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Abstract: Riverbanks are an important source of plastic pollution. However, the current assessment
methods for riverbank litter are based on a point-based sampling which is time consuming and
limited in scope. To quickly assess hotspot areas and litter compositions in larger areas, this study
developed a new citizen science bicycle survey for riverine debris. Covering 281.5 km of the Tamsui
river system in Taiwan, the new methodology was tested at one of the most plastics polluted rivers
in the world. The results revealed an average litter density of 15.3 m3/km at the river mouth and of
0.2 m3/km to 2.8 m3/km along the riverbanks further upstream. The coastline was mainly polluted
by derelict fishing gear whereas single-use plastics and illegally dumped waste dominated the
upstream areas. A correlation between litter and population density could not be identified, but it
was noted that litter hotspots occur at cut banks and near mangrove vegetation. Overall, the new
methodology proved suitable to collect large quantities of data for scientific purposes and to quickly
detect litter accumulations prior to clean-up activities.

Keywords: marine litter; marine debris; rapid assessment; riverbank; citizen science; macroplastics;
river; plastic pollution

1. Introduction

Marine litter poses a severe threat to marine life, human health, and the economy [1].
Its main impacts to marine life include entanglement and ingestion [2,3], but it can also
spread invasive species [4], leak toxic additives [5], and contaminate the human food-
chain [6]. In addition to derelict fishing gear [7,8], a major source of marine litter is
single-use plastics [9] that can reach the ocean via inland waterways, wind and tides [10].
At an estimated annual input of 1.15-2.41 million tonnes, rivers are a key pathway for
land-based plastic waste into the ocean [11,12]. So far, research about plastic pollution
in rivers was focused on microplastic pollution and on discharge models that estimate
the amount of plastic waste entering the oceans [13]. In general, little attention was paid
to macroplastics which represent most riverine waste [13,14]. To effectively prevent and
reduce marine litter, there is a need to better understand riverine macroplastics waste.

Starting in the early 2010s the number of studies on riverine plastic waste increased,
whereby most of the studies took samples from bridges and boats [15]. For example, Moore
etal. surveyed three rivers in California and found that an extrapolated 30 tonnes of plastics
enter the Los Angeles basin per day [16]. However, such early studies were resource
and labor intensive [16-18]. Only recently, with an increasing focus on macroplastics,
less complicated visual observations [19] and an increasing number of citizen science
studies appeared, e.g., [20,21]. From those, a majority concentrated on measuring floating
macroplastics but not as much on riverbank debris. Yet, as riverbanks are an important
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source for macroplastics [20], and to develop budget models for whole catchment areas [13],
there is a need to intensify research on riverbank debris.

One of the first studies on riverbank debris was carried out by Williams and Simmons,
who counted the number of litter items in a 100 m long river transect at Cynon river in the
United Kingdom [22]. Like other researchers [23,24], they found that riverbanks gradually
deposit litter over time and reactivate it during periods of strong rainfall and floods. An-
other study that adopted 100 m long riverbank transects, sampled over 150 thousand litter
items from the Rhine-Meuse river delta in the Netherlands [25]. The research classified the
litter items into 110 categories, providing a very nuanced understanding of the riverbank
waste composition. While datasets with a similar level of detail were obtained for the
Adour river in France [26], the Seine river in France [27] and the Ems, Weser and Elbe
rivers in Germany [28], other studies opted for narrower transects and less litter categories
to sample larger areas with help of citizen scientists [21,29,30]. For example, Kiessling
et al. employed over 5500 schoolchildren, to cover 250 survey sites at different rivers
in Germany [20]. While this provided valuable snapshots of the river system, riverbank
studies have not yet been able to provide continuous litter hotspot maps. One exception
is Fujieda who developed a continuous bicycle survey for larger debris [31]. However, as
the study is only available in Japanese and does not investigate the waste composition,
its results have limited meaning and are difficult to replicate. Thus, there is a need for
an improved methodology that can assess large rivers continuously with few people in a
short time.

