University of South Florida

Scholar Commons
Graduate Theses and Dissertations

Graduate School

February 2021

Plastic Pollution in Urban Rivers: Spatial and Temporal Patterns of
Plastic Release and Transport
Charlotte Juliane Haberstroh
University of South Florida

Follow this and additional works at: https://scholarcommons.usf.edu/etd
Part of the Water Resource Management Commons

Scholar Commons Citation
Haberstroh, Charlotte Juliane, "Plastic Pollution in Urban Rivers: Spatial and Temporal Patterns of Plastic
Release and Transport" (2021). Graduate Theses and Dissertations.
https://scholarcommons.usf.edu/etd/8785

This Dissertation is brought to you for free and open access by the Graduate School at Scholar Commons. It has
been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Scholar
Commons. For more information, please contact scholarcommons@usf.edu.

Plastic Pollution in Urban Rivers:
Spatial and Temporal Patterns of Plastic Release and Transport

by

Charlotte Juliane Haberstroh

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy in Civil Engineering
with a concentration in Water Resources
Department of Civil and Environmental Engineering
College of Engineering
University of South Florida

Major Professor: Mauricio E. Arias, Ph.D.
Mahmood H. Nachabe, Ph.D.
Amy N.S. Siuda, Ph.D.
Amy L. Stuart, Ph.D.
Michael C. Wang, Ph.D.
Date of Approval:
February 15, 2021

Keywords: Cambodia, Field study, Florida, Microplastics, Stormwater
Copyright © 2021, Charlotte Juliane Haberstroh

Acknowledgments
Thank you, Dr. Mauricio Arias, you have been an outstanding advisor, giving me
trust and support at all times. I appreciate everything you have done. Thank you, Awet
Tsegay, for being my best friend and family in Florida. My beloved family, thanks for
always being there and always believing in me.
I thank my committee, Dr. Mahmood Nachabe, Dr. Amy Siuda, Dr. Amy Stuart,
and Dr. Michael Cai Wang, for your feedback and guidance. Thanks to the whole
watershed sustainability research group and Zhewen Yin for your help. My USF
undergraduate research assistants, Carlee Chaffin, Ruben Palomo Martínez, Hope
Koutz, and Jenna Brooks, you have done fantastic on a tough job. I loved your spirit and
seeing you grow. My Cambodian undergraduate research assistants Nai Chhaiheang,
Khen Chanlyda, Veng Visal, Thoy Sophon, Heang Vannary and Kong Leang Kim, I could
have not done the project without you. Working with you was my favorite experience in
Cambodia.
I appreciate everyone that contributed to make this project a success, Osama
Tarabih, Cody Stewart, Lorena Sanchez, Violeta, Mohit Kaura, Michelle Platz, Dr. Bill
Cooper, Noha Abdel-Mottaleb, Emma Lopez-Ponnada, Katharina Graf, and Ralph Fisher.
This work would not have been possible without the financial support of the
University of South Florida Signature Research Fellowship, the CUAHSI Pathfinder
Fellowship and the USF SIP (Strategic Investment Pool) Award. I thank the USF
Nanotechnology Research and Education Center (NREC) and the Institute of Technology

Cambodia (ITC) in Phnom Penh for letting me use their equipment and facilities. I
received funding and recognition from the AWRA William V. Storch Graduate Student
Award, A&WMA Axel Hendrickson Award, USF Richard Ian Stessel Memorial Fellowship,
Florida Stormwater Association Scholarship, and USF Richard Ian Stessel Graduate
Fellowship.

Table of Contents
List of Tables

iv

List of Figures

v

Abstract
Chapter 1. Introduction
1.1 Statement of Problem
1.2 Objective, Research Questions and Hypotheses
1.3 Dissertation Outline

vii
1
1
3
5

Chapter 2. Literature Review
2.1 Plastic as a Pollutant
2.1.1 Polymer Production and Characteristics
2.1.2 Environmental Impacts and Human Health Risks
2.1.3 Pathways
2.1.4 Plastic Transport and Transformation
2.1.4.1 Transport Processes
2.1.4.2 Transformation Processes
2.1.4.3 Impact of Particle Properties
2.1.4.4 Transport Modeling
2.1.5 Plastics in Stormwater Management
2.2 Data Collection and Sample Processing
2.2.1 State of Methods
2.2.2 Sampling
2.2.3 Sample Processing
2.3 Polymer Detection and Identification
2.3.1 Visual Identification
2.3.2 Spectroscopy Analysis
2.3.3 Other Methods
2.4 Spatial and Temporal Patterns
2.4.1 Global Distribution and Trends
2.4.2 Sources and Longitudinal Trends
2.4.3 Horizontal and Vertical Movement of Plastics
2.4.4 Temporal Trends
2.5 Literature Review Summary and Research Gaps

8
8
8
13
15
18
19
21
24
26
27
29
29
32
35
38
38
39
43
45
46
51
53
54
55

Chapter 3. Effects of Hydrodynamics on the Cross-sectional Distribution
and Transport of Plastic in an Urban Coastal River

58
i

3.1 Abstract
3.2 Introduction
3.3 Methods
3.3.1 Study Area and Site Information
3.3.2 Field Data Collection
3.3.3 Laboratory Analysis
3.3.4 Particle Characterization Using Image Analysis
3.3.5 Polymer Identification and Confirmation
3.3.6 Quality Control and Limitations
3.3.7 Data Analysis
ADCP Data
Plastic Fluxes
Statistical Analysis
3.4 Results
3.4.1 River Hydrodynamic Characteristics
3.4.2 Plastic Characterization
3.4.2.1 Polymer Type and Density
3.4.2.2 Size and Area
3.4.2.3 Shape
3.4.3 Plastic Fluxes
3.5 Discussion
3.5.1 Characteristics of Collected Plastics
3.5.2 Transport Mechanisms
3.5.3 Uncertainty in Plastic Estimation and Characterization
3.5.4 Resuspension and Sediment Interaction
3.6 Conclusion

58
58
59
59
61
62
63
64
65
66
66
67
68
68
68
72
74
75
78
79
82
82
83
87
88
89

Chapter 4. Effects of Urban Runoff and Hydrological Seasonality on River
Plastic Transport
4.1 Abstract
4.2 Introduction
4.3 Materials and Methods
4.3.1 Study Area and Site Information
4.3.2 Field Data Collection
4.3.3 Laboratory Analysis
4.3.4 Spectroscopy Analysis
4.3.5 Quality Control and Assurance
4.3.5.1 Field
4.3.5.2 Laboratory
4.3.5.3 Spectroscopy Analysis
4.3.6 Data Analysis
4.3.6.1 ADCP Data
4.3.6.2 Plastic Data
4.3.6.3 Flows
4.3.6.4 Rainfall
4.3.6.5 Statistical Analysis
4.4 Results and Discussion

91
91
92
92
92
95
95
96
97
97
98
98
98
98
99
99
100
100
101
ii

4.4.1 Plastic Loads
4.4.2 Seasonal Dynamics
4.4.3 Plastic, Flow and Rainfall Relationships
4.4.4 Implications

101
104
106
110

Chapter 5. Plastic Transport in a Complex River Confluence in the
Mekong Floodplain in Cambodia
5.1 Abstract
5.2 Introduction
5.3 Methods
5.3.1 Study Area
5.3.2 Field Data Collection
5.3.3 Laboratory Analysis
5.3.4 Data Analysis
5.3.4.1 ADCP data
5.3.4.2 Plastic data
5.3.4.3 Statistics
5.4 Results and Discussion
5.4.1 Plastic and Flow Dynamics
5.4.2 Plastic Budget at Phnom Penh
5.4.3 Cross-sectional Distributions
5.4.4 Comparison to Mekong River Plastic Load Estimates
5.4.5 Implications

112
112
113
115
115
117
118
118
118
119
120
121
121
124
125
128
130

Chapter 6. Conclusions
132
6.1 Summary of Contributions
6.2 Recommendations for Future Research and Management
6.2.1 Monitoring
6.2.2 Modeling
6.2.3 Guidelines for the Hillsborough River and its Riparian
Municipalities
6.2.4 Future Research Topics

132
137
138
140
142
144

References

147

Appendix A: Supplementary Material of Chapter 3

173

Appendix B: Supplementary Material of Chapter 4

181

Appendix C: Supplementary Material of Chapter 5

187

Appendix D: Copyright Permissions

192

iii

List of Tables
Table 1-1 Dissertation outline and publications

7

Table 2-1 Common polymer types

11

Table 2-2 Key processes for transport and fate of plastics in rivers

18

Table 2-3 Transport and fate models of plastic in rivers

27

Table 2-4 Range of plastic count concentrations in river waters across the world

48

Table 2-5 Global regression models of plastic emissions to the ocean

50

Table 2-6 Research needs and knowledge gaps addressed in this dissertation

57

Table 3-1 Cross-section flow characteristics during sampling events (2018)

69

Table 4-1 Sub-catchment information on sampling sites

94

Table 4-2 Overview of collected data

100

Table 5-1 Cross-section characteristics at the sampling sites

116

Table 5-2 Overview of collected data

120

Table A-1 Sample details and results of sampling campaigns at downtown site

173

Table A-2 Particles counts of Raman spectroscopy analysis by category

176

Table A-3 Summary of particle characteristics at each sample position

177

iv

List of Figures
Figure 2-1 Microplastic sources and pathways from the city

16

Figure 2-2 Transport and transformation mechanisms of plastic in rivers

19

Figure 2-3 Overview of current sampling and analysis strategies in the aquatic
environment

32

Figure 2-4 Raman spectra of Polyethylene (PE) and Polypropylene (PP) samples
and reference

40

Figure 3-1 Study area and field set-up

60

Figure 3-2 Downstream flow velocities (u) in cross-section in (a) June, (b) July,
and (c) August

70

Figure 3-3 Vertical flow velocities during sampling in (a) June, (b) July, and (c)
August (d) Horizontal flow velocities in July

71

Figure 3-4 Plastic count concentrations [#/m3] (a-c) and mass concentrations
[mg/m3] (d-f) found in the river cross-section in June, July, and August

73

Figure 3-5 Polymer types found in the river cross-section

75

Figure 3-6 Particle size distribution to overall count and mass

76

Figure 3-7 Density plots of area and shape distribution at each sample position
found in particles collected from June-August 2018. (a) area; (b)
roundness; (c) circularity; (d) solidity

77

Figure 3-8 Advective count fluxes [#/m2/hr] at multiple cross-sectional positions
in (a) June; (b) July, and (c) August

