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The Philippines is suggested to be one of the world's main contributors to global marine plastic pollution. Several rivers in the Manila metropolitan area are assumed to be main pathways of land-based plastic waste into the ocean. However, these model estimates remain uncertain due to a lack of field data. The main goal of this study was therefore to collect field data on floating macroplastic flux and polymer category in three of Manila's main rivers: the Meycauayan, Tullahan and Pasig. We measured plastic flux, item polymer category, and flow velocity at two locations per river during an 11-day period. Each river was measured close to the river mouth, and several kilometer upstream. The results showed no significant difference between the plastic flux in upstream and downstream flow direction at the three river mouths. The Meycauayan and Pasig rivers did have significantly higher plastic flux at the river mouth compared to the upstream location. The observations suggest accumulation of macroplastics in the river mouths during periods of low freshwater discharge. In this case, instantaneous plastic flux is mainly determined by the tidal dynamics. It is hypothesized that plastics are temporarily retained in estuaries, and may be flushed out during neap tide or increased river discharge. Due to the retention capacity of the estuaries, net plastic export into the ocean could not be estimated. Future research is needed to further investigate the role of tidal dynamics on the transport and net export of riverine macroplastics.
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1. INTRODUCTION

Plastic pollution of aquatic ecosystems is an emerging environmental hazard. In freshwater systems, negative effects of macroplastics (>0.5 cm) include endangerment of species, economic losses through damage to vessels, and increased urban flood risk because of clogging of hydraulic structures (Hong et al., 2017; Honingh et al., 2020; van Emmerik and Schwarz, 2020). Rivers are assumed to be one of the main pathways for land-based plastics into the world's oceans (Schmidt et al., 2017), where plastic waste further threatens biodiversity and breaks down into microplastics (Lasut et al., 2018; Abreo et al., 2019).

The Philippines is considered to be one the largest contributors to marine plastic pollution (Jambeck et al., 2015; Lebreton et al., 2017; Lebreton and Andrady, 2019). Model estimates suggest that the Philippines is the third largest producer of mismanaged plastic waste (4.52 Mt y−1), after China and India (Lebreton and Andrady, 2019). In combination with extensive coastal zone and short distance between population and river systems, the Philippines is assumed to have the highest national plastic emissions from rivers into the ocean (Meijer et al., 2019). Rivers traversing densely populated urban areas, such as the Philippines' capital Metropolitan Manila, are expected to export high amounts of plastic waste from land into the ocean (van Emmerik et al., 2019b; Schirinzi et al., 2020). The Pasig, Tullahan and Meycauayan rivers, three of the main rivers flowing through Metropolitan Manila, all feature in the model-based global top five of the most plastic emitting rivers (Meijer et al., 2019). However, field data of plastic abundance in these rivers are scarce, and model estimates may therefore be inaccurate.

Field-based plastic research in the Philippines to date mainly focused on marine litter (Abreo et al., 2019), and there are almost no studies done on plastic pollution in freshwater environments (Superio and Abreo, 2020). A recent effort measured microplastics in the Pasig river for the first time (Deocaris et al., 2019). Due to the lack of data on riverine macroplastics, or the potential relation between macroplastics and microplastics, these results can unfortunately not be used to estimate total riverine plastic transport. The Philippines heavily depends on marine and freshwater environments and data on abundance of plastic pollution in the environment is necessary to improve the understanding of this challenge (Abreo, 2018).

In recent years, the number of studies focused on quantifying macroplastic abundance in river networks has increased. Recently, van Calcar and van Emmerik (2019) demonstrated that the magnitude, temporal variation, and typical composition of riverine macroplastics varies greatly between rivers. Available long-term observations studies revealed that many rivers exhibit a strong seasonality in macroplastic transport (Castro-Jiménez et al., 2019; van Emmerik et al., 2019b; Schirinzi et al., 2020). Composition of plastics is important to identify potential waste sources (consumers or industry), and transport mechanisms from land into river systems (natural or anthropogenic). Characterization of riverine macroplastics can be in turn used to optimize prevention, mitigation and reduction strategies.