To date, most riverine litter studies have focused on Europe and North America [15].
Although Asian rivers are estimated to transport 86% of all riverine litter to the ocean [11],
data on Asian rivers are still scarce, e.g., [21,32]. Taiwan is an East Asian island state that is
heavily polluted by marine debris [33]. Previous research has focused on floating litter [34]
and coastal macroplastics [33,35,36] but only to a very limited extent on the plastic pollution
of its rivers, lakes, and freshwater reservoirs. The Tamsui river in north of Taiwan has been
estimated to be the 16th most plastic polluting river in the world [11]. While its heavy metal
and chemical pollution have been examined extensively [37-39], field data on its plastic
pollution has only recently been collected for microplastics [24]. Data about macroplastics
pollution of the Tamsui river, its potential sources and contribution to marine pollution are
missing yet.

To address the methodological shortcomings of riverbank sampling, this study con-
ducted a novel citizen science survey to quantify and classify litter along the Tamsui river
system and its adjacent coastline. It is the first time to use bicycles as mode of trans-
portation for citizen scientists to quickly cover large survey areas. We present first data
about the amount, composition, and potential sources of macroplastics and other litter
in an important urban river system in Asia. We discuss the advantages and disadvan-
tages of the applied citizen science methodology and give suggestions for methodological
improvements and actions to combat riverine debris.

2. Materials and Methods
2.1. Study Area

Located in East Asia, the Tamsui river network is the largest river system in northern
Taiwan. It consists of the Tamsui river and its tributaries the Keelung river, the Xindian
river and the Dahan river (Figure 1). It is 336 km long and has a catchment area of 2726 km?
in which 7.25 million people, approximately 30% of Taiwan’s population, live [24]. While its
upstream area is mainly covered by forests [40], the downstream area is densely populated
and urbanized. The river system is influenced by semidiurnal tides which carry seawater
25-40 km upstream from the river mouth [24] (Figure 1).

In this study, 242.5 km of the Tamsui river system and 39 km of its adjacent coastline
were visually assessed in a bicycle survey (Figure 1). For this, the area was divided into
continuous 500 m long sections, using GIS shapefiles of Taiwan [41]. While the exact
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coordinates of all 563 transects are provided in the Supplementary Materials, only 74.2% of
the transects were accessible and considered for further analysis (Table 1).

Population density: people per km?
4[] <2,500 [ 15,000-20,000
[ 2,500-5,000 [ 20,000-25,000
4[] 5,000-10,000 [ 25,000-30,000
[ 10,000-15,000 W >30,000

Figure 1. Location of the study area in northern Taiwan. Sampling sites along the coast are marked
by blue dots. Sampling sites along the Tamsui river are marked by orange dots, along the Keelung
river by green dots, along the Xindian river by red dots, and along the Dahan river by purple dots.
Sampling was done at the left and right riverbank. Yellow diamonds indicate the maximum extent of
the tide. Population density based on census from 2018 [42].

Table 1. Transect data summary.

. Transects Distance [km] Access
e Color —imber Name®  West East Total [km]  [%]
Dahan river Purple 171 1-171 43 42.5 85.5 37.5 43.9
Xindian river Red 69 172-240 175 17 345 315 91.3
Keelung river Green 155 241-395 38.5 39 77.5 67.5 87.1
Tamsui river Orange 90 396485 22 23 45 42 93.3
Coastline Blue 78 486-563 19.5 19.5 39 30.5 78.2
Total - 563 - 140.5 141 281.5 209 74.2

(@ Refers to naming in the Supplementary Materials.
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2.2. Training of Volunteers

For this study, 24 volunteers from the Non-Governmental Organization (NGO) “So-
ciety of Wilderness” were recruited and trained. The training had the aim to improve
volume-based litter estimates and included two rounds of the following three activities:
(1) a visual estimation of the amount of litter in test areas along streets and riverbanks,
(2) the collection of this litter in 14-L bags to verify the estimates, and (3) a comparison of
the results to verify and improve the estimates. At the end of the training the participants
were asked to collect different types of debris into one 14-L bag and spread it out on the
ground as reference for future estimates. All citizen scientists were familiar with the 14-L
bags as this is the official garbage bag size for residents in Taipei.

