giesen et al., 2014) rain gauge stations (Accra Academy, Accra Girls, Alogboshie, and Odawna) were located within the study area. Rainfall data from these stations were accessible through the TAHMO website upon log in (see Supplementary Material for details). Daily rainfall data obtained from 20 March 2021 to 31 May 2021 were obtained from all the TAHMO rain gauges found within the study area. Tide data in height above mean sea level (m) was retrieved for the study area from the tides chart for Accra, Ghana online (Tide times and charts for Accra, 2021) (https://tides4fishing.com/gh/ghana/accra) (see Supplementary Material for the details). A time series of the tides during the sampling period was obtained by interpolating micro-tides of an hourly timestep within the macro-tides data downloaded online.
2.4.1 Hydrodynamic modeling of discharges
Since there was no field discharge data for the river, rainfall and tidal data obtained during the study were used to model discharges using SOBEK (Deltares, 2013). We used hydrodynamic modeling to compute the discharges throughout the river channel related to meteorological information and the watershed parameters. A 1D model of the Odaw river with a 2D grid in SOBEK was supplied by HKV (World Bank, 2017). This modeling software [SOBEK, (Deltares, 2013)] allows the simulation of rainfall-runoff processes for various rainfall events. To be able to simulate discharges in the river for an entire year, the original HKV model had to be adapted by removing the 2D grid to reduce the calculation time. Since the model from HKV was already calibrated, the input parameters for the adapted model were the initial values for discharges (m3/s) at the boundary and cross-section nodes and meteorological input data such as daily rainfall. To determine input discharges for the adapted model (without the 2D grid), the original model with the 2D grid was run eight different times for daily rainfall events that had return periods between 0.5 and 10 years. These were rainfall events between 2016 and 2020. The multiple runs were done to confirm the original model results to be used as input discharges in the adapted model. The adapted 1D model was then run using 2021 rainfall data from all four rainfall stations by averaging the daily rainfall data. Discharges were simulated with a 10-min calculation time step and an hourly output timestep for each rainfall event. To include the role of tides in the model, discharges were simulated using a 6-h time series of fluctuating tides and water levels as input for the downstream input node.
2.4.2 Statistical analysis
To explore the correlation between each transport variable (rainfall, tide, and discharge) and plastic transport, Pearson and Spearman correlations were calculated for each monitoring location. Both correlation tests were calculated to investigate whether the correlation is just linear (Pearson) or monotonic (Spearman). The p-values for each correlation were also computed to test if the correlation coefficients between each of the transport variables and the plastic transport were statistically significant or not. For this study, a p-value less than 0.05 (typically ≤ 0.05) was considered statistically significant (Wasserstein et al., 2019). The median plastic transport at each section of each bridge expressed as items/h was used for this correlation test. The median was selected for this correlation test to minimize the influence of outliers. The Pearson and Spearman rank coefficients are presented as ρp and ρs respectively in the results.
3 RESULTS AND DISCUSSION
3.1 Plastic transport variation in the Odaw river
Over the sampling period, average plastic transport was highest at bridge B (1041 items/h) (Figure 3). The lowest plastic transport on the other hand was observed at bridge A (402 items/h). Other than the peak transport observed at bridge C (9810 items/h) and D (2670 items/h) after a rainfall event, the average plastic transport observed at these bridges was low during the sampling period (C: 785 items/h; D: 322 items/h). Negative plastic transport was also measured on some sampling days at these bridges (C and D) due to the influence of the tides. Though the monitored locations along the river are within an urban area with similar inadequate waste disposal systems and anthropogenic influences (commercial activities), the high plastic transport at bridge B is due to the presence of the dense slum settlements located less than 2 m away from the river. Since this settlement is unauthorized, most generated waste is dumped directly into the river channel (Ernest et al., 2015) causing the peak in plastic abundance at bridge B.
[image: Figure 3]FIGURE 3 | Observed floating macroplastics at each bridge (A–D) on the Odaw river for the different sampling days. On 20 March 2021, monitoring was done only upstream at bridges A and B. For clarity on the distribution of plastic transport at each of the bridges, the outliers above 3000 items/h were ignored in the plot.
The SE and RSE for observations at each bridge during the sampling period ranged between 1.1 and 8.2 items/2 min and between 8.1% and 25.0%, respectively. The RSE estimates for the data collected were all less than 30%. This estimate range according to Kendall (1946) meets the standard of data reliability. We conclude that the data presented in this study are subject to a limited sampling error and thus we can expect to obtain reliable results from the subsequent analyses.