Estimating plastic export from rivers into the ocean is complicated by bidirectional flow dynamics in estuaries. Most monitoring efforts to date focused on measuring plastic flux upstream of the tidal influence, but this is not informative of the actual plastic flux dynamics or export at the river mouth. Observations suggest that plastics are retained in estuaries, especially when freshwater discharge is low. The plastic flux during ebb tide (toward the ocean) and flood tide (in upstream direction) was found of similar magnitude in the Saigon river (van Emmerik et al., 2019b). In the Seine, recent work demonstrated that the riverbanks along the estuary are hot spots for deposited (macro)plastic litter (Tramoy et al., 2020). Acha et al. (2003) investigated plastic debris concentrations in the Rio de la Plata estuary. They found that the upstream (river side) concentrations were significantly higher than the downstream concentrations (ocean side), suggesting strong retention of plastics at the estuarine front of the river. The studies on the Seine and Rio de la Plata demonstrate the long-term retention of macroplastics in estuaries. We hypothesize that there is also shorter-term retention of macroplastics in estuaries, especially during periods of low freshwater discharge. In such case, the bidirectional flow is mainly governed by the tidal dynamics.

This study presents the results of a 2-week field assessment during the 2019 dry season of macroplastic flux and composition in Manila's three main rivers: the Pasig, Meycauayan and Tullahan. Each river was measured at a location closest to the river mouth, and at a location several kilometers upstream. We specifically discuss the role of tidal dynamics on the accumulation and transport of macroplastics from these rivers into the ocean. The observational data presented in this paper give additional insights in the plastic flux dynamics close to the river mouth. With this paper, we aim to explore the role of estuaries as (temporary) sinks of riverine macroplastic pollution and its potential effect on net export of plastic into the ocean.



2. METHODS


2.1. Study Site

The Metropolitan Manila, or National Capital Region, is the capital of the Philippines, and has over 12 million inhabitants (Ajibade, 2019). Manila is surrounded by the Manila Bay in the West and the Laguna de Bay, a freshwater lake, in the Southeast (see Figure 1). The Meycauayan, Tullahan and Pasig rivers are three of the main rivers flowing through Metro Manila (Kumar et al., 2018). For each river two measurement locations were selected, one closest to the river mouth and one more upstream (see Figure 1). The location, distance to river mouth and river width of each measurement location can be found in Table 1. The dry season lasts from January to April. Low flow conditions in the measured rivers occur between March and May, and high flow conditions between October and November (Gorme et al., 2010; Deocaris et al., 2019). Observations were done every day between 19 and 29 March, 2019 from 09:00 to 17:00. During the measurement period no precipitation was observed.


[image: Figure 1]
FIGURE 1. Overview of the upstream and downstream measurement locations along the Meycauayan, Tullahan, and Pasig rivers. The urbanized Metro Manila area is shown in gray, and rural areas in green. Map source: Stamen.



Table 1. Overview of the measurement locations.
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2.2. Plastic Observations