2.3. Monitoring Survey

After the workshops, the standing litter stock of the monitoring area (Figure 1) was
assessed between February and April 2020. Like in a previous study from Japan [31], the
volunteers covered the distance on a bicycle, considering all the area from the bicycle path
until the middle of the river or the coastline front (Figure 2). Several pictures were taken
during the assessment to verify the survey results.

A
500-meter e — — —
>
/
V4
V'
d
e
e
ot
i
500-meter - -;- = o
Transect no.N+1 ",
Bike pathVegetation River (50%) S sy hesn

Figure 2. Bicycle survey approach and transect boundaries.

At the end of each transect the volunteers were requested to fill in a survey on Google
forms (Table 2). As basic information the surveyor’s name, survey date and time as well as
the transects name, visibility and average width were recorded (Table 2). Visibility was
used to describe how much of the surveyed area from the bike path to the water was visible.
Four categories were used to describe visibility: (a) whole area from bike path to water
line is visible, (b) water line is covered by plants of less than 1 m height, (c) water line is
covered by plants taller than 1 m height, (d) whole transect is covered by vegetation or the
view of the area is blocked.

The volunteers then estimated the litter volume within the transect adopting 14-L
bags as a reference unit. For example, if a transect contained approximately three hand
luggage of litter, an equivalent of 8 x 14-L bags would be reported (Table 2). As in previous
studies [8,43] the possible responses were limited to predefined values, with ranges between
0 and 2048 litter bags (Table 2). After the volume assessment, the three most common litter
types were estimated based on the item frequency and volume. For this, the litter types
were divided into 14 categories following previous classifications for common garbage
on Taiwan’s coastline [33]. Depending on the level of pollution and composition, the
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volunteers could choose between zero and three dominating litter categories. Pictures of
the most representative section, hotspot area and special find were uploaded.

Table 2. Survey form for volunteers to upload data onto Google forms.

2. Litter Volume

3. Litter Composition

1. Basic
nformation LBy TEEY GabageTypesby llem Volume
Transect: 0 Less than 2 PET bottles 1. Plastic bottles
Surveyor: 0.5 7-8 small PET bottles 2. Disposable tableware.
Date: 1 15 small PET bottles 3. Plastic bags
Visibility: 2 30 small PET bottles 4. Cigarette butts, lighters
Fully visible 4 2 hand luggage (20 inch) 5. Glass bottles
Vegetation <1 m 8 3 hand luggage (20 inch) 6. Tin and aluminum cans
Vegetation >1m 16 1 oil drum (200 L) 7. Paper boxes
Mainly invisible 32 2 0il drums (200 L) 8. Construction waste
Not accessible 64 4.5 oil drums (200 L) 9. Agriculture waste
Average width: 128 2 FIBC bag (1 m®) 10. Foamed fishing items
1m more 256 3.5 FIBC bags (1 m?) 11. Fishing nets and ropes
10 m n/a 512 7 FIBC bags (1 m®) 12. Hard plastic buoys
100 m 1024 14 FIBC bags (1 m?) 13. Fishing line and lure
500 m 2048 28 FIBC bags (1 m®) 14. Other items

4. Photo upload: — [1 Most representative site — [] Hotspot site — [1 Most special find

2.4. Data Analysis

The uploaded survey data were transferred into an Excel sheet and manually checked
for consistency. Jointly reported data for consecutive inaccessible transects were disaggre-
gated. Any data entries from inaccessible transects were deleted and not used for further
analysis. Composition data from transects that reported zero litter bags was not removed.
This is because the litter quantities were rounded to the nearest predefined value (Table 2),
so that zero litter bags could have represented up to 3.5 L waste.

After the data check, basic calculations were performed to convert the 14-L bags into
cubic meters and to determine the total litter volume, length and average width for each
section of the river system. A length-based litter density was calculated by dividing the
length of the accessible transects by its litter volume. Additionally, an area-based litter
density was calculated by dividing the length multiplied with its average width by its
litter volume.