81

Figure 3-9 Lateral and vertical count fluxes [#/m2/hr] at multiple cross-sectional
positions in (a) June; (b) July, and (c) August

81

Figure 4-1 Overview of the study area

93

Figure 4-2 Concentrations and loads of plastic counts and mass

102

Figure 4-3 Effect of discharge measurements on count loads Upstream (blue
triangle), Midstream (yellow circle), and Downstream (grey square)

104
v

Figure 4-4 Count and mass loads of plastics per site and season

105

Figure 4-5 (a) Count loads [T#/day] and (b) mass loads [kg/day] of plastic
measured during each sampling campaign (May 2018 to October
2019) Upstream (blue triangle), Midstream (yellow circle), and
Downstream (grey square)

107

Figure 4-6 Plastic, flow, and rainfall relationships upstream (a), midstream (b),
and downstream (c)

109

Figure 5-1 Field sites around Phnom Penh, Cambodia

116

Figure 5-2 Positions of multi-point sampling set-up at the Mekong sites

118

Figure 5-3 Overview of plastic concentrations, loads and discharge by site

123

Figure 5-4 Ratio of discharge and plastic quantities in and out of Phnom Penh

125

Figure 5-5 Horizontal distribution of (a) local velocities [m/s], (b) plastic count
concentrations [#/m3] and mass concentrations [mg/m3] at each site

127

Figure 5-6 Vertical distribution of (a) local velocities [m/s], (b) plastic count
concentrations [#/m3] and mass concentrations [mg/m3] at each site

128

Figure 5-7 Study results of annual plastic loads [t/yr] based on wet season data
and flow-normalized yearly average from Mekong Downstream
passed Phnom Penh (this study) compared to global models
estimating plastic released from the Mekong into the ocean

130

Figure 6-1 Qualitative trends and tendencies of river plastic pollution

134

Figure A-1 Field set-up

178

Figure A-2 Example Raman spectra

179

Figure A-3 Advective mass fluxes [mg/m2/hr]

180

Figure A-4 Lateral and vertical mass fluxes [mg/m2/hr]

180

Figure B-1. Mean monthly rainfall during the sampling period

181

vi

Abstract
This dissertation investigates plastic release and transport in urban rivers with a
focus on the driving spatial and temporal factors. Plastic is a key pollutant of this century
that affects humans and the environment around the world. Rivers are a focal point of
release and management, as they concentrate and accumulate plastics from urban
watersheds and convey them to the world’s oceans.
This research assessed cross-sectional, longitudinal, and seasonal patterns of
plastics in rivers, and evaluated the role of urban pollution and watershed hydrology. A
detailed background is provided in the literature review. This work is built on two case
studies: an 18-month seasonal monitoring in the Hillsborough River in Florida, USA and
a wet season field campaign in the Mekong floodplain in Cambodia, Southeast Asia.
The first section explores the effects of flow conditions on cross-sectional
distribution and transport of plastic during the wet season in Florida. This includes a
detailed analysis of polymer characteristics and abundance linked to flow profiles as well
as the determination of advective, vertical, and lateral transport fluxes of plastics.
Advective fluxes were two orders of magnitude higher than lateral and vertical fluxes
under calm flow conditions. With increased turbulence, enhanced particle exchange in
the cross-section resulted in a three to tenfold increase in lateral and vertical plastic
fluxes. Plastics are differently affected by turbulence depending on their properties: Large,
irregular, and rougher particles tend to mix better than smaller, rounder and smoother
ones.
vii

The second section evaluates the effects of urban pollution and rainfall seasonality
on river plastic transport in the Hillsborough River. Annual plastic loads are highly
uncertain, with median estimates at the river mouth of 3.33 billion particles (coefficient of
variation 89.3%) or 2.04 tons of plastic (coefficient of variation 201%). My work provided
clear evidence on the impact of urban pollution and seasonal (rainfall) dynamics through
the year. A multi-variable statistical analysis was conducted to assess the role of plastics,
flow components, and rainfall in the context of urbanization. Plastic loads are
concentration-limited, whereas increases in rain, flow and runoff promote dilution and
drive mobilization. This finding provides new insight into human and environmental factors
governing urban river plastic pollution. The last section looks at the extremes of urban
river plastic pollution. I present the findings of what may be the peaks of plastic release
and transport in the large Mekong-Tonle Sap-Bassac river confluence in Phnom Penh,
the capital of Cambodia. Driven by seasonal high flows, large amounts of plastic are
released; an increase of plastic count loads by one and a half times and of mass loads
by over 20 times was measured within the city boundaries. The plastic mass is mostly
transported at the surface, directing plastics downstream towards the ocean as well as to
Cambodia’s largest freshwater fisheries. A portion of the plastic load is mixed into the
water column to be potentially retained in the rivers, where it could break down and/or be
released over long periods of time. This chapter synthesizes the findings of an
understudied area in Southeast Asia with a massive environmental impact on Cambodia’s
largest water bodies and plastic pollution in the Mekong and the ocean. This research
advances our understanding of spatial and temporal drivers of plastic pollution in urban
rivers. It highlights and explains the impact of urban areas, watershed hydrology, and

viii

seasonal characteristics on plastic transport and distribution. With stormwater runoff as a
main source of plastic in rivers, these findings emphasize the necessity to address plastic
as a pollutant in stormwater management practices.

ix

Chapter 1. Introduction
1.1 Statement of Problem
Plastic pollution is an emerging environmental issue (UNEP, 2005; GESAMP,
2016). Since the 1950s, humans have produced 8.3 ×109 tons of plastic with 60%
discarded in landfills or as litter (Geyer, Jambeck and Law, 2017). Jambeck et al. (2015)
estimated a generation of 275 ×106 tons of plastic waste in 192 coastal countries
(corresponding to 93% of the global population) in 2010, and of that 8 ×106 tons entering
the world’s oceans. Based on a recent study, the United States alone generates 42 ×106
tons of plastic annually and releases 0.51-1.45 ×106 tons/year to the ocean environment,
making it the worst plastic emitter in the world (Law et al., 2020). A model of Eriksen et
al. (2013) suggests that over 5 ×1012 plastic pieces of 330 mm and larger are floating at
the ocean’s surface, and the amount of plastics at the bottom of the sea is believed to be
much higher (Thompson, 2004; Woodall et al., 2014), as up to 99.8% of plastics have
settled below the ocean surface layer (Koelmans et al., 2017).
Plastic pollution is a major threat to global water resources with implications for the
environment, economy, and public health (Thompson et al., 2009; UNEP, 2014). Plastics
harm wildlife, exacerbate transport of pollutants and toxic contaminants, and compromise
ecosystems functions and services (Teuten et al., 2009; Rochman et al., 2015; EerkesMedrano and Thompson, 2018). For instance, small plastics can be ingested and
respirated by large and small organisms alike and pass through the food chain by
bioaccumulation (Bouwmeester, Hollman and Peters, 2015; Rochman et al., 2015).
1

Additives and adsorbent toxic substances or pathogens are released and impose health
effects to animals and potentially humans (Bellasi et al., 2020; Campanale et al., 2020).
The contamination of marine resources has raised large concerns globally due to its
widespread occurrence and ecological implications (Cole et al., 2011; UNEP, 2016; Hale
et al., 2020).
Release of plastic litter into water bodies occurs through land- and sea-based
pathways all over the world. The land-based portion of plastic mostly originates from
agriculture and from urban water systems, particularly from storm and wastewater (Dris
et al., 2018). Due to the high-density of human presence and activity, plastic pollution
accumulates and magnifies around cities and urban centers (Jambeck et al., 2015; Horton
and Dixon, 2018). Plastic released in the terrestrial environment eventually is flushed into
rivers and from there transported to the sea, often the final sink (Blettler et al., 2018;
Wagner and Lambert, 2018). Overall, land-based plastics contribute an estimated 80%
to the debris in the world’s oceans (UNEP, 2005; González et al., 2016).
The study of plastic pollution in rivers is a critical link to a better understanding of
terrestrial sources and pathways through watersheds before reaching the ocean. Urban
and coastal rivers are key locations for intervention to reduce and prevent plastic release
into marine environments (Luo et al., 2019; Su et al., 2020). Yet, spatio-temporal
dynamics of plastic waste in urban rivers remain not well understood, information which
is critical for waste management worldwide. By country, annual plastic generation rates
differ from 1.49 to 308.25 kg/capita, resulting in 26.0 x 100 - 20.8 x 106 tons/year of
mismanaged plastic waste (Law et al., 2020). To eventually move towards improved local
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and global management practices, research on sources, transport, fate, and effects as
well as the development of prevention, reduction and removal strategies are crucial.
1.2 Objective, Research Questions and Hypotheses
The overall objective of this doctoral dissertation was to assess and understand
spatial and temporal patterns of plastic loads in urban rivers. The following research
questions were developed from the knowledge gaps and needs in the field as identified
in the literature review (see 0). The corresponding hypotheses were formulated based on
expectations and initial understanding of the problem and were tested and (re-)evaluated
by means of this dissertation.
•

Research Question 1: What are the main hydrodynamic processes guiding plastics
transport through a river cross-section and how do flow conditions and particle
properties affect the vertical and lateral distribution of plastics?
Hypothesis 1: Low-density plastics are unevenly distributed horizontally and
vertically within river cross-sections. Direction and magnitude of plastic transport are
governed by downstream advection and impacted by lateral and vertical crosssectional mixing, which would add different transport pathways and facilitate
temporary retention. Due to their specific properties, the particles are impacted
differently by turbulence and mixing; their transport is affected by their density,
shape, and size. Higher density will support downward movement and particles of
larger sizes and more complex shapes are more affected by turbulence than smaller,
simpler particles.

•

Research Question 2: How do urban development and runoff drive plastic release
and transport in rivers?

3

Hypothesis 2: Urban pollution is causing and driving riverine pollution. Plastic from
the city is released through stormwater runoff, magnifying plastic loads in the river.
Along their course, rivers accumulate plastic from the watershed and will reflect
much higher presence of plastics in urbanized areas.
•

Research Question 3: What is the role of flow and rainfall seasonality in the release
and transport of plastic loads in rivers?

•

Hypothesis 3: River plastic loads and concentrations are directly impacted by
seasonal dynamics. The additional discharge, runoff, and rainfall during wet season
conditions increases plastic release into rivers, while plastic accumulates in temporal
sinks and is less abundant in the river during dry periods.

•

Research Question 4: What are the characteristics of plastic pollution in a major river
floodplain and confluence?