3.2 Peak plastic transport varies along the river
At bridge A, peak mean plastic transport (1253 items/h) was observed on 7 April 2021 which was the same day peak transport was observed at bridge B (5520 items/h) (Figure 4). The peak observed at bridges A and B increased by a factor of 1.7 and 2.9 respectively compared to the average of the plastic transport estimated for the other sampling days at these two bridges. The peak plastic transport at these two bridges does not correspond to any hydrometeorological conditions as the measurement was done on a non-rainy day with low freshwater discharge. However, it is important to note that bridges A and B are located within the city centre which has high commercial activities (markets, bus stations, recreational centers). For bridges C and D, plastic transport across the different sampling days showed a similar trend over time with a sharp increase in transport on 12 April 2021. Plastic transport increased by a factor of 7.3 at bridge C and by a factor of 2.5 at bridge D compared to their respective averages. This increased transport could be connected to hydrometeorological conditions, as the increase was observed after a 5.3 mm/d rainfall event. This rainfall event could have facilitated new litter inputs into the river and remobilized some of the litter items deposited on the riverbanks to be transported to these sections of the river. This observation on 12 April 2021, also suggests that rainfall followed by increased discharge is an important driver for the mobilization of plastics and as such meteorological conditions play an important role in the transport of plastics (Schirinzi et al., 2020).
[image: Figure 4]FIGURE 4 | (A) Average daily rainfall data over the sampling period and (B) Floating plastic transport at each of the bridges for each sampling day.
3.3 Ebb and flood tide plastic transport
During the sampling period, the average plastic transport during ebb tide (1571 items/h) was higher than during flood tide (470 items/h) at all the bridges (Figure 5). Flood tide plastic transport was only observed at bridges C and D. At these two bridges, the difference in absolute plastic transport for both ebb and flood tide are between 272 and 1892 items/h. The lower difference between the two directional plastic transport was experienced at bridge D (272 items/h). The interactions between the tides and the river flow at this section influence the bidirectional flow of the plastics causing the accumulation of the plastics at this section of the river. These results, therefore, suggest that there is a retention of plastics at the river mouth and supports the assumptions that locations close to the ocean (tidal zones) are temporary sinks for plastics. This therefore has a major influence on the net export of plastics from the river into the ocean (Ivar do Sul et al., 2014; van Emmerik and Schwarz., 2020).
[image: Figure 5]FIGURE 5 | Mean plastic transport (items/h) for ebb and flood tide at each of the bridge locations (A–D) across the different sampling days.
3.4 Daily plastic mass transport in the Odaw river
The range of the plastic mass transport in the Odaw was highest at bridge B (3.1 × 102–5.7 × 102 kg/d) (Table 2). On the other hand, the lowest range of plastic mass transport in the Odaw was found at bridge D (3.5 × 101–6.5 × 101 kg/d). This is the bridge within the tidal zone of the river and the closest to the river mouth. The magnitude of mass transport at bridge D was one order of magnitude lower than that at bridge B. Though bridge C is also within the tidal zone, its magnitude of mass transport was the same as that at bridge B. However, the mass transport at bridge B was 1.3 times higher than that at bridge C. Comparing our estimated range of values to the mass transport estimates of Vriend et al. (2020) for the Rhine river (1.3–9.7 kg/d), the magnitude of mass transport in the Odaw river was found to be higher. Though the sampling periods for plastic transport observations in both rivers were during low discharges, the differences in values could be explained by the difference in their catchment area, land use around the river, the topography and geometry of the river, population density, the waste management infrastructure, and the waste generation point away from the river (Lebreton et al., 2017; Meijer et al., 2021).
TABLE 2 | Estimated daily plastic mass transport at each of the monitored bridges along the Odaw river. The table shows the upper and lower estimates of the daily plastic mass transport due to the range of average mass per plastic item (5.4–10.0g) used for the estimation.
[image: Table 2]However, comparing the range of daily plastic mass transport in the Odaw river to that of the Danube (4.2 × 103 kg/d) (Lechner et al., 2014) and Ciliwung rivers (3.2 × 103 kg/d) (van Emmerik et al., 2019a), our estimates were lower. A reason to account for this could be the fact that our field data did not have any mass statistics for the observed plastic items. Another reason could be that seasonality was not factored in the estimation of the daily plastic mass transport since the data collection was done only within the dry season. For the Danube river, the estimation of the mass transport accounted for seasonality with a daily sampling of micro and macroplastics on the water surface and within the water column over 2 years. Although the mass transport for the Ciliwung river was also performed on a shorter timescale as compared to the sampling days for this study, the entire water column was accounted for in the estimation of the daily plastic mass transport in that study and was not considered for the Odaw. Due to the limitations in our method as compared to these rivers, our estimate of the daily macroplastic transport in the Odaw river may therefore be an underestimation. However, understanding and comparing the magnitude of riverine transport of plastic debris in the Odaw river to other studied rivers is important to assess the severity of macroplastic pollution in the river as well as to provide some validation for global models.