To visualize hotspot areas, each transect was assigned a pollution level ranging from
1 to 4 based on their length density (m?/km). Pollution level 1 was assigned to transects
with a length density of less than 0.056 m>/km. Level 2 are transects with a length density
of 0.11 m3 to 0.9 m® debris per km. Transects with a length density between 1.8 m3/km
to 7.2 m3/km were categorized as pollution level 3, and lastly transects with a length
density larger than 14.3 m® per km were classified as pollution level 4 (Table 3). A heatmap
was created using QGIS version 3.16.7 to visualize areas with the highest pollution levels.
Points in the heatmap are weighted using the pollution levels.

Table 3. Classification of pollution levels.

Level Level 1 Level 2 Level 3 Level 4
Bags 0 0.5 1 2 4 8 16 32 64 128 256 512 1024 2048
m3/km 0 0.014 0.028 0.056 011 022 045 0.90 1.8 3.6 7.2 143 287 573

Information about the top three waste categories were summarized and converted
into charts to identify differences between riverine and coastal litter compositions. The
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locations of the dominating litter categories were plotted in maps to better understand the
litter distribution within the river sections. Representative pictures from hotspot sites were
selected to identify potential sources of riverine and coastal debris.

To test for a correlation between pollution levels and population density we calculated
the Pearson correlation coefficient and performed a linear regression. For this we first
obtained the population data for each of Taipei’s city districts [42]. We then counted the
number of level 1-4 polluted transects within each city district. Based on this the Pearson
correlation coefficient was calculated for the differently polluted transects.

3. Results
3.1. Litter Hotspots

Within the 418 accessible transects, a total of 648 m3 of litter was detected (Table 4).
Of this, 72.0% accumulated at the coastline, 18.3% in the Tamsui river and 9.7% in the
tributaries. Considering the length of the transects, the coastline, Tamsui river and its
tributaries had a litter density of 15.3 m3/km, 2.8 m®/km and 0.2-0.6 m3/km respectively
(Table 4). The amount of litter per square kilometer varied between 1.8 m® and 410 m?,
whereby the coastline contributed the highest and the tributaries the lowest values (Table 4).

Table 4. Debris density of Tamsui River riverine and its adjacent coastline.

Secti Total Volume Length Length Density Average Area Density
ection m®]  [%] [km] [m3/km] Width [m] [m3/km?]
Dahan river 12.6 19 37.5 0.3 191.8 1.8
Xindian river 7.2 1.1 31.5 0.2 62.6 3.7
Keelung river 434 6.7 67.5 0.6 60.6 10.6
Tamsui river 118.6 18.3 42 2.8 144.0 19.6
Coastline 466.5 72.0 30.5 15.3 37.3 410.1
Total 648.3 100 209 3.1 94.6 32.8

The highest pollution levels at the riverbanks were found after the Keelung river
merged with the Tamsui river near Guandu (Figure 3). In this area trash volumes of up
to 57 m3/km have been reported. Smaller hotspots with litter volumes of 29 m3/km
could also be detected in the first third of the western Keelung river and along the Tamsui
river before it reached Guandu (Figure 3). The most polluted 5% of the accessible riverine
transects accumulated 82% of the riverine debris.

At the coast, the litter was more evenly distributed. At the western side, most debris
occurred adjacent to the Port of Taipei and next to a fishing harbor further west, whereas
the hotspot at the eastern coast mainly concentrated around a North-side facing bay. The
dirtiest 5% of the accessible coastal transects accumulated 18% of the coastal debris.

3.2. Litter Composition and Distribution

Single-use plastics were most abundant along the Tamsui river and its tributaries. As
the waste composition was assessed by item frequency and by volume, ranges are used
to present the different results from those two methods. From the 357 accessible riverine
transects, 120-214 transects had plastic bags, 119-185 transects had plastic bottles and
4496 transects had disposable tableware as one of the top three litter categories. Other
items, foamed plastics and the remaining categories were a major source of pollution
in 58-81, 47-63 and 65-99 transects respectively. In comparison to item frequency, the
assessment by volume delivered higher relative values for foamed plastics and other items,
whereas the share of single-use plastics reduced (Figure 4).
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Figure 3. Heatmap showing the pollution levels in the study area. Please note, curved river and coast-
line sections have a higher density of points and can appear brighter compared to straight sections.