•

Hypothesis 4: Due to the high plastic use and discard by the over two million people
living in Phnom Penh and the limited solid waste management, urban pollution
occurs on a large scale in the extensive river system affecting global plastic
emissions. The city significantly increases Mekong plastic loads, and the confluence
redistributes them towards the ocean and Southeast Asia's largest lake.

•

Research Question 5: How do plastic loads found in the Mekong River compare to
current global estimates?

•

Hypothesis 5: As a major river in Southeast Asia, the Mekong is expected to have
an important contribution to global plastic pollution. Global model estimates are
based on few watershed parameters, and they may underestimate field-based
measurements substantially.
4

To answer these research questions, I implemented a comprehensive and rigorous
research plan conducting an 18-month field campaign in the Hillsborough River in Florida
and a one-month wet season field campaign in the Mekong River in Cambodia. Detailed
field and laboratory protocols were developed using state-of-the-art techniques,
emphasizing flexibility and replicability to include micro- and macroplastics. The
developed field method is simple, adaptable to and suitable for different river
environments. The approach captures spatial dimensions of plastic transport. First, the
sites of both monitoring campaigns were selected with the intent to measure the impact
of the cities of Tampa and Phnom Penh. Second, the multiple positions (5-11) measured
in the cross-section capture the spatial distribution of plastics and decrease uncertainty
when estimating plastic loads. The collection of advanced, onsite discharge velocity and
flow profiles complemented and completed the plastic load datasets.
This research extended and critically assessed current knowledge on input,
occurrence, and fate of plastics pollution in rivers. Using case studies in two lowland urban
river systems (Hillsborough in Florida and the Mekong/Tonle Sap/Bassac system in
Cambodia), this research promotes the significance of plastic as a pollutant and guide
removal and mitigation efforts of riverine plastics. The findings can support the
incorporation of plastic into stormwater and waste management regulations. Furthermore,
this work serves to raise awareness and understanding of this emerging global
environmental issue.
1.3 Dissertation Outline
This chapter introduced the global problem of plastic pollution and the role of urban
rivers as well as the questions and hypotheses guiding this dissertation research. The

5

second chapter is the Literature Review. It provides a thorough introduction on plastic
pollution in rivers, including polymer characteristics, environmental risks and current
knowledge on release, transport and abundance. Furthermore, it discusses the methods,
advances and challenges of data collection and analysis. Lastly, existing research and
understanding, as well as knowledge gaps regarding the trends and patterns of plastic in
urban rivers are discussed in detail to provide the background to this dissertation.
Chapter three, four and five present the methods, results and discussion of the
research questions and hypotheses. Chapter three addresses the effects of
hydrodynamics on the cross-sectional distribution and transport of plastic in the
Hillsborough River, providing a unique assessment of flow conditions as drivers of plastic
pollution.
Chapter four discusses the findings from an 18-months sampling campaign in the
Hillsborough River to evaluate the impact of urban pollution and rainfall seasonality on
river plastic transport. This chapter provided the first estimate of the dynamics of plastic
release and transport in the Hillsborough River.
Chapter five presents the results from the wet season study in the Mekong River
floodplain in Cambodia. Data collection was conducted within a unique river confluence
in the capital Phnom Penh that redistributes flows and plastics into Mekong, Tonle Sap,
and Bassac Rivers.
Lastly, Chapter six summarizes the results from this dissertation and elaborates
on the implications for the field of plastic pollution in rivers. Based on the findings and
lessons learned from this research, it provides recommendations for future work both in
research and management.

6

Table 1-1 lists the details and status of the publications associated with the
research chapters. As part of this dissertation, my contribution to those publications was
the conceptualization, data curation, formal analysis, investigation, methodology, funding
acquisition, project administration, visualization, and writing – original draft.
Chapter
Chapter
2
Chapter
3
Chapter
4
Chapter
5

Table 1-1 Dissertation outline and publications
Publication
Spatial and Temporal Patterns of Plastic in Urban Rivers – a
review and evaluation
Haberstroh, C.J., Arias, M.E., Yin, Z., Wang, M.C., 2020.
Effects of hydrodynamics on the cross‐sectional distribution
and transport of plastic in an urban coastal river. Water
Environ. Res. https://doi.org/10.1002/wer.1386
Haberstroh, C.J., Arias, M.E., Yin, Z., Wang, M.C., Effects of
Urban Runoff and Hydrological Seasonality on Plastic
Transport in a Subtropical River
Effects of flood dynamics and urban pollution on plastic
transport in the Mekong River floodplain in Cambodia.

Status
Manuscript
in
preparation
Published
(July 2020)
Manuscript
submitted
for review
Manuscript
in
preparation
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Chapter 2. Literature Review
This chapter presents a comprehensive review of the state of knowledge on plastic
pollution as it relates to the research presented in this dissertation. First, it introduces the
field of plastic pollution in rivers. A background is provided on polymers and global
production and management, on the risks and impacts on the environment and humans,
as well as pathways, processes, and quantities of river plastics. Second, the current data
collection and processing methods are explained and evaluated. Third, the state-of-art
methods for polymer detection and identification are presented and critically discussed.
Fourth, follows a detailed discussion of the contents directly related to the focus of this
dissertation, i.e., the spatial and temporal trends that guide plastic in urban rivers. Finally,
this chapter closes with a summary of the presented literature and highlights the existing
research gaps.
2.1 Plastic as a Pollutant
Plastic has emerged as a major global pollutant. Rivers are central features of
plastic pollution, transporting plastics from the terrestrial environment and from centers of
human activity to the coast and oceans.
2.1.1 Polymer Production and Characteristics
Synthetic organic polymers, commonly referred to as plastics, are cheap, durable,
and lightweight; furthermore, they are corrosion-resistant and have high thermal and
electrical insulation properties (Thompson et al., 2009). First manufactured in the early
20th century for military purposes, plastics soon became widely used in industry and
8

households. Since the 1950s, humans have produced about 8.3 ×109 tons of plastic and
well over half of that was discarded in landfills or as litter (Geyer, Jambeck and Law,
2017). A projected total of 40 ×109 tons of plastics could be produced by 2050
(Zalasiewicz et al., 2016). In 2016, the global annual production rate was at 330 ×106
tons, with the prospect to double within 20 years (Lebreton and Andrady, 2019). The
biggest market for plastics today is packaging, which includes 42% of all non-fiber
plastics, followed by building and construction, with 19% of all non-fibers (Geyer,
Jambeck and Law, 2017). Plastic debris is widely mismanaged, leading to frequent and
vast release of waste into the environment. For instance, 75% of the plastics identified in
rivers originate from single-use consumer products (Schwarz et al., 2019). Moreover,
Lebreton and Andrady (2019) estimated that 47% of the plastic waste generated in 2015
entered the environment, between 60 and 99 ×106 tons of plastics. 710 ×106 tons of
plastic are projected to be released into the environment from 2016 to 2040 under the
best case scenario (Lau et al., 2020).
Plastics are mostly derived from fossil hydrocarbons. Polymers are long chains of
bonded repeating units, monomers, which are fundamentally different for each polymer.
For many of the commonly used plastic types, the backbone is made of bonded chains
of carbon atoms. It can also include nitrogen, oxygen or other elements. Other polymers
are inorganic, and their backbone is comprised of silicon or phosphorous. Many of the
most common polymers are made from hydrocarbons, compounds of carbon and
hydrogen, but additional elements such as chloride and fluoride can be attached to the
backbone as well. The chemical compounds of the polymers define their properties such
as density, physical and thermal properties, and degree of crystallinity (American
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Chemistry Council, 2017; Brinson, 2008). According to their technical properties, plastics
can be divided into thermoplastics, thermosets, and elastomers (Peters, 2015). The base
polymers usually contain additives to improve performance, functionality, and ageing
properties. For instance, additives reduce material cost (fillers), facilitate the production
process (lubricants, catalysts), add color (pigments), reinforce (fibers, fillers, nanotubes,
nanoclays) and add function (plasticizers, antioxidants, UV stabilizers, fire retardants,
among others). All these compounds vary with each individual product and its
manufacturing process (Socrates, 2010; Hahladakis et al., 2018). Polymers are
processed into films, fibers, foams, sheets, among others which decides their size and
shape characteristics, but also other properties such as density. For example, foams are
lightweight cellular plastics, because they contain a foaming or blowing agent that creates
open, interconnected or closed cavities (Asensio et al., 2009). As there exists such a vast
number of different plastics with different properties and functions, plastics as a
contaminant have to be understood and addressed as a variety of chemical compounds
with differing behaviors and risks (Rochman et al., 2019).
Plastics found in the environment are at least as heterogeneous as the products
they originate from; they vary in size, shape, chemical composition and density (Duis and
Coors, 2016). The structure, compounds, and respective physical and chemical
properties of plastics directly affect their behavior in the environment, including the
transport pathways and their fate in aquatic systems. Table 2-1 shows common polymer
types with their densities and associated products. Geyer et al. (2017) estimate that 92%
of all plastics ever produced belong to seven groups: high-density and low-density
polyethylene (HDPE and LDPE), polypropylene (PP), polystyrene (PS), polyvinylchloride
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(PVC), polyethylene terephthalate (PET), PUR resins, and polyester, polyamide, and
acrylic (PP&A) fibers. The polymer types that have been mostly detected in waterbodies
closely correspond to these seven groups (Andrady, 2011; Wagner et al., 2014) with PE,
PP, and PS representing typically between 92.2% and 95.8% of the polymers found
across freshwater studies (Schwarz et al., 2019).
Table 2-1 Common polymer types. Densities based on Zhao et al. (2018), product
examples modified from Wagner et al. (2014)
Density
Name
(kg/m3)
Product examples
Polyethylene (PE)
Low-density Polyethylene
(LDPE)
High-density Polyethylene
(HDPE)

910–930

plastic bags, six-pack rings, bottles,
netting

940

milk and juice jugs, food containers

Polypropylene (PP)

830–850

floats, (foam) cups, lids, ropes

Polystyrene (PS)
Expanded polystyrene
(EPS)

1,040–1,100

rope, bottle caps, netting

10–40

plastic utensils, food containers

Polyvinyl chloride (PVC)
Polyethylene terephthalate
(PET)

1,160–1,580

plastic film, bottles cups

960–1,450

Polyurethane (PUR)
Polyester, polyamide, and
acrylic (PP&A)

1,200

plastic beverage bottles
kitchen sponges, furniture and
automotive seat cushions, mattress
cores, clothing

1,240–2,300

clothing

Polyamide (PA) 6/6
Polymethyl methacrylate
(PMMA)

1,020–1,160

netting and traps

1,090–1,200

“Plexiglas”, acrylic paint

Cellulose acetate (CA)