The estimated average mass transport range at the downstream bridges (1.4 × 102–2.6 × 102 kg/d) in the Odaw was lower as compared to the upstream bridges (2.1 × 102–3.8 × 102 kg/d). The possible lower abundance of plastics downstream compared to upstream could be due to the deposition of plastics along its course downstream. Since the flow is low, there is a high probability of trapping due to the geometry of the river and the presence of retention mechanisms (hydraulic structures, vegetation, sediments). Due to the trapping of some plastics upstream, the number of plastics flowing downstream reduces. The results, therefore, indicate that more deposition of plastics is experienced upstream in the Odaw river as compared to downstream during dry seasons.
3.5 Strong correlation of rainfall and plastic transport at the downstream bridges
A weak and insignificant correlation was found between the plastic transport and rainfall at the upstream bridges (A and B) using both statistical correlation tests (ρp: 0.20–0.49, ρs: 0.25–0.41, p > 0.05) (Table 3). For the bridges downstream, a strong and significant correlation was found at bridge C (ρp: 0.99, p < 0.05) using the Pearson correlation test. On the other hand, for bridge D the correlation was good using both statistical tests (ρp: 0.63, ρs:0.61) although it was not statistically significant (p > 0.05). It is important to note that due to the single rainfall event during the sampling period, there was a bias in the statistics resulting in the high correlation coefficient value at bridge C.
TABLE 3 | Results of the correlation tests between the transport variables (rainfall, discharge, and tide) and the median plastic transport. The Pearson and Spearman rank coefficients in the table are represented by ρp and ρ s respectively. The very high correlation coefficient found at bridge B indicated by * is due to the single rainfall event during the sampling period suggesting a very strong correlation between the plastic transport and rainfall at this bridge.
[image: Table 3]The weak correlation at the upstream bridges may be due to the flushing of plastics from upstream towards the downstream bridges. As a consequence of this, less plastic transport was observed at these bridges (A and B) during and after the rainfall event. The flushing effect of these plastics from the upstream to the downstream bridges therefore explains the strong and significant relationship at bridge C. However, for bridge D, despite the correlation, it was not statistically significant. A possible reason for this, inferred from the fieldwork, is the possible deposition of some plastics at the section of the river between bridges C and D. This section of the river is a lagoon and since the rainfall on that day was low, there will be less flushing effect from bridge C towards D as compared to from bridge B to C.
The correlation seen at the downstream bridges shows that rainfall rates have an impact on the transport of plastics and as such the rate of rainfall is a factor in the transport of plastics further downstream in a river. Despite mentioning the role of rainfall rate on plastic transport for this system, the effect of the varying temporal increase in rainfall rate could not be ascertained because the fieldwork was only performed during the dry season. Therefore, a more conclusive statement on the role of rainfall rates on plastic transport can only be gained if sampling is also done during the wet season in this study area. In this case, the seasonality of the plastic transport can be gained and the difference in the impact of different rainfall rates on the plastic transport dynamics can be understood.
3.6 Higher tidal impact on plastic transport closest to the river mouth
Due to the low freshwater discharge during the sampling period, the effect of tides on the transport dynamics of plastics was seen at bridges C and D. For these bridges within the tidal zone of the river, a statistically strong and significant correlation was seen at bridge D (ρp: 0.89, ρs: 0.79, p < 0.05) as compared to bridge C (ρp: 0.29, ρs: 0.40, p > 0.05) which showed a weak and insignificant correlation of its plastic transport with the tides (Table 3).
The results show that the tide-dominated environment within the tidal zone of the river is situated at the river section around bridge D. This confirms the region of stronger influence of tidal impact on the transport dynamics of plastics within the tidal zone of the river. The results support the statement that a stronger effect of the tides on the flow dynamics of plastics is experienced in the region closest to the river mouth (van Emmerik et al., 2022). The results also indicate that the effect of tides on the dynamics of plastic transport is dependent on the distance of the section of the river within the estuary zone away from the river mouth (Krelling and Turra, 2019) and supports the statement from Xu et al. (2018), who mentioned that the average concentrations of plastics in an estuary are a function of the estuarine distance gradient. From the results, an indication of the section within the estuary where more plastics are likely to be trapped can be seen (Biltcliff-Ward et al., 2022).