Riverine transects (n=375) Coastal transects (n=61)
Top 3 litter categories By | By Pollution in [%] By | By Pollution in [%]
item |vol. | 0 20 40 60 80 100|item|vol| O 20 40 60 80 100
1 | Plastic bottles 185 | 119 - 49 | 29 - :
2 | Disposable tableware 96 44 5 5 2 =
3 | Plastic bags 214 | 120 = i 5 2 =
4 | Smoking related 28 5 = 2 0 ]
5 | Glass bottles 9 7 ] 2 2 a]
6 | Metal cans 9 10 o] 2 1 P
7 | Paper boxes 19 10 I 0 0
8 | Construction waste 16 18 - 2 6 ]
9 | Agriculture waste 7 11 o) 0 0
10 | Foamed fishing items 47 63 i 47 43 - -
11 | Fishing netsand ropes | 5 | 4 15 | 15 | == |
12 | Hard plastic buoys 6 | 10| B 37 | 30 | pe———
13 | Fishing line and lure 0 0 0 0
14 | Other items 58 | 81 | EE=L 3 5 =]
Total 699 | 502 B By item OBy volume 172 | 135 M By item O By volume

Figure 4. Number of transects with dominating litter categories. Please note: Up to three different
dominating categories per transect could be reported. The number of transects are differentiated by
item count and by volume estimate for each litter category.

The 61 accessible transects at the coastline were mainly dominated by plastic bottles
and fishing related waste. While plastic bottles were noted as a main waste contributor in
29-49 transects, foamed plastics, hard plastic buoys as well as fishing nets and ropes were
among the top three litter categories in 43—47, 30-37 and 15-18 transects respectively. The
remaining litter categories made it into the top three in 18-21 transects. Like before, the
volume assessment compared to the item frequency, resulted in lower relative occurrences
of plastic bottles and in higher shares for fishing related waste (Figure 4).

The spatial distribution of the dominating litter categories is shown in Figure 5. Paper
boxes and agriculture waste were significant at several riverine transects, especially in the
Keelung and Dahan river, but not along the coast. Glass bottles, metal cans and smoking
related waste were randomly allocated across the whole river network. This was also the
case for disposable tableware, plastic bags and other waste, but not for construction waste
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which mainly concentrated in the tributaries. Plastic bottles was the only littler category
that contributed almost everywhere to both river and coastal transects. Foamed fishing
items, hard plastic buoys and fishing nets and ropes formed an important part of the coastal
transects, but also appeared in numerous riverine transects up to 40 km upstream. Fishing
line and lure did not significantly contribute to any of the transect’s waste composition and
was therefore not shown in Figure 5.
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Figure 5. Regional distribution of the dominating litter categories.

From the 839 photos that were taken during the survey, four river and coastal sections
are represented in Figure 6. Figure 6b,d show upstream riverine litter presumably from
illegal disposals that still had its original shape. Figure 6a,c on the other hand display
downstream river transects that mainly contained buoyant individual items such as plastic
bags, plastic bottles and fragmented debris. While upstream debris were mainly found near
roads, downstream litter accumulated in branches of mangroves and reeds. Figure 6e-h
show coastal debris which mainly occurred in the form of foamed and hard plastic buoys,
fishing nets, ropes and other derelict fishing gear. The large orange buoy in Figure 6g is
commonly used to protect submarine cables or pipelines. Apart from plastic bottles, typical
riverine litter items (Figure 6a—d) could not be detected in large numbers at the coast.
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Figure 6. Representative pictures of riverine (a-d) and coastal debris (e-h).