1,290

cigarette filters

Polyester (PES)

LDPE, HDPE, and PP have a lower density than seawater (~1,025 kg/m3) and
fresh water (density ~1,000 kg/m3); PET and PVC are higher density polymers. The solid
form of polystyrene has a density of 1,050 kg/m3, but polystyrene foam, extruded
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polystyrene, and extruded polystyrene foam are lightweight with densities between 10
and 40 kg/m3 (Zhao et al., 2018). Although they are buoyant, low-density plastics are
found in water column and sediments as well (Kooi et al., 2017; Schwarz et al., 2019).
In research on plastic pollution, plastics are typically classified in macro-, microand nanoplastics, occasionally with additional sub-groups. Size classifications are not
standardized and many different size ranges and terms have been used across studies,
mainly due to the different methods of data collection, detection and identification (Blair
et al., 2017; Wagner and Lambert, 2018). Macroplastics are defined as whole items or
pieces greater than 5 mm (Wagner et al., 2014; Eerkes-Medrano, Thompson and
Aldridge, 2015); this is a threshold widely adopted as an international standard. In the
environment, they have the highest contribution in mass and provide a source of microand nanoplastics (Koelmans et al., 2017; Piehl et al., 2018). Microplastics have been
classified as particles smaller than 5 mm and larger than 0.1 µm (Alimi et al., 2018;
Wagner and Lambert, 2018). However, the lower threshold separating micro- from
nanoplastics has been used inconsistently in the literature (Browne, Galloway and
Thompson, 2007; Barnes et al., 2009; Frias and Nash, 2019). Microplastics are commonly
grouped into primary microplastics, produced in small sizes, and secondary microplastics,
which originate from the breakdown of larger plastic products. Typical primary
microplastics come from cosmetics, abrasive cleaning products, and effluents from
production sites. Secondary plastics originate from plastic litter, tire wear, and paint,
among others. Laundry fibers have been classified as primary or secondary microplastics
(Dris et al., 2015; Bänsch-Baltruschat et al., 2017). Most microplastics found in the
environment are secondary microplastics. As primary and secondary plastics transform
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over time, the secondary plastic fraction increases and may transform into nanoplastics,
the smallest studied size class (Eriksen et al., 2013). Overall, microplastics can be viewed
as a transitionary state between macro- and nanoplastics (Hale et al., 2020). Due to their
very small sizes and lack of appropriate analytical techniques, nanoplastics have not been
quantified well in the environment (Mattsson, Hansson and Cedervall, 2015; Triebskorn
et al., 2019).
2.1.2 Environmental Impacts and Human Health Risks
Plastic waste in terrestrial and water systems harms wildlife, facilitates the
transport of other chemical pollutants and toxic contaminants, pathogens, and nonindigenous species, and compromises ecosystem services (Teuten et al., 2009; Sigler,
2014; Eerkes-Medrano and Thompson, 2018). For instance, UNEP (2014) applied natural
capital valuation to assess global impacts of plastic on the marine environment and
estimated an annual damage of US$13 billion to marine ecosystems.
Micro- and nanoplastics have been of particular concern for a number of
environmental and health reasons. First of all, they are ingested and breathed by aquatic
and terrestrial organisms at nearly every trophic level, including zooplankton, benthic
organisms, fishes, birds, and sea mammals (Bellasi et al., 2020; Kik, Bukowska and
Sicińska, 2020). Reviewing the impact of plastics on marine life, Gall and Thompson
(2015) reported that 208 marine species were found to have ingested plastics.
Throughout the food chain, this leads to bioaccumulation; the concentration of
microplastics from fish to Antarctic fur seals was found to increase by 22 to 160 times
(Eriksson and Burton, 2003). Ecological impact of marine debris on marine organisms
was observed on the ecological level (populations and assemblages), organismal level
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(organism), and suborganismal level (subatomic, atomic, molecules, cells, tissues,
organs, etc.) (Rochman et al., 2015). Plastics bioaccumulate through the food chain and
can enter human bodies (Bouwmeester, Hollman and Peters, 2015; Schwabl et al., 2019).
Secondly, additives and other compounds added in the manufacturing process
provide a source of toxic chemicals in microplastics released over time (Eerkes-Medrano,
Thompson and Aldridge, 2015). Additives have low molecular weight and are not part of
the polymer matrix, therefore they can leach out into the surrounding environment,
including organic tissue. For instance, a recent study on plastic additives and their effect
on Daphnia magna detected 21 compounds associated with plastics in a highly urbanized
and industrialized river in Spain, including Bis(2-ethylhexyl) phthalate (DEHP), Diethyl
phthalate (DEP), Dibutyl phthalate (DBP), Neptunium (NP), Organophosphate (OP), and
Bisphenol A (BPA) (Bolívar-Subirats et al., 2020). Studies on animals indicate a wide
variety of effects associated with exposure to compounds such as phthalates, BPA,
polybrominated diphenyl ethers (PBDE) and tetrabromobisphenol A (TBBPA) (Talsness
et al. 2009). EPA (2015) lists phthalates, polychlorinated biphenyls, polycyclic aromatic
hydrocarbons, organochlorine pesticides, PBDE, alkylphenols, BPA, and metals as some
of the most important contaminants associated with plastics in the environment. Lithner,
Larsson, and Dave (2011) suggest that the monomers of plastics themselves could be
hazardous when released.
In addition to their own compounds, plastic particles may serve as vectors for
persistent, bioaccumulative, and toxic substances (Engler, 2012; Bellasi et al., 2020).
Small particles with large surface areas have high sorption capacity (Lee, Shim and
Kwon, 2014; Mammo et al., 2020). They can sorb and carry chemicals such as
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polychlorinated biphenyls and dioxins that may be transferred to marine organisms (Mato
et al., 2001; Rios, Moore and Jones, 2007; Browne et al., 2013; Avio et al., 2015). Ma et
al. (2016) observed significant toxicity and physical damage and additive affects to
Daphnia magna exposed to 14C-phenanthrene and nanoparticles made from
polystyrene. Polymer particles also provide factitious surfaces for microorganisms,
including human and animal pathogens (Rummel et al., 2017; Mammo et al., 2020; Miao
et al., 2020).
Potential pathways of microplastics to enter human bodies are ingestion,
inhalation, or skin contact (Campanale et al., 2020). As plastics are travelling through the
food chain and have been reported in human food and stool as well as air samples, there
is a valid concern of potential human health impacts (Wright and Kelly, 2017; Schwabl et
al., 2019). The chemicals associated with micro- and nanoplastics are known to have
effects on human organs, including liver, kidneys, heart, nervous system and the
reproductive system (Monti et al., 2015; Schirinzi et al., 2017; Cox et al., 2019). However,
the direct implications of plastics and their additives on human health are not identified
(Campanale et al., 2020).
2.1.3 Pathways
Plastic litter can enter rivers through a number of pathways (Figure 2-1). Plastic
debris is produced by both domestic and industrial sectors from which direct dumping into
terrestrial or aquatic environment may occur. When managed, solid waste is mostly
transported to landfills (Horton, Walton, et al., 2017). Wastewater carrying microplastic is
directed to treatment plants, stormwater may undergo different types of management or
treatment (Gregory, 1996; Browne et al., 2011). Both solid and liquid waste is commonly
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applied as soil amendments on agricultural land; plastic fibers and other plastic residues
are applied with it (Zubris and Richards, 2005; Rillig, 2012). At all these steps,
mismanagement can lead to unplanned release of plastics that then enter water systems
through runoff or atmospheric fallout (Dris, Gasperi, et al., 2015). Because conventional
water and waste treatment is not specialized on plastic removal, microplastics are found
in the effluents of wastewater and stormwater treatment (Sun et al., 2019).

Figure 2-1 Microplastic sources and pathways from the city. . Based on Dris et al.
(2015)

For urban rivers, stormwater runoff, wastewater effluents and atmospheric
deposition are they main sources of plastics (Dris et al., 2015; Carr, Liu and Tesoro,
2016). Stormwater, in particular, is ubiquitous in any city adjacent to rivers, and ultimately
16

will affect the outcomes of urban river studies. Much of the plastics found in rivers
originate from stormwater, entering both through point and non-point sources along the
riverbanks. Knowledge of plastic release from stormwater is typically more qualitative
than quantitative, as it originates from riverine studies. For instance, specific point sources
such as storm drains and effluent outfalls have not been monitored (Horton and Dixon,
2018; van Emmerik and Schwarz, 2020).
Microplastics in wastewater treatment have been studied more extensively (Sun
et al., 2019). Wastewater treatment effluents are known to contain microplastics and
provide clear locations of point sources, therefore they are expected to be a predictor for
microplastic (Mason et al., 2016; Murphy et al., 2016), a finding which has been supported
by several studies (McCormick et al., 2014a; Liu et al., 2020). However, in other cases
plastic occurrence in receiving rivers was not clearly associated with the presence or
distance to wastewater treatment plants (Hoellein et al., 2017; Stanton et al., 2019; Crew,
Gregory-Eaves and Ricciardi, 2020).
Atmospheric fallout as a pollutant in urban areas was first detected by Dris et al.
(2016) and has since then been investigated by several other studies (Cai et al., 2017;
Allen et al., 2019; Ambrosini et al., 2019; Klein and Fischer, 2019; Wright et al., 2020). It
concerns mostly small particle sizes, especially fibers and non-fibrous particles well below
500 µm (Wright et al., 2020; Zhang et al., 2020). Atmospheric transport is a pathway that
may carry plastics over large distances and affects remote areas far from any direct
pollution sources (Allen et al., 2019; Ambrosini et al., 2019; Zhang et al., 2019). Storm
and snow events are potentially important drivers for the deposition of atmospheric
microplastics (Dris et al., 2016; Allen et al., 2019). Current research is in early stages and
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needs further investigation; the state of knowledge on atmospheric deposition has been
recently reviewed in Zhang et al. (2020).
2.1.4 Plastic Transport and Transformation
Transport of several riverine contaminants such as pathogens, nutrients, and toxic
metals has been well studied (for instance, Caruso et al., 2008; Ferguson et al., 2003; Ji,
2008; Schmutz and Sendzimir, 2018) but the mechanisms underlying transport and fate
of plastics are not understood in detail (Alimi et al., 2018; Horton and Dixon, 2018).
Plastics are extremely durable and can persist in the environment for centuries; however,
their structures break and degrade over time through UV radiation coupled with
weathering, mechanical abrasion and microbiological degradation (Mammo et al., 2020).
While moving through environmental compartments, individual particles are likely to
undergo multiple transport and transformation processes (Horton & Dixon, 2018; Kooi et
al., 2018; see Figure 2-2).Table 2-2 lists these key processes with their effect on
properties, state of change, and underlying mechanisms.
Table 2-2 Key processes for transport and fate of plastics in rivers
Process
Process type
Effect on properties
Change
Mechanisms
Advection
Transport
No effect
Ongoing
Physical
Dispersion
Transport
No effect
Ongoing
Physical
Diffusion
Transport
No effect
Ongoing
Physical
Settling
Transport
No effect
Ongoing
Physical
Burial
Retention
No effect
Temporal
Physical
Resuspension Transport
No effect
Temporal
Physical
Aggregation
Transformation Size/density increase Reversible Biochemical
Biofouling
Transformation Size/density increase Reversible Biological
Defouling
Transformation Size/density increase Reversible Biological
Fragmentation Transformation Size/density decrease Irreversible Physical
Degradation
Transformation Size/density decrease Irreversible Biological,
or removal
Chemical