3.7 Inconsistent correlation between discharges and plastic transport
A statistically significant relationship was observed only at bridge C using the Spearman correlation test (ρs: 0.89, p < 0.05) (Table 3). This significant relationship suggests an increase in discharge causes a corresponding increase in plastic transport. This relationship supports the hypothesis stated in previous works (Galgani et al., 2000; Nizetto et al., 2016; Castro-Jiménez et al., 2019; Honingh et al., 2020; Schirinzi et al., 2020) that the transport of plastics in a river is strongly dependent on the flow regime (i.e., high discharge conditions increase plastic transport and vice versa).
However, a weak and non-significant relationship was found at bridges A (ρp: 0.21, ρs: 0.24, p > 0.05), B (ρp: 0.49, ρs: 0.52, p > 0.05), and D (ρp: 0.50, ρs: 0.64, p > 0.05) using both Pearson and Spearman rank correlations. Although there is no certain explanation for these non-significant relationships, a possible reason to account for this could be because of the presence of retention mechanisms. These retention mechanisms (such as tides, and hydraulic infrastructure) could have accelerated or reduced the number of plastic items with the varying rates of discharges at the section of the river these bridges are located in. The results showed that there is not exactly a constant rate of correlation between plastic transport and discharges at these sections of the river. This then explains the uncertainty of a clear relationship between the two variables (discharges and plastic transport). The results perhaps show that retention mechanisms are an important factor to consider in explaining the non-trivial role of discharges to plastic transport in a river. Although these retention factors could explain the inconsistent link between discharges and plastic transport, it is important to realise that the correlation, especially in the non-tidal zone of the river (A and B) is not entirely robust because the discharges observed for this zone was the same except for the day it rained. This then shows the response of discharges after the rainfall event in this region supporting the statement that discharge rates increase after rainfall events (Chang et al., 2021).
4 SYNTHESIS
Rainfall, tides, and discharge are important driving factors in the dynamics of plastic transport which are highly variable per location, river characteristics, and the rates of mismanaged waste. To explore the role of these transport variables on the dynamics of plastic transport, an effort was put into monitoring floating macroplastics in the Odaw river using the visual counting approach as applied in similar studies (Vriend et al., 2020; van Emmerik et al., 2022). To explore the relationship between each transport variable and plastic transport, a statistical correlation test (Pearson and Spearman rank) was performed. However, there were some limitations to the study. One limitation was the unavailability of field discharge data which may have limited some interpretations. Due to this limitation, discharges were simulated using the rainfall and tidal data obtained. Another limitation is that the field data collection was performed during the dry season with only a single rainfall event and just two discharge values at the non-tidal zone (A and B) of the river. Consequently, the potential seasonality in plastic transport dynamics as caused by the transport variables could not be explored within this study. Because of these limitations, this study answers only in part the question of the role of hydrometeorological factors (rainfall, tides, and discharges) on the transport dynamics of plastics in the Odaw river. To overcome these limitations, future research over an extended spatial and temporal scale is needed to explore how seasonal changes in rainfall and discharge affect the spatial and temporal variation of plastic transport.
Rain events may increase the plastic input in rivers owing to the remobilization of already deposited plastics on riverbanks (van Emmerik et al., 2022) or riverbeds to be transported in the river. This remobilization occurs when plastics stored/trapped on a floodplain or riverbed are carried by the rainfall-induced runoff to be flushed further downstream. This flushing effect, as stated in Castro-Jiménez et al. (2019), increases plastic input into a river and the potential travel-distance of macroplastic debris in the river depending on the intensity of rainfall. A study by Wong et al. (2020) showed a correlation between microplastic concentrations and precipitation in freshwater environments and also noted a strong impact of runoff on the plastics distribution. Our observations also showed the effect had by the flushing of macroplastics from the upstream section of the river to the lower reaches as demonstrated by the strong and significant correlation between plastic transport and rainfall at the downstream bridges (C and D). The results thus support the statement that occasional dry season rainfall can remobilize plastic deposits temporarily increasing their concentrations in the rivers (Haberstroh et al., 2021b). Although the relationship shown here was for a single rainfall event during the sampling period, it indicates the role that rainfall plays in the mobilisation and transport of plastics in the Odaw river.