3.3. Correlation between Litter Volume and Population Density

The Pearson correlation coefficients for transects with pollution level 1 is r = 0.04
(p = 0.85) and for transects with pollution level 2 it is r = 0.04 (p = 0.83). However, for higher
pollution levels a somewhat opposite trend can be observed (Figure 7). The correlation
coefficients for pollution level 3 and pollution 4 transects are r = —0.32 (p = 0.28) and
r=—0.26 (p = 0.51), respectively. The p-values for all four calculated Pearson correlations
are >0.05, which means that the correlations are statistically not significant.
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Figure 7. Plots showing results of correlation analysis between number of transects with a certain
pollution level and population density. Gray area represents the 95% confidence limits.
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4. Discussion
4.1. Amount of Debris

This study observed an average litter density of 0.2 m®/km to 2.8 m®/km along the
riverbanks of the Tamsui river network. As it was previously estimated that the Tamsui
river is the 16th most polluted river in the world [11] and because riverbanks are an
important source of riverine litter [20], it would be expected that those values reflect very
high litter densities. However, the litter densities of the Tamsui river are nearly identical
compared to the 2.82 mS3/km of litter that were found in much smaller rivers near the Seto
Inland Sea in Japan [31]. While this suggests that the Tamsui river may be less polluted
than previously estimated, further research should confirm this.

Other studies also investigated riverbank litter, but due to a different survey setup
it is difficult to compare their results with this study. For example, van Emmerik et al.
sampled litter in 100 m transects in the Rhine-Meuse delta in the Netherlands providing
an average litter density of 2060 items/km [25], while Kiessling et al. employed citizen
scientists to sample circular transects across riverbanks in Germany, which revealed an
average litter density of 0.54 litter items/m? [20]. Although the reporting of litter densities
by item number is more accurate and common, this study decided against this approach for
two main reasons. First, the counting of items is labor intensive and thus not suitable for a
rapid assessment that aims to cover large areas in a short time with few people. Second,
the size of items varies and therefore item-based litter densities do not reflect the actual
level of pollution, which is needed to identify the garbage truck capacity for cleanups. Still,
to better compare riverbank studies in the future, research should determine conversion
factors for item, volume and possible weight-based litter densities.

This study found that the average litter density increased from the upstream tributaries
the Dahan, Xindian and Keelung river, to the Tamsui river and ultimately to the coast. This
is in line with previous research from Bruge et al. who showed that the litter density of the
Adour river in France almost doubled from typically 1 to 27 items/m? upstream to 35 to
43 items/m? at the coast [35]. While in France the high coastal debris accumulation was
linked to the incoming riverine waste [35], in Taiwan high amounts of coastal debris can
be noted along the entire North coast [33,34]. As such, the impact of riverine litter on the
nearby coast is not directly possible to see. To quantify the litter contribution of the Tamsui
river into the sea, future studies are needed that track the transport of floating, submerged
and deposited riverine debris.

4.2. Composition and Spatial Distribution

The results show that there is a clear distinction in the composition of debris found at
the coast and at the riverbanks. Transects at the coast were dominated by debris related to
fishing, aquaculture and other marine activities, whereas debris found at the riverbanks
was dominated by single-use plastic and items related to land-based activities such as
household garbage, agricultural waste or construction waste (Figure 5). This is similar
to a study by Morales-Caselles et al. who analyzed 12 million data points from 36 global
datasets and found that the top three items at the riverbanks were food containers, bags
and wrappers [44].

When looking closer at the distribution of certain debris that abundantly occur in the
study area, such as plastic bottles, patterns can be seen. Transects with plastic bottles as the
dominating type of debris in terms of volume occur in rivers and at the coastline. Notably,
plastic bottles only dominate in transects that are located at the cut bank of the river. On
the opposite side at the point bar no plastic bottles were documented, or at least plastic
bottles were not the dominating type of debris (Figure 5). This distribution pattern can be
observed in all rivers in the study area. Other debris items do not show a clear depositional
pattern, mainly due to their low occurrence in the studied transects. We can also observe
that a higher volume of debris seems to be accumulated in river bends and narrow river
sections than in straight sections or wide riverbeds.
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Transport and deposition of macroplastics in rivers is a complex process that involves
a multitude of factors, such as density of the polymer, presence of air pockets, shape,
volume to size ratio of the object [13]. The flow characteristics of the river, e.g., flow speed
and turbulence, have an influence on transport and deposition of macroplastics [22,45].
Moreover, in estuaries, like the Tamsui river with a strong tidal influence and mixing of
seawater and freshwater [46], the transport characteristics of macroplastics can be affected
in such a way that heavier plastic that would sink in freshwater, becomes afloat [47].
Additionally, tidal currents reverse the water flow in the Tamsui river estuary [24], which
might lead to transport of marine debris into the river.