18

Figure 2-2 Transport and transformation mechanisms of plastic in rivers
2.1.4.1 Transport Processes
The transport of contaminants and sediments through rivers is governed by
advection, diffusion, and dispersion (Ji, 2008). Transport of floatable, suspended and
subsiding plastic particles differ substantially. Many lower density plastics have a
predominantly pelagic transport route at the surface and the neuston. However, they can
be found throughout the water column. Higher density plastic tend to occupy the depths
near the bottom and benthos (Corcoran, 2015). Suspended particles with a density close
to that of water move several orders of magnitude faster than particles moving in the
riverbed sediments (Eerkes-Medrano, Thompson and Aldridge, 2015). Volume and
specific gravity (relative mass density) determine buoyancy, which is also influenced by
particle size and shape (Dietrich, 1982; Filella, 2015).
Due to changing inflows from other streams, runoff, and tidal backflow, the flow
profiles of higher-order and coastal rivers often exhibit high spatial fluctuations
(Ramaswami, Milford and Small, 2005). Bank irregularities affect the cross-sectional
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velocity field in natural and human-impacted rivers and cause increased lateral
dispersion. Particularly in smaller rivers, strong bed friction can result in vertical channel
mixing (Ji, 2008; Franca and Brocchini, 2015). Hydrodynamic conditions (e.g. flow
velocities and turbulence) and particle properties (e.g. size, shape, and surface) affect
the vertical movement of suspended particles across the water column and their
interaction with the bed load. Rivers with high hyporheic exchange have an increased
potential for particle retention but remobilization may occur under base flow conditions
(Drummond et al., 2020). Hydrological factors such as low flow regimes, higher water
depths, and high turbulence slow down or impede downstream transport (Dahms et al.,
2020; Haberstroh et al., 2020; van Emmerik et al., 2019.
Intermedia processes occur between a river reach and the media around (water,
air, and soil). Washing from riverbanks, burial and detachment at the river bottom, as well
as entrapment and disentanglement with riparian plants create temporary sources or
sinks. These processes may release or retain pollutants and therefore affect the rate of
transport (Nizzetto et al., 2016; Besseling et al., 2017). Particularly, floodplains, dams,
and meanders are plastic sinks (Tibbetts et al., 2018; Hübner, Michler-Kozma and Gabel,
2020; Wang et al., 2020). Settling, burial, and resuspension lead to retention, but do not
change properties of particles themselves. Settling has been well studied in river
sediments (Rijn, 1993; Lick, 2008), affecting particles with densities greater than water as
well as buoyant plastics that form aggregates with denser plastics and other materials.
The movement of settling particles depends on flow velocity and particle size. At the river
bottom, they are buried or resuspended into the water column. These processes cause
mass exchange across the water column as well as with the sediment layer.
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2.1.4.2 Transformation Processes
Aggregation refers to the attachment of two or more particles as a result of collision
(Alimi et al., 2018). Particles may form aggregates with other plastics (homoaggregation)
or with other materials in the water such as sediment, algae, organics, or dissolved
substances (heteroaggregation) (Kooi et al., 2018). Aggregation has been studied in
regard to engineered nanomaterials (Petosa et al., 2010) as well as their interaction with
phytoplankton aggregates (Long et al., 2015). Biofouling is the unwanted accumulation
of aquatic organisms on submerged surfaces creating a biofilm (Flemming, 2002).
Defouling may occur under submerged conditions causing light limitation (Ye and
Andrady, 1991), acidic conditions causing dissolution of carbonates (Cozar et al., 2014)
or grazing (Kooi et al., 2017). Aggregation and biofouling increase the size and density of
the particles temporarily or in the long term, which changes their transport behavior,
particularly enhancing settling. Biofouling was shown to cause sinking of macro and
microplastic in coastal and marine environments (Fazey and Ryan, 2016; Kaiser,
Kowalski and Waniek, 2017). Chubarenko et al. (2016) showed that the fouling rate of
particles depends on their shape and characteristic length scale.
While transported over land and through waterbodies, bigger items break down
through a number of physical, chemical, and biological transformation mechanisms that
are temporary or irreversibly changing particle properties (Dris et al., 2015; BänschBaltruschat et al., 2017; Kooi et al., 2018). Fragmentation and degradation reduce size,
density, and structure of plastic particles; mechanical fragmentation is a major process of
plastic breakdown (Chamas et al., 2020). Microplastics eventually become nanoplastics
(Alimi et al., 2018; Hale et al., 2020).
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Degradation is the change of the physical or chemical properties of a material
caused by chemical, physicochemical, or biological processes (Gewert, Plassmann and
MacLeod, 2015; Fotopoulou and Karapanagioti, 2017). Biodegradation is performed by
microbes, photodegradation through solar UV radiation, thermooxidative degradation
occurs as a slow oxidation at moderate temperatures, thermal degradation at high
temperatures, and hydrolysis as a reaction with water (Singh and Sharma, 2008;
Andrady, 2011). In nature, these abiotic (chemical and physical) and biotic processes
often occur in parallel. For polymers in the environment abiotic processes are dominating.
The principal agents and mechanisms degrading plastics are photodegradation, thermal
oxidation, and hydrolysis (Gewert, Plassmann and MacLeod, 2015). Degradation
processes of environmental plastics have been investigated in the laboratory (Lambert
and Wagner, 2016). Yet, there exist only few field studies of degradation mechanisms for
polymers in the environment. Rates of degradation are not known (Li et al., 2020).
Degradation processes depend on the type of polymer and its additives. Gewert et al.
(2015) compiled available knowledge about the degradation pathways of PE, PP, PVC,
PS, PET, PUR, the six plastic types most common in Europe. For polymers with carboncarbon backbones, photodegradation is believed to be the key abiotic degradation
process in the environment (Gewert, Plassmann and MacLeod, 2015). In water, plastic is
exposed to moderate temperatures, solar radiation at wavelengths of 300 nm and
oxidizing conditions. Oxygen and sunlight are the main factors initiating abiotic
degradation. Thus, degradation of plastics exposed to air and/or UV radiation (e.g., beach
or river bank) occurs much faster than in water (Andrady, 2011).
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The reduction of molecular weight through photo-initiated oxidative degradation
helps fragmentation processes; the breakup of the polymers to smaller pieces and the
production of carbonyl groups facilitates biodegradation (Gewert, Plassmann and
MacLeod, 2015). Thermal oxidation is very similar to photodegradation, but the initiation
is caused by heat. Thermal-induced oxidation is an important process at beaches
(Andrady, 2011; Fotopoulou and Karapanagioti, 2017), but temperatures in water bodies
are not high enough (Artham et al., 2009). PET and PU have heteroatoms in their
backbone. They have higher thermal stability and the additional groups make them more
susceptible to react with water molecules and break down; this is referred to as hydrolytic
cleavage (Müller, Kleeberg and Deckwer, 2001).
Biodegradation is caused by the action of microorganisms. As plastics are organic
compounds, they can serve as a carbon source for microorganisms and can be degraded
biologically over long periods of time. Any surface in aquatic environments will typically
be colonized quickly by biofilms of bacteria, fungi, and algae, complex microbial
communities that perform various metabolic activities (Davey and O’toole, 2000). Zettler
et al., (2013) found microbial communities inhabit microplastics in marine systems whose
metabolic pathways included plastic decomposition. Hoellein et al. (2014) studied
microbial interactions with anthropogenic litter in freshwater ecosystems also looking at
differences with terrestrial and marine ecosystems. They measured biofilm activity and
identified bacterial community composition comparing anthropogenic litter with natural
substrates in the Chicago River and Lake Michigan. However, the bacteria communities
they found on plastic in the river are typically not capable of degrading polymers. On the
other hand, many genera of microorganisms (bacteria, fungi and actinomycetes) are
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known to degrade different types of plastic (Alshehrei, 2017), but those microbes are rare
in nature (Andrady, 2011). Although the microbial degradation processes underlying the
degradation of plastics have been widely studied, the knowledge on degradation
occurring in the environment is highly limited. The strong bonds of polymer structures are
constraining biological processes and require chemical and mechanical pretreatment. In
nature and particularly in water systems, those abiotic degradation processes occur at
rates too low to account for a significant removal mechanism of plastic debris out of the
environment.
2.1.4.3 Impact of Particle Properties 1
Plastics behavior varies with particle properties. Density, size, shape, as well as
particle surface area and conditions (e.g. smoothness, biofilm presence), determine how
particles are affected by transport and transformation mechanisms, including turbulence,
aggregation, adhesion, degradation, and biofouling (Ballent et al., 2012). A number of
experimental and modeling studies have described the impact of particle properties on
plastic transport, settling, and resuspension in aquatic systems (Ballent et al., 2012;
Kowalski, Reichardt and Waniek, 2016; Nizzetto et al., 2016; Besseling et al., 2017;
Khatmullina and Isachenko, 2017; Zaat, 2020). However, field-based observations
supporting these findings are limited.