Plastic measurements were done using the visual counting method, introduced by González-Fernández and Hanke (2017) and adapted by van Emmerik et al. (2018). For this method, observations were done from bridges. Each bridge was divided in segments of 10–30 m, depending on the plastic flux and height above the water. Observers counted all floating plastic items within a section of the river width for 2 to 20 min facing downstream direction. The exact observation time depended on the number of segments and plastic flux. This was repeated for all sections until the complete river width is covered (called a “sweep”). Each sweep was done within 1 h at most, and was assumed that the measurements at each segment are representative for that hour. The total instantaneous plastic flux P [items hour−1] for the entire river cross-section is then calculated using:
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With the plastic flux p [items min−1] for each segment i, the total counted plastic items C [items] in section i, and the measurement duration T [min] at section i. The total plastic flux over the entire river width P is expressed in items hour−1, the most commonly used unit (e.g., Castro-Jiménez et al., 2019; van Calcar and van Emmerik, 2019; Schirinzi et al., 2020). Plastic flux in downstream direction is noted as positive, and plastic flux in upstream direction is noted as negative. For the visual counting method, each floating and superficially submerged plastic item that was visible is counted, independent of its size. The height above the water depended on the location and on the water level. No exact measurements were done, but the height was estimated to be between 3 and 5 m for all locations. The maximum depth at which items were visible was 10 cm, and the minimum observed item size was 1 cm. Note that the observations there did not cover the complete macroplastic size spectrum (>0.5 cm). Wind speed and direction can in some cases influence the cross-sectional distribution or even flow direction of individual items (Vriend et al., 2020). During this study, wind speed and direction were not measured, and was not noticed to play a role on the plastic flux. The bridges were selected based on safety, travel time for the observers, and distance to the river mouth. The bridges all had pedestrian traffic zones separated from motorized traffic, to ensure safety during the observations. The number of segments ranged between 4 and 19 segments (see Table 1 for a complete overview). Each bridge was measured by a team consisting of two to three observers. An additional benefit of the visual counting method is that generally no permits are required for the observations.

To determine the composition of the floating plastic, the visual counting method was expanded to count items per plastic polymer category. A seven-category protocol was used, that distinguishes between different polymer categories based on typical items (van Emmerik et al., 2020). See Supplementary Table 2 for an overview of the seven categories and examples of specific items that typically belong to these categories. We used seven categories: polyethylene terephthalate (PET; soft drink bottles), polystyrene (PS; cutlery, straws), expanded polystyrene (EPS; foam), hard polyolefin (POhard; caps, rigid items, cosmetic bottles), soft polyolefin (POsoft; bags, foils), Multilayer (food packaging, printed foils) and Other (other or non-identifiable plastics). Note that polyolefins include polyethylene (PE) and polypropylene (PP). Plastic polymer categories were identified by a team of two persons. One person observed the items and reported the category of each item, which was written down on a tally sheet by the second person. These measurements require at least two people and additional focus. Therefore, these categorization measurements were done less frequently. Depending on the location and available time, these measurements were done once to several times per day. For further analysis, we only investigate the relative contribution of each polymer category of total number of classified items for each river, and not its temporal variation.



2.3. Additional Data

Flow velocity was measured hourly at each location using the “Pooh-Sticks” method (Bull and Lawler, 1991). For this method, a floating item (e.g., plastic or orange peels) was tracked and timed over a predefined transect. If a single observer measured flow velocity, a floating item was tracked over the first 10 m downstream of the bridge. This transect was measured and marked at the beginning of the measurement period. If two observers measured flow velocity, an easily identifiable item was release by one observed on one side of the bridge. The second observer timed how long it took for the item to appear on the other side of the bridge. The bridge width was measured with measurement tape at the beginning of the observation period. The flow velocity [m s−1] is calculated by dividing the transect length by the travel time of the tracked item. Flow velocity measurements were done hourly in the middle segment of the river. Flow in downstream direction is noted as positive, flow in upstream direction is noted as negative. Astronomical tide data in height above Mean Sea Level (MSL) [m] was retrieved for the Manila Bay from World Tides (https://www.worldtides.info/).



2.4. Statistical Analysis

To explore the correlation between the plastic flux and flow velocity, the Pearson and Spearman correlations were calculated for each monitoring location. We calculated both to investigate whether any correlation is just monotonic (Spearman), or also linear (Pearson). The correlations were calculated using the complete time series, the positive flux only, and the negative flux only. We also performed Wilcoxon–Mann–Whitney tests to investigate the significance of the difference between the (1) plastic flux during ebb tide (downstream flow direction) and flood tide (upstream flow direction), and (2) plastic flux and flow velocity for each river at the upstream and downstream location.