Based on the observations in this study it could be possible that hydrodynamic condi-
tions and morphology of the riverbed control the deposition of debris at the riverbanks of
the Tamsui river and its tributaries. It is not clear how much mixing of marine and riverine
debris happens in the estuary or how much debris is transported from the ocean into the
river during high tides. Debris from commercial fishing that is one of the dominating
debris types in the transects at the coastline, can also be found in transects up to 40 km
upstream from the Tamsui river mouth (Figure 5). Since there is only recreational fishing in
the Tamsui river, this could be an indicator for a reversed transport of debris from ocean to
the river. However, this needs to be validated in future studies.

Additionally, we could observe that the highest volume of debris was trapped in the
mangrove areas of the Tamsui river estuary. The mangroves stretch from the mouth of the
Tamsui river on both river sides up to 20 km downstream [48]. The largest mangrove areas
are near the river mouth and in the area of Guandu where the Keelung river enters the
Tamsui river. This is also the area with the highest pollution in the study area (Figure 3).
Mangroves and vegetation along the riverbanks in general have been identified in earlier
studies as accumulation zones for macroplastics [49,50]. We could also observe the so-called
‘Christmas tree effect” where plastic litter hangs on trees [50].

4.3. Correlation of Pollution Levels with Population Density

The number of transects with pollution levels 1 and 2 shows no positive correlation
with population density (Figure 7). On the other hand, the number of transects with
pollution levels 3 and 4 show a low negative correlation with population density (Figure 7),
which is statistically not significant due to p-values > 0.05. Transects with pollution levels
1 and 2 can be mainly observed in districts with high and very high population densities.
Whereas transects with pollution level 3 and 4 occur in districts with low population
densities. For example, the section of the Xindian River that flows through Zhonghe, a
district with the highest population density in northern Taiwan of more than 35,000 people
per km?, has only transects with pollution level 1 and 2. Whereas the area of Guandu with
a population density of around 5000 people per km? north of the confluence of the Keelung
river and Tamsui river, has a high number of transects with pollution levels 3 and 4.

A similar observation was made by Wong et al. that there is no correlation between
microplastic pollution in the Tamsui river system and population density in the catchment
area [24]. As already observed in other studies, e.g., in Vietnam [32], in France [51] or on a
global scale [52], population density seems to be not necessarily a factor for high levels of
plastic pollution. It could be possible that in areas of high population density debris enters
the river but is then transported further downstream and deposited along the riverbanks.
Therefore, it could be possible that the pollution observed in less densely populated areas
derived from areas with high population density.

4.4. Survey Method

Compared to existing citizen science surveys for macroplastics in rivers, our method
used a unique approach with bicycles and the litter was documented based on volume.
One of the advantages was that with a low amount of people, large areas can be quickly
monitored. During the survey time from the end of February 2020 to mid of April 2020 it
took 24 volunteers only 16 days to cover a distance of 281.5 km. The effort for the citizen
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scientist is relatively low, as each survey team spent between 2 to 6 h per day. With the
time needed to collect and upload the data for each transect, the participants were able to
survey 5.7 km per hour. With optimized coordination and route planning, this method
allows for time series or seasonal observations on a large scale.

Compared to sampling of macrolitter from small areas, which is the common method
in many studies, e.g., [20,29,30] with this method continuous transects along the riverbanks
and coastline were monitored. This gives a much more detailed picture of the pollution
along the river and valuable information about the spatial distribution of litter as well as
identifies litter hotspots that might not have been found before.

Additionally, using a volume-based approach over an item count approach has the
advantage that people can more easily relate to the amount. In Taiwan trash disposal is
done in garbage bags of defined volumes, therefore people have a better understanding
when seeing trash volumes reported, which is beneficial for raising awareness. Moreover,
when litter is reported in volume, then cleaning activities are easier to plan, such as hiring
the right amount of people or garbage trucks.