This section was published in: Haberstroh, C. J., Arias, M. E., Yin, Z., & Wang, M. C. (2020).
Effects of hydrodynamics on the cross‐sectional distribution and transport of plastic in an urban coastal
river. Water Environment Research. https://doi.org/10.1002/wer.1386. Permission is included in Appendix
D.
1
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In laboratory studies, relative mass density (or specific gravity) of particles, as well
as larger particle diameters increased settling rate and resuspension velocities
(Waldschläger and Schüttrumpf, 2019). Sinking and rising were enhanced by sphericity,
a measure of how close a shape resembles a sphere, but not by roundness, the
sharpness of a particle's edges. Kowalski et al. (2016) found sphericity and particle shape
to be more impactful for vertical velocities than particle density. Khatmullina and
Isachenko (2017) suggested the velocity of larger particles is more affected by their
shape, and that angularity reduces settling velocity. These laboratory studies were
performed in still water and with model plastic particles prepared for the study. In an
experimental setup, Ballent et al. (2012) replicated surface turbulence and measured the
impact of turbulence on particle behavior. They found that larger and irregular particle
shapes were more susceptible to surface turbulence than smaller, more spherical
particles. Zaat (2020) conducted a laboratory study on the vertical distribution of
macroplastics (HDPE and LDPE) under turbulent flow and found that at low shear
velocities, vertical distributions were governed by plastic floating ability, and at high shear
velocities more mixing occurred, and vertical distributions were more uniform. Besseling
et al. (2017) suggested that retention in the river sediment increases with particle size
and that particle density impacted only certain size categories. The behavior of nonspherical particles is much more complex than of spherical ones (Horton and Dixon, 2018)
and larger, irregular shapes may be more likely to move downwards (Ballent et al., 2012).
Smaller particles or foils and thin plastics may provide more surface area which enhances
transport through turbulence or, when exposed to the environment for a long time, biofilm
growth (van Emmerik and Schwarz, 2020). Therefore, environmental processes and flow
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conditions can cause settling even of low-density plastic materials. For instance, van
Emmerik et al. (2019) observed plastics with intrinsically lower densities than river water
sinking down the upper water column, and suggested that the vertical movement of plastic
is enhanced by biofouling, degradation, and polymer type. Generally, particle densities
increase through biofouling, aggregation, or adhesion to other compounds in the water
(or on land), and decrease through fragmentation, abrasion, and degradation, adding
more complexity to their behavior in the environment (Fotopoulou and Karapanagioti,
2017; Kooi et al., 2018).
2.1.4.4 Transport Modeling
Currently, there exist two spatiotemporally explicit transport and fate models for
plastic debris in rivers (Table 2-3). Nizzetto et al. (2016) modeled microplastic transport
and retention based on the hydrobiogeochemical-sediment transport-multimedia
contaminant fate model INCA-Sed. They developed a theoretical assessment based on
the assumption that microplastic transport and retention is driven by the same physical
controls as sediment transport and erosion. Microplastics are defined by their dimension
and density. A case study in the river Thames in the UK was used to test the model.
Besseling et al. (2017) introduced a spatiotemporal hydrological model to describe the
fate and transport of nano- and microplastics (100 nm – 10 mm) in freshwater systems,
developed from the NanoDUFLOW fate model for nanomaterials in water (Quik, de Klein
and Koelmans, 2015) and applied to the river Dommel in the Netherlands. The
parametrization used values form the literature and attachment efficiency for
heteroaggregation was determined in a laboratory study.
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Table 2-3 Transport and fate models of plastic in rivers
RefeModel
Processes Approach Key results Contriburence
Output
tions
Nizzetto
MicroAdvective
Sediment Transport in Assesset al.
plastic
transport,
transport- the stream
ment of
(2016)
transport settling,
multias well as
soil and
and
entrainmedia
sediment
riverbed
retention ment from
contami- retention is sediment
in rivers bed
nant fate mainly
delay or
sediment,
model
governed
prevention
deposition,
by size
of landresuspendbased
sion/mobilimicroplast
zation
ics
through
transport
soil erosion
to the
oceans
Besseling Fate and Advective
SpatioLowest
Effect of
et al.
transport transport,
temporal retention of river
(2017)
of nano- aggregahydroloparticles
hydroand
tion,
gical
1-50 μm;
dynamics
microsedimenta- model
retention
on plastic
plastics
tion,
increasing
emissions
in fresh- resuspendwith size;
to marine
water
sion,
density
systems
systems polymer
relevant for
degradasizes 1-200
tion &burial
μm

Limitations
Theoretical model
(indirectly
calibrated
on
sediment
data),
breakdown &
degradation not
considered
Limited to
size range
of 100 nm
– 10 mm;
assumption of
spherical
particles

2.1.5 Plastics in Stormwater Management
As previously mentioned, stormwater runoff is a main carrier of urban plastic
pollution into rivers. Consequently, both responsibility and opportunity emerge for
stormwater management. A key challenge currently preventing action in the United States
is the lack of regulatory requirements and tools to control plastic release. The U.S. Clean
Water Act recognizes plastic as a pollutant but no regulatory mechanisms or water quality
criteria are in place (EPA, 1972). The Pollution Prevention Act (EPA, 1990) regulates
source reduction, reuse and recovery but not the release of plastics into the environment.
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The Environmental Protection Agency (EPA) Total Maximum Daily Loads (TMDL)
program for impaired surface waters mandates states, territories, and authorized tribes
to develop and implement TMDLs and Best Management Practices (BMPs). Currently,
four U.S. states have established TMDLs for general trash but none specifically for
plastics.
Storm drains and effluent outfalls are likely major conveners of plastic leading
urban runoff into rivers, they have not been monitored adequately (Horton and Dixon,
2018; van Emmerik and Schwarz, 2020). Besides releasing plastic into waterbodies,
stormwater infrastructures impose increased flood risk due to their clogging (Lebreton
and Andrady, 2019; Honingh et al., 2020).
The release of microplastics from combined sewer overflows (CSOs) is potentially
an important pathway for river plastics (Horton, Walton, et al., 2017). One study found no
significant relationship between sites with or without CSOs and microplastic abundance
in water column and sediment of small streams around Auckland, New Zealand (Dikareva
and Simon, 2019). Two studies have looked at stormwater ponds and one at bioretention
systems. In seven Danish stormwater retention ponds, Liu et al. (2019) found microplastic
concentrations higher in industrial and commercial pond waters than in residential areas.
In one of those ponds, Olesen et al., (2019) found microplastic concentrations in the
sediment were four (by count) and five magnitudes (by mass) higher than in the water.
Their findings suggested an 85% microplastic retainment efficiency. In a multiyear, multipollutant analysis of a bioretention raingarden, Gilbreath et al. (2019) found that 100% of
plastic particles above 500 μm, 81% between 355 and 500 μm, and 55% between 125
and 355 μm were retained.
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There exist trash capture technologies that can be used to control and reduce
plastic release to waterbodies and rivers. These include a number of devices in storm
drain inlets, end of pipe, in-line, and open water that accumulate macroplastics and other
trash. Deployment and maintenance of such devices can reduce local plastic emission to
rivers. However, their functionality, removal efficiency, and maintenance requirements as
BMPs for plastics needs further investigation (EPA, 2020).
2.2 Data Collection and Sample Processing
The development of riverine plastics research methods have progressed steadily
over the past ten years, including field data collection, laboratory techniques, and
numerical/statistical analysis (Skalska et al., 2020). Despite this progress, the
establishment of standardized and harmonized approaches is a slow and challenging
process, and the currently wide range of methods impede the comparison and evaluation
of datasets and findings.
2.2.1 State of Methods
Data collection and analysis of plastic debris, particularly microplastics (< 5 mm)
is difficult. Techniques for the identification and classification of plastic particles are still
in development, and depend on the targeted environmental compartment, debris size
fraction, and technology (González et al., 2016). This frequently raises concern about the
quality and reliability of study results (Koelmans et al., 2019). Main challenges are the
capture of plastic particles (from water or sediment), identification/separation from other
particles, and the classification into different types and meaningful classes (EerkesMedrano, Thompson and Aldridge, 2015). Techniques need to balance between
simplicity, low costs, precision, accuracy, and minimization of contamination. There have
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been some efforts to follow more standardized international methods for marine debris
monitoring of plastic debris. For instance, NOAA Marine Debris Program provides
standardized