3. RESULTS

The observed plastic flux in the three measured rivers (Meycauayan, Tullahan, Pasig) showed a clear diurnal variation (see Figure 2). The range of instantaneous plastic flux is the highest for the downstream location of the Meycauayan (Figure 2A), varying between 1·105 and −1·105 items per hour. At all other downstream locations, the plastic flux varied between 1·104 and −1·104 items per hour, one order of magnitude lower. Bidirectional flow was measured at all locations. The observed flow velocity range is the largest at Pasig Downstream (−0.57 to 0.64 m/s) and Meycauayan Downstream (−0.56 to 0.45 m/s), both near the river mouth, and the lowest at Tullahan Upstream (0.11 to 0.32 m/s). The flow velocity at the upstream and downstream measurement location was significantly different for the Meycauayan (p = 1.2·10−9) and Tullahan (p = 3.9·10−6), but not for the Pasig (p = 0.05).


[image: Figure 2]
FIGURE 2. Hourly observations of instantaneous plastic flux [items h−1] and flow velocity for the Meycauayan (A Upstream, B Downstream), Tullahan (C Upstream, D Downstream) and Pasig (E Upstream, F Downstream) rivers, from 19 to 29 March, 2019. Note that scale for Meycauayan Downstream (A) deviates from the other locations.


The median plastic flux for the ebb and flood tide constituents at each location shows a variation between rivers and within each river (see Figure 3). The largest median plastic flux was observed at Meycauayan Downstream (3·104 items per hour), followed by Pasig Downstream (7·103 items per hour). For both the Meycauayan and Pasig rivers, the flux at the downstream location is one order of magnitude larger than at the upstream location. The differences are significant in both rivers (p = 7.5·10−9 and p = 3.5·10−2, respectively). At the Tullahan, the plastic flux at the upstream and downstream locations are around the same order of magnitude, though the upstream flux is significantly larger (p = 9.7·10−6).


[image: Figure 3]
FIGURE 3. (A) Median plastic flux for flood and ebb tide constituents at all six measurement locations [items h−1]. Only the differences between ebb and flood tide at Tullahan Upstream and Pasig Upstream were found significant. (B) Item polymer categories at all six measurement locations. The categories refer to (including some examples of typical items): polyethylene terephthalate (PET; soft drink bottles), polystyrene (PS; cutlery, straws), expanded polystyrene (EPS; foam), hard polyolefin (POhard; caps, rigid items, cosmetic bottles), soft polyolefin (POsoft; bags, foils), Multilayer (food packaging, printed foils), and Other (other or non-identifiable plastics).


At three locations, the plastic flux is larger during flood tide than during ebb tide (Meycauayan Downstream, Pasig Downstream and Pasig Upstream). At only two locations a significant difference between flood and ebb tide plastic flux was found. At Tullahan Upstream and Pasig Upstream the difference was significant (p = 4.7·10−2 and p = 6.3·10−4, respectively). For the remaining locations, the differences are not significant. Note that the values presented in this paper are estimates of median plastic flux in upstream and downstream direction, and not actual plastic export into the ocean.

Total plastic flux and flow velocity show significant positive correlations (Spearman: 0.50–0.78, Pearson: 0.47–0.72) for all locations except the Tullahan Upstream location (Supplementary Table 2 and Supplementary Figure 3). When only looking at the positive (ebb tide) or negative (flood tide) flow directions, correlations are lower and less are significant. In positive direction, significant correlations were found at the Meycauayan and Pasig Upstream locations. In negative directions, significant correlations were found for all rivers at the downstream locations. At the Pasig, a negative significant relation was found at the downstream location, suggesting that the plastic flux decreases for increasing flow velocity.

The most abundant plastic polymer category varies between measurement locations (see Figure 3). At most locations (Meycauayan Upstream, Tullahan Downstream and Upstream, Pasig Downstream and Upstream), POsoft and Multilayer are the most abundant categories. Only at Meycauayan Downstream EPS was counted most. This is also the location with the largest share of item categories as Other. At Pasig Upstream, Multilayer was the most abundant plastic category. The remaining locations, the abundance of POsoft and Multilayer was similar.