Of course, this method cannot be applied to every river as it requires a road or
bike path near the riverbank. In urban rivers this is likely the case, but in rural areas
riverbanks are natural and access via bike is difficult. In this study, from 563 assigned
transects 127 transects could not be accessed. Most of the inaccessible transects were in the
downstream area of the Dahan river. This section of the river flows through a rural area
and the riverbanks are not accessible via roads. A similar issue applies for coastal transects.
Either there are no roads to access the coast easily or access to coastal areas is blocked, for
example due to large industrial areas such as the Port of Taipei in this study.

Another shortcoming is that vegetation on the riverbank can impact the visibility on
the debris. Or the bike path diverges too far from the river and not the entire area can be
surveyed. This can result in underestimation of the volume data. In this study, from the
357 accessible transects along the river in 32% of them the whole area from the bike path
to the water line was clearly visible, in 12% plants with a height of less than 1 m covered
the water line, in 29% the water line was covered by plants taller than 1 m height, and
in 27% of the accessible transects the whole area was covered by vegetation or the view
was blocked. In contrast, all the accessible transects at the coast had an unobstructed view
from the bike path to the water line. However, these issues with inaccessible or not clearly
visible transects can be overcome with additional monitoring efforts such as reaching the
covered areas by foot.

4.5. Social Implications

In Taiwan, river management falls under the jurisdiction of different authorities,
resulting in situations where different sections of the same river can be managed by
institutions under the central and local government. This complex setup is not only
confusing to the public, but it also makes it unlikely that official large scale surveys
and long-term monitoring efforts for riverine litter take place. In this study, volunteers
from the Taiwanese NGO Society of Wilderness stepped in by surveying the Tamsui river
network. The participation of the public in such activities not only raises awareness but also
strengthens the connection with the environment. Since 2001 the Environmental Protection
Administration of Taiwan encouraged the public to become so-called river volunteer
squads. In 2020, 465 squads with more than 12,000 people were active in Taiwan [53].
Providing survey methods that are easy to understand and to conduct, helps to engage
more people in river pollution surveys and cleanup activities.

Education, raising public awareness, and inspiring more people to join are important
tasks for environmental organizations, such as the Society of Wilderness in Taiwan. Com-
municating the results of this survey with the public and media in an understandable way
helped to increase the awareness of river pollution. The immediate effects were that the city
government arranged cleanups at the hotspots, and a company offered financial support for
future survey work. This shall illustrate that such long-term surveys can become win-win
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situations for governments, who can manage the river environment better, and NGOs who
can build their volunteer base.

Even though the municipal solid waste in Taipei City decreased since 2000 to 0.81 kg
per capita per day [54] and despite Taiwan’s high recycling rate, littering and dumping at
upstream sections of the Tamsui river still occurs. This shows that further education and
outreach programs for the public are necessary.

5. Conclusions

In this study, a novel bicycle survey for citizen scientists was used to assess riverine
and coastal litter with a low number of participants in a short time. This was also the first
study about macrolitter pollution in the Tamsui river and its tributaries in northern Taiwan.
The results showed that the average litter densities increased from downstream to upstream
river transects and was highest at the coastline. There was no positive correlation between
litter densities and population density, but a somewhat opposite trend could be observed
that in densely populated areas the riverbanks had the lowest pollution, whereas the
highest pollution of riverbanks was found in areas of low population density. The spatial
distribution of different litter types was linked to a variety of factors, such as hydrological
parameters, morphology of the riverbed and vegetation along the riverbanks. The litter
composition between the river and coastline varied significantly. While the riverbanks
were mostly polluted with single-use plastics and illegally dumped waste, the coastline
was mainly polluted by derelict fishing gear.

Overall, the new citizen science methodology was suitable to collect valuable data
about the pollution of the Tamsui river system and its adjacent coastline. In addition to
providing useful data to answer research questions, this method is a very good tool to map
litter occurrences in large areas and to plan clean-up activities. The participation in such
studies can raise awareness and provide first discoveries about litter sources to reduce
future plastic pollution.
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