A positive linkage between plastic transport and discharge would be expected but this relationship was found to be inconsistent in this study. Previous research has examined the relationship between discharge and plastic transport with studies such as Castro-Jiménez et al., 2019 and Wagner et al. (2019) showing a positive relationship between discharge and plastic concentration. However, more recent observations by Roebroek et al. (2022), van Emmerik et al. (2022), Constant et al. (2020), and Stanton et al. (2020) indicated no such correlation, with some studies actually reporting higher concentrations of plastic during low discharges thus showing the non-trivial role discharge may play in the transport of plastics in a river. For this study also, we found that plastic transport and discharges did not entirely positively correlate at certain locations within the river due to the longitudinal variation of watershed characteristics, channel characteristics, retention mechanisms (dams, weir, vegetation), and anthropogenic activities along the water system. These local characteristics along the river may have slowed/accelerated the plastic transport and as such resulted in certain locations with higher/lower plastic concentrations. Since all these conditions contribute to the alteration of the flow conditions at certain locations in a water channel, it is difficult to draw firm conclusions on the spatial and temporal response of the plastic transport to the varying flow regime within this river.
Previous studies (Ivar do Sul et al., 2014; van Emmerik and Schwarz, 2020), have shown that estuaries can act as temporary sinks for plastics because tides cause the bidirectional transport of material. During high tides, there is a circulation of water into and out of the estuary. These tidal dynamics lead to changes in water level, salinity concentration, and flow direction. Consequently, plastics found in tidal zones experience bi-directional transport (Haddout et al., 2022), and are thus stored there which actually reduces the plastic load that reaches the ocean. A study in the Goiana estuary (Brazil) showed that tides are the main driving force controlling plastic debris movement patterns in estuaries (Ramos et al., 2011). Other studies have also noted the long residence time of plastics in estuarian environments, favored by tidal regimes (Ivar do Sul et al., 2014; Tramoy et al., 2020). The impact had by tides was indeed observed in this study at the bridges (C and D) close to the river mouth. Given the spatial variability within an estuarine system, plastic distribution and retention are likely to be variable as can be seen from the results. A larger effect of the tides on the bidirectional flow of the plastics was seen at the bridge (D) which is closer to the river mouth than the river section at bridge C. At D (tide-dominated environment), high quantities of plastics were seen flowing upstream compared to the section at bridge C. The results helped to understand the region of influence of tides and how they impact the net export of these plastics into the ocean.
The magnitude of the estimated range of daily mass transport in the Odaw was higher than the Rhine river and lower than the Danube and Ciliwung rivers. This estimated daily mass transport of plastics for the Odaw is considered a rough estimate based on the average of the daily mean plastic transport at each of the monitored bridges during the sampling period which was only within the dry season, excluding the wet season and extreme events. Also, we estimated with a range of mass per plastic item from the literature and did not consider the plastic litter within the entire water column. Overall, this work shows that the transport and fate of plastics are non-uniform through the river and highly dependent on the rates of hydro-meteorological factors.
5 CONCLUSION
Daily floating plastic mass transport estimated for the Odaw river during the dry season was highest at the most downstream non-tidal location (3.1 × 102–5.7 × 102 kg/d). Average daily plastic mass transport at the river mouth was lower as compared to the upstream bridges (non-tidal zone) in the Odaw river. A strong correlation was found between rainfall and plastic transport at the downstream bridges (tidal zone). The correlation at the downstream bridges indicates the role rainfall plays in the transport and abundance of plastics in the river. However, when relating discharges to plastic transport, a statistically significant correlation using Spearman rank was found only at the first bridge within the tidal zone of the river. From the results, we showed that the relationship between plastic transport and discharges varies among locations within this river system.
Within the tidal zone of the river, a higher tidal impact on the bidirectional flow of plastics was found at the bridge closest to the river mouth within the tidal region of the river. The results highlighted the tide-dominated environment within the tidal zone and showed that the abundance of plastics in the tidal zone is a function of the estuarine distance gradient.
Since this fieldwork was done during the dry season, we are limited to fully interpreting and understanding the relationship between the plastic transport patterns and their drivers over the annual timescale. Therefore, future research is required to look into the spatial and temporal dimensions of these transport processes. Despite the limitations of the study, the results provide an understanding of the dynamics of plastic transport and the driving factors in the dry season. With this paper, we aim to contribute to the future modeling of plastic transport in this river and hope to support policymakers by helping them to implement efficient mechanisms of managing the plastic pollution issue in this river.
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