4. DISCUSSION

The observations in the three Manila river mouths suggest that most plastics are flowing back and forth during periods of low freshwater discharge. The lack of accurate data on tidal dynamics makes it difficult however to estimate the net export of plastics from the rivers into the ocean. Without mass statistics it is also not possible to estimate the plastic mass flux from the plastic item flux (van Emmerik et al., 2018). Using literature values also comes with uncertainty, as found mean mass per item vary over an order of magnitude (van Emmerik et al., 2019a,b). We therefore cannot directly compare our measurements of plastic flux to recent modeled riverine plastic export estimates (Meijer et al., 2019). We did find that the ranking of the three rivers based on median downstream plastic flux deviates from the ranking based on plastic export. The Pasig was estimated the most plastic exporting river (9.7·104 t y−1), followed by the Tullahan (2.2·104 t y−1) and Meycauayan (1.7·104 t y−1) rivers. In our study, the highest plastic flux was measured at the Meycauayan (3·104 items h−1), followed by the Pasig (7·103 items h−1) and Tullahan (1·103 items h−1). These differences may be explained by several factors, including limited observation length, hydrometeorological seasonality, ongoing river management interventions, focus on floating plastic, and tidal dynamics. In addition, our observations demonstrate that current global river plastic export models are overlooking the complex tidal dynamics, which seem to play a key role in actual net export of plastics into the ocean.

Tidal dynamics have previously been assumed to play a major role in the export of plastics from rivers into the ocean (Acha et al., 2003; Ivar do Sul et al., 2014; van Emmerik et al., 2019b; Lorenzi et al., 2020; Tramoy et al., 2020). The results presented in this study demonstrate that plastic flux is correlated to flow velocity, which is in turn strongly depending on the tide. In the Meycauayan and Pasig rivers, the median plastic flux increases around one order of magnitude from the upstream to downstream location, which may be explained by the tidal dynamics. During the dry season, the Manila rivers have a relatively low freshwater discharge (Deocaris et al., 2019). The flow dynamics are therefore mainly influenced by the tide, which is stronger closer to the river mouth. Recall from Figure 2 that the flow velocity at the downstream locations was bidirectional, with similar maximum flow velocity in both directions. At the upstream locations, the maximum positive flow is higher than the maximum negative flow, suggesting a net downstream directed transport. At the river mouths, plastic is flowing in both directions in equal rates, suggesting low net transport from the river into the ocean. Observations covering full tidal cycles are needed to estimate the actual net transport per day. Similar suggestions were made by Lorenzi et al. (2020), who found an accumulation of river plastics during the tide dominated season, and increased transport into the ocean after increased freshwater discharge. The tidal zone may function as a temporary sink for plastic pollution. Only in case of strong outgoing flow, lasting longer than a tidal cycle, plastic may be flushed out of the estuary. Based on early observations of plastics in estuaries, Ivar do Sul et al. (2014) hypothesized that tidal dynamics cause slow transport, and flood events cause large-scale movement. Acha et al. (2003) measured plastic debris concentrations on the estuary floor, and found significantly higher values on the river side than the ocean side. These observations support the assumption that estuaries can act as (temporary) macroplastic sinks. Similarly, Tramoy et al. (2020) recently proposed that it is likely that the residence time of macroplastics may surpass decades in the estuary of the river Seine, also as a result of tidal dynamics.