methodologies

to

monitor

plastic

debris

quantities,

types,

and

concentrations through rapid assessments that are applicable on regional and global
scales (Lippiatt, Opfer and Arthur, 2013). Methodologies include shorelines, surface
waters, as well as visual surveys at sea and in the benthos. The Regional Seas
Programme (RSP) of UNEP and the IOC of UNESCO supported by the Government of
Australia also developed a set of standardized operational guidelines for comprehensive
and rapid assessments of beach, benthic and floating litter. International protocols and
standards on riverine plastic monitoring, however, are very limited.
In practice, methodologies for marine and freshwater sampling still vary widely,
particularly for local and regional research efforts. Although still in development as well,
research on marine plastic is more established and provided the base for most of the
earlier freshwater studies (Hidalgo-Ruz et al., 2012; Law, 2017). In recent years, more
attention has been paid to continental aquatic systems, which is reflected by the increase
in method development and reviews, often particularly looking at microplastics (EerkesMedrano, Thompson and Aldridge, 2015; Klein et al., 2018; Li, Liu and Paul Chen, 2018;
Skalska et al., 2020). Some methods are equally relevant to marine and freshwater
systems (Mai, Bao, Shi, et al., 2018). Specific methods on monitoring of floating macro
debris are more established (EC JRC, 2013; González-Fernández and Hanke, 2017; van
Emmerik et al., 2018; Vriend et al., 2020). The RIMMEL project, a collaborative approach
for the estimation of floating macro litter (>2.5 cm) inputs on rivers, has been set-up by
the European Commission Joint Research Centre (EC JRC). Currently, the Riverine Litter
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Observation Network consisting of 36 scientific institute authorities, SMEs and NGOs are
monitoring 58 rivers in 17 European countries applying a tablet computer application for
Floating Litter Monitoring that has been used for marine systems as well (EC JRC, 2013;
González-Fernández and Hanke, 2017). The visual assessment of macroplastics is
simple and requires little training and equipment, it’s application has recently extended
the availability of initially very limited data (Crosti et al., 2018; van Calcar and van
Emmerik, 2019). The large particle size might even allow for Automated River Plastic
Monitoring approaches using satellites and cameras (Biermann et al., 2020; Lieshout et
al., 2020). Nanoparticles on the other hand, have not been sampled extensively in aquatic
systems, and methods still need to be developed (Koelmans, Besseling and Shim, 2015;
Mattsson, Hansson and Cedervall, 2015).
Figure 2-3 provides an overview of the current most common strategies used for
sampling and analysis of plastic particles in rivers, they will be discussed in the following
sub-sections. Sampling and analysis strategy depend on the medium (water or sediment)
and compartment (surface, water column, bank or bottom) which will direct the selection
of the sampling device. Several processing/separation and detection/identification steps
are likely to be applied, depending on site-specific conditions, size class, research focus
and availably of equipment. Overall, there is a wide range of sampling and analysis
methods available to researchers, yet, the sampling itself, the laboratory analysis and the
polymer identification are all very manual tasks with little chance for automatization. They
often require high time commitment, expensive equipment, and expertise. While demands
for larger datasets, higher quality standards, more extensive studies are reasonable from
a result-oriented perspective, it adds challenges to the research.
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Figure 2-3 Overview of current sampling and analysis strategies in the aquatic
environment
2.2.2 Sampling
River sampling is conducted at the water surface, in the water column, in the
bottom sediment or the riverbank sediment. Samples are taken in bulk or volume reduced.
For bulk sampling (aka., grab sampling), a complete sample volume is extracted out of
the environment, commonly applied for sediment and water. This is an effective method
to capture very small or covered items in high concentrations; the extraction requires
extended sorting or filtering and further processing in the laboratory (Hidalgo-Ruz et al.,
2012). Sediment bulk samples at the riverbank may be taken with simple devices such
as spoons or spatulas (Klein, Worch and Knepper, 2015; Rocha-Santos and Duarte,
2015). To assure representative samples at the shore, several samples may be retrieved
in a grid (Zbyszewski, Corcoran and Hockin, 2014; Klein et al., 2018). Several grab
samplers have been used for river sediments such as petite Ponar and Peterson grabs
(Castañeda et al., 2014) or Ekman bottom grab samplers (Vermaire et al. 2017). Vianello
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et al. (2013) collected samples with a corer, a device used in marine applications (Van
Cauwenberghe et al., 2013). Discrete water samples have the advantage to not loose
smaller particles during sampling and have therefore potential for micro- and
nanoplastics; yet, they are less common as plastic concentrations in the water are lower
than in sediments and require higher sample volumes. Therefore, volume reduced
sampling, although applicable for both sediment and water, is particularly common for
water surface or column sampling (Hidalgo-Ruz et al., 2012). The volume of the bulk
sample is reduced during sampling and the sample is further processed in the laboratory.
As plastic particles take a small fraction of the water volume in most rivers, this approach
assures representative samples (Dris et al., 2018). Sampling is conducted dynamically
from moving boats or stationery from the shore, bridges or anchored boats. Reducedvolume sampling has become a very common technique for processing higher volumes
to capture the low concentrations. However, this method inheritably creates a lower size
limit to the sample, usually by the choice of the mesh size. Macroplastics are usually less
abundant and tend to be unequally distributed in the river, therefore, the possibility to
extract representative samples of macroplastics through this method is limited (González
et al., 2016).
The majority of case studies have collected data either at the water surface or
sediments/near the bottom (Dris et al., 2015; Horton and Dixon, 2018). It is now
understood, however, that focusing on surface samples may poorly estimate the true
magnitude of total river plastic loads (Kooi et al., 2016; Lenaker et al., 2019). Liedermann
et al. (2018) presented a multipoint sampling method and emphasize the importance of
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accounting for the high variability of plastic within river cross-sections when estimating
plastic loads.
Several sampling devices have been adopted from other sampling applications in
the marine and freshwater environments. Many examples for marine studies can be found
for example in Hidalgo-Ruz et al. (2012) and Löder and Gerdts (2015). By far, most of the
studies use nets, particularly Neuston and plankton nets (Li, Liu and Paul Chen, 2018).
For net sampling, water flow rates are often recorded with mechanical or electronic
flowmeters (Skalska et al., 2020). Few studies have used Acoustic Doppler Current
Profilers (ADCPs), which can provide much more accurate velocity measurements
through the water column (Liedermann et al., 2018; Lenaker et al., 2019; Haberstroh et
al., 2020). The flow velocity multiplied by the net opening area and the sampling duration
results in the sample volume, a key parameter to determine plastic concentrations and
loads in the river (Dris et al., 2018). The Neuston net has a rectangular net opening and
is often used for the collection of floating and suspended microplastic close to the sea
surface. Neuston nets can be mounted on manta trawls, net systems with metal wings
that stabilize the net in low flow conditions or stationary sampling applications but may
require a crane or other additional machinery and limit sampling to the surface. Neuston
nets and manta trawls are used for dynamic sampling with boats (Dris et al., 2015;
Eerkes-Medrano, Thompson and Aldridge, 2015) as well as stationary (Faure et al., 2012;
McCormick and Hoellein, 2016). The Bongo or zooplankton net originates from plankton
studies, it has a circular opening and has been used for oblique and vertical towing
applications and water column studies (Lechner et al., 2014).
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Mesh sizes of nets are mostly 300/333 µm, often 500 µm but have been used down
to 80 um (Dris, Gasperi, et al., 2015). In direct comparison, smaller mesh sizes capture
much higher quantities of fibers and small microplastics (Skalska et al., 2020) but they
also clog easily which reduces the sample volume (Dris et al., 2018). Furthermore,
Liedermann et al. (2018) concluded from a comparison of several mesh sizes that a 500
µm mesh actually had a better filtration efficiency than 41 and 250 µm. When sampling
for very small particle sizes and focusing on fibers, other analysis methods and equipment
are recommended (Skalska et al., 2020). For example, an alternative to net devices is the
use of pumps, which can be used with very fine filters (down to 1 um) (van der Wal et al.,
2013; Wang et al., 2017).
Other less common devices include hand nets and a heavy streambed sampler
(Moore, Lattin and Zellers, 2011), or eel fyke nets to sample the water column right above
the sea/river bed (Morritt et al., 2014). Schulz (2015) used fishing nets with large openings
and mesh sizes for the monitoring of macroplastics. Some studies have characterized
debris from retention booms as well (Gasperi et al., 2014). Some studies combined
several of the aforementioned sample methods to cover various compartments (Moore,
Lattin and Zellers, 2011; Hohenblum et al., 2015).
2.2.3 Sample Processing
Plastic samples highly differ from each other depending on the field sampling
procedure and environment. Consequently, different laboratory analysis methods are
available that need to be adapted for the study conditions.
Samples collected from the water with the above-mentioned methods are usually
reduced in volume when arriving in the laboratory. They may be filtered or sieved again
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at different stages of the laboratory analysis to remove water and solid residues. Sieves
are also a convenient method for size categorization (McDermid and McMullen, 2004;
Moore, Lattin and Zellers, 2011). Larger organic structures such as leaves can be rinsed
and removed out of the samples; the same applies for large (plastic) pieces.
Sediment samples, as well as lower water column samples, naturally contain large
amounts of inorganic material. These sediment-rich samples can be treated with density
separation based on Thompson (2004). Densities of most plastics range from 800 to
1,400 kg/m3, but sand or other sediments particles are well above 2,000 kg/m3. For
density separation, the sample is mixed well with a saturated high-density solution and
then left for some time to let particles settle. The heavier sediment settles down faster
while the lower density plastics remain in suspension and can be extracted. A range of
different salt solutions and set-ups has been used including freshwater, seawater, as well
as solutions from NaCl, NaI, ZnCl2, and Na2WO4 (Liebezeit and Dubaish, 2012; Vianello
et al., 2013; Nuelle et al., 2014; Klein et al., 2018). The effectivity of these solutions
depends on their density, there is a risk to miss plastics with densities that are inherently
high such as PVC or have been altered through weathering and biodegradation (MorétFerguson et al., 2010; Imhof et al., 2012). The highest density solution (1,400 kg/m3) has
been achieved using sodium polytungstate solution (Corcoran, Biesinger and Grifi, 2009).
The choice of solution presents a trade-off between reachable densities, costs, and
ecological hazards (Klein et al., 2018).
Several alternative separation methods have been tested but none are standard
in the field. Imhof et al. (2012) developed the IMunich Plastic Sediment Separator, which
separates plastic types, size classes, and varying physical properties. It is based on
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classical density separation against froth flotation, commonly used in the recycling
industry. Elutriation, a process separating particles of varying properties using a stream
of gas or liquid, was also suggested as a more cost-effective method for polymer densities
up to 1,400 kg/m3 (Kedzierski et al., 2016). It can be used instead or in combination with
density separation (Claessens et al., 2013). Another recent technology for the extraction
of plastics from soils is Pressurized Fluid Extraction (Fuller and Gautam, 2016), a
technique that is commonly used to remove organic pollutants from soils, sediments and
waste. It offers a higher degree of automation and therefore increases speed and
simplicity; however, it only processes small sample sizes, it has not been developed for
multiple polymer applications, and it is destructive, therefore limits further analysis after
extraction. Felsing et al. (2018) demonstrated that a Korona-Walzen-Scheider
electrostatic bell separator, commonly utilized in recycling or separating processes can
be applied to microplastic samples.
Removal of organics may enhance the detection, sorting, and preparation of the
particles for advanced identification methods. Development of organic removal methods
is particularly driven by detection of microplastics in organisms, but has been applied to
other biota-rich samples as well (Cole et al., 2015). Dris et al. (2018) mention sample
purification a “mandatory step prior to a spectroscopic characterization”. Chemical
removal or organics usually refers to reduction using strong acids [e.g. sulphuric acid
(Imhof et al., 2012), nitric acid (Lusher et al., 2017)], bases [e.g. sodium hydroxide (Cole
et al., 2015), potassium hydroxide (Dehaut et al., 2016)], oxidizing agents [e.g. hydrogen
peroxide (Imhof et al., 2012)], or a combination of them (Claessens et al., 2013; Nuelle et
al., 2014). A big concern with these methods, however, is that these chemicals also affect
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the polymers themselves, destroying the polymeric structures, creating secondary
polymers, or even removing small particles completely (Dris et al., 2018). Potassium
hydroxide has been found to be less destructive than most others (Dehaut et al., 2016).
A more gentle alternative is rinsing with freshwater or ethanol (McDermid and McMullen,
2004; Dris et al., 2018). Cole et al. (2015) suggested enzymatic removal using proteinaseK, as these enzymes do not affect plastics, but they are more costly (Dris et al., 2018).
Löder & Gerdts,(2015) developed a protocol with less expensive enzymes.
2.3 Polymer Detection and Identification
After processing and preparation, samples will be examined visually for
microplastics, followed by a confirmation and identification step, most commonly using
spectroscopy.
2.3.1 Visual Identification
The visual identification is a basic step in the characterization and identification of
environmental plastics. Plastic particles are sorted out with the naked eye or using
dissection microscopes. To avoid misidentification, Norén (2007) suggested the following
criteria for a conservative examination: 1) No visible organic structures on particles/fibers,
2) equally thick fibers with three-dimensional bending, 3) clear and homogeneously
coloring of particles, and 4) examination of transparent or whitish particles under high
magnification and with the help of fluorescence microscopy. Particularly for small sizes,
the visual distinction of plastic particles from natural materials can be very difficult and
often results in overestimation (Rochman et al., 2015). For sizes below 500 µm or 1 mm,
in particular, visual inspection is not recommended as the only method (Hidalgo-Ruz et
al., 2012; Löder and Gerdts, 2015) and should at least be aided by dissection
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microscopes (Doyle et al., 2011). Yet, for fibers as well as for small or transparent
particles, even microscope aided analysis is not reliable (Lenz et al., 2015). Using
scanning electron microscopy (SEM), Eriksen et al. (2013) found 20 % of silicate particles
in the size fraction 0.355 - 1 mm that were initially identified as plastics to be of organic
origin. Misidentification rates of 20 to 70% have been reported, particularly for transparent
particles and for fibers (Hidalgo-Ruz et al., 2012; Song et al., 2015).
Although visual examination remains important in the sample analysis to determine
and separate potential plastic particles for further analysis, it has become standard to
apply additional analytical methods to confirm artificial polymeric character and identify
polymer types (GESAMP, 2016). Many of the analytical methods are conducted on single
particles and/or are time and cost intensive. Equipment is expensive and analytical
identification methods often rely on reference spectra that require knowledge of materials
to be expected in a sample. In environmental samples, polymers are exposed to physical,
chemical, and biological processes. This impedes analytical methods as molecular
structures might be changed. Another challenging factor of identifying the exact
composition of environmental polymers is the vast number of common polymer products;
many products have copolymers, are composed out of different polymers, and have a
large variety of additives (Socrates, 2010; Hahladakis et al., 2018).
2.3.2 Spectroscopy Analysis
Spectroscopy techniques are commonly used to confirm the synthetic nature of
particles and fibers from water, sediments, and marine organisms (Ivleva, Wiesheu and
Niessner, 2017; Zhao et al., 2018). Bonds in atoms and molecules cause vibrations in
specific wavelength areas that can be detected through spectroscopy instruments.
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Polymers have characteristic functional groups that cause molecular vibrational modes
such as asymmetric and symmetric vibration, rocking, and wagging in the mid-infrared
region that create highly specific footprint areas (Asensio et al., 2009; Lv et al., 2019).
Vibrational spectroscopy measures the transmittance/absorbance in a wavelength region
and the vibrational modes show as detectable peaks at specific wave numbers (HidalgoRuz et al., 2012). Therefore, it allows the identification of unknown polymer samples using
reference spectra of known materials as well as quantification and qualification of the
materials. Figure 2-4 shows examples of Raman spectra of polyethylene and
polypropylene references and environmental samples. Identification is performed by
visual comparison between spectra, often aided by computing tools and spectral libraries
(Koenig, 2001; Xu et al., 2019). Most commonly, environmental studies on plastics use
Fourier-transform infrared (FTIR) spectroscopy (e.g. Klein et al., 2015; Robin et al., 2020;
Song et al., 2014; Stanton et al., 2020; Yonkos et al., 2014); Raman spectroscopy is
frequently applied as well (e.g. Cole et al., 2015; Wagner et al., 2019; Xiong et al., 2019).
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Figure 2-4 Raman spectra of Polyethylene (PE) and Polypropylene (PP) samples and
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40