The plastic flux data presented in this paper do not represent net export of plastic into the ocean. For comparison with other rivers, we only consider the plastic flux in downstream direction (ebb tide). The plastic flux in downstream direction measured in the Manila rivers, specially at Meycauayan Downstream, is high compared to plastic flux in downstream direction measured in other rivers using the same method. The median observed downstream plastic flux of 3·104 items per hour in the Meycauayan river is similar to the Ciliwung river in Jakarta (2 km upstream from river mouth, Indonesia, 2·104 items per hour, van Emmerik et al., 2019a). The plastic flux in the Pasig river (7·103 items per hour items per hour) is similar in magnitude to the Klang (10 km upstream from river mouth, Malaysia, 3·103 items per hour items per hour) and Chao Phraya (30 km upstream from river mouth, Thailand, 6·103 items per hour items per hour) (van Calcar and van Emmerik, 2019). The Tullahan had the lowest median plastic flux (1·103 items per hour items per hour), which is similar to the peak plastic flux measured during increased river discharge in the Seine (France), 70 km upstream of the river mouth (van Emmerik et al., 2019c).

The observation length was of limited duration, and measurements were only done during the day. The current 11-day field assessment does not cover the seasonal cycle in riverine plastic flux, which has shown to vary over up to two order of magnitudes (Castro-Jiménez et al., 2019; van Emmerik et al., 2019b; Schirinzi et al., 2020). The instantaneous plastic flux in the Manila rivers may therefore even be orders of magnitude larger during the wet season or as a result of high river discharge. Monthly river discharge of the Pasig river varies with a factor of around 20 during the year (Deocaris et al., 2019). During peak flow, additional plastic can be mobilized, and plastic accumulated on riverbanks may be re-mobilized (Liro et al., 2020). As the Philippines also regularly experiences extreme weather conditions (Onda et al., 2020), such as cyclones, additional plastics can be expected to be introduced into the river network during such events. Combined with increased river discharge during those events, the plastic flux and actual plastic export into the ocean may be considerably higher.

The field assessment presented in this study mainly focused on the floating plastic. However, plastic is also abundant on riverbanks, suspended in the water column and in river sediment (van Emmerik and Schwarz, 2020). Based on lab experiments, Zaat (2020) suggested that near-neutrally buoyant foils (e.g., POsoft, Multilayer) can be distributed homogeneously over the water column, especially for higher flow velocities. The floating plastic at the Pasig and Tullahan river mouths were mainly identified as POsoft and Multilayer. At the Meycauayan river mouth, foamy EPS was the most identified plastic item category. In other rivers, EPS is often associated with food boxes and isolation material used in the fishing industry (van Emmerik et al., 2019b). The relatively large share of EPS at the Meycauayan Downstream location may be explained by either more local fishing activities, or influx from the Bay of Manila. EPS has a low density and will not be suspended in the water column. In the Pasig and Tullahan rivers, the actual abundance of plastics—including those distributed along the water column—may therefore be considerably higher.

The results from our paper suggest retention of plastics in river estuaries, emphasizing the crucial role that tidal dynamics play in the movement of plastics in coastal sections of river networks. Future observations covering full tidal cycles may allow for calculating actual net export of plastic into the ocean, and shed light on the role of tidal dynamics on plastic transport from river to sea.



5. CONCLUSIONS

The Meycauayan, Tullahan, and Pasig rivers all showed no significant difference between downstream and upstream flowing plastic flux. Only in the Meycauayan and Pasig, a significantly larger median flux was measured at the mouth compared to the upstream location. The results suggest that the tidal dynamics play an important role in the net export of riverine plastics into the ocean. During periods of low river discharge, estuarine zones function as temporary sinks of plastic pollution. Accumulated plastics are hypothesized to get flushed out during neap tide or increased freshwater discharge. Additional factors, such as seasonality of river discharge and extreme hydrometeorological events, are expected to lead to increased river plastic flux. Long-term data of plastic flux and tidal dynamics, in combination with hydrodynamic modeling of Manila's water system, may shed light on the total annual plastic transport and its spatiotemporal variation. This paper present the first macroplastic observations for the Meycauayan, Tullahan, and Pasig rivers and give insights into the potential sources, sinks and pathways of aquatic plastic pollution in Manila. Above all, the results emphasize the need for further investigation of the role of tidal dynamics on river plastic transport and export into the ocean.
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