FTIR was called one of the most powerful methods for rapid and reliable detection
of polymers (Elert et al., 2017). Instruments performing Fourier transform IR apply a
multiplex method that acquire complete light spectra and then perform a Fourier transform
of the data to convert it into a conventional spectrum. In FTIR microspectroscopy, the
FTIR spectrometer is linked to a microscope which enables high resolutions down to 10
μm (Primpke et al., 2017). This technique can be used to perform compositional mapping
of heterogenous samples. Focal plane array (FPA)-based FTIR imaging is a promising
tool that records all elements in the microscope view simultaneously and can highly
increase the number of analyzed particles (Löder et al., 2015; Tagg et al., 2015).
Transmission spectroscopy is the most common analysis mode, in which radiation passes
direct through the sample and no special sampling handling is required. Another method
commonly used for bigger plastic particles is Attenuated Total Reflection (ATR) or Internal
Reflection. It uses an IR-transparent crystal that allows the beam to penetrate the sample
at the crystal surface (Jung et al., 2018; Xu et al., 2019).
In Raman spectroscopy the samples are irradiated by a monochromatic laser. The
interaction with the atoms or molecules in the form of vibration, rotation, or other
movements changes the frequency of the backscattered light. This difference between
irradiating and backscattered laser is called Raman shift, which creates material-specific
Raman spectra (Löder and Gerdts, 2015). Coupled with microscopy, Raman
spectroscopy has a very high spatial resolution (<1 µm) (Lenz et al., 2015). For sizes
below 20 µm, Käppler et al. (2016) found a significant underestimation of microplastic
particles by FTIR. Therefore, Raman is the only method currently available for sizes below
20 µm (Li, Liu and Paul Chen, 2018). A key challenge of Raman is a high fluorescence
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inherently occurring with high signal intensity that can intervene with the detection of the
less intense Raman peaks (Zhao et al., 2018). Sample cleaning protocols can improve
results and avoid misinterpretation due to contamination (Elert et al., 2017). Baseline
removal algorithms can help to reduce fluorescence (Araujo et al., 2018). Furthermore,
Raman analysis is more time intensive than FTIR (Käppler et al., 2016; Ghosal et al.,
2018). To address this issue, automated Raman mapping routines can speed up
detection and minimize operator time (Araujo et al., 2018).
FTIR and Raman are complementary methods as different molecular vibrations
are excited by either FTIR or Raman radiation (Löder and Gerdts, 2015). They have been
both successfully applied to microplastic identification, both are nondestructive, but
require certain training and expertise (Prata, da Costa, Duarte, et al., 2019). Käppler et
al. (2016) compared imaging methods for both FTIR and Raman analyzing environmental
samples. They found them both to be generally suitable methods. Their recommendation
is to use FTIR imaging for a size fraction between 500 and 50 μm as a reliable and faster
method and the more detailed but more time-consuming Raman imaging for particles
between 50 and 1 μm. Challenges have been faced identifying Polyester (except PET)
with Raman and PVC with FTIR (Käppler et al. 2016). Both FTIR and Raman
spectroscopy can be used to assess weathering processes using the intensity of oxidation
(Corcoran, Biesinger and Grifi, 2009; Elert et al., 2017). FTIR has been used more
frequently, but Raman has been shown to be of equal value for microplastic research
(Löder and Gerdts, 2015).
Raman and FTIR are powerful methods for polymer identification with great
potential. However, there appears to be a disconnect between theoretical possibility and
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practical implementation. For quality insurance, it has been suggested to process
subsamples of >50% over sample sizes of a 100 (Koelmans et al., 2019). For extensive
studies, this would easily demand the processing of thousands of particles which may
often not be feasible (Lares et al., 2018). There are studies that appear to analyze all or
high percentages of their samples (e.g. He et al., 2020; Mani & Burkhardt-Holm, 2020;
Wagner et al., 2019; Xiong et al., 2019), but many others only analyze smaller subsamples (e.g. Dris et al., 2018; McCormick & Hoellein, 2016; Robin et al., 2020; Rowley
et al., 2020; Tibbetts et al., 2018; Watkins et al., 2019). Even when working with subsamples, studies frequently face challenges to retrieve high quality spectra with strong
signal from the rough and contaminated environmental particles and to conclusively
identify less common polymer types or non-polymers (Horton, Svendsen, et al., 2017;
Tibbetts et al., 2018; Kataoka et al., 2019; Stanton et al., 2020; Su et al., 2020). In strong
contrast to reference spectra, these particles are mixes of different polymers and
additives and are often weathered or partially degraded, unambiguous identification of
each particle requires much effort and may not always be possible (Xu et al., 2019).
Scanning Electron Spectroscopy (SEM) is another spectroscopy method, which
measures secondary ions produced when an electron beam interacts with a sample. This
method can analyze particle size on a microscale but it has not been extensively applied
to microplastic research as it is limited by the lack of identification information (Li, Liu and
Paul Chen, 2018).
2.3.3 Other Methods
Several chemical and thermoanalytical methods have been tested with
environmental plastics. Some of these techniques include: pyrolysis gas chromatography
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coupled to mass spectrometry (PyroGC-MS) (Fries et al., 2013; Dekiff et al., 2014; Nuelle
et al., 2014; Fischer and Scholz-Böttcher, 2017), thermogravimetric analysis coupled to
solid-phase extraction (TGA-SPE) or differential scanning calometry (TGA-DSC)
(Castañeda et al., 2014; Majewsky et al., 2016), and thermoextraction and desorption
coupled with gas chromatography mass spectrometry (TDC-GC/MS) (Dümichen et al.,
2015, 2017). PyroGC-MS, permits the identification of polymer types as well as organic
plastic additives. Some of the key limitations are that only one particle can be analyzed
at a time (Fries et al., 2013), and the difficulty of handling particles smaller than 500 µm
(Dekiff et al., 2014; Ivleva, Wiesheu and Niessner, 2017). However, Fischer and ScholzBöttcher (2017) recently overcame these problems. TDC-GC/MS is another promising
method that has been tested with PE-spiked samples and then applied to identify
microplastics in real environmental samples (Dümichen et al., 2017). TGA-DSC allows
polymer identification of PE and PP, but due to overlapping transition temperatures it
cannot distinguish PET, PES, and PVC (Majewsky et al., 2016; Ivleva, Wiesheu and
Niessner, 2017). These thermoanalytical methods are currently still under development
but have fastly advanced in recent years and have shown very promising results.
However, they destroy the analyzed particles (Zhao et al., 2018). Another less common
chromatographic method is liquid chromatography where samples are dissolved to
measure molar mass distribution (Hintersteiner, Himmelsbach and Buchberger, 2015; Li,
Liu and Paul Chen, 2018). These methods prevent quantification of particles and
degradation detection, but have been found to be more rapid then optical methods (Elert
et al., 2017).
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Tagging methods have been introduced as another alternative (Erni-Cassola et
al., 2017; Maes et al., 2017). They use hydrophobic dye that adsorbs on plastic surfaces
and are fluorescent under blue light. This allows fast screening on a microscale range
and does not require expensive instrumentation. Currently, Nile Red dye is considered
most effective regarding both adsorbance on microplastics and fluorescence intensity
(Maes et al., 2017). A number of marine and freshwater studies have applied Nile Red to
enhance their microplastic identification (Fischer et al., 2016; Tamminga, Hengstmann
and Fischer, 2018; Wang et al., 2018; Valine et al., 2020). However, there is a risk of
overestimation due to other materials such as organic debris being stained (Shim et al.,
2016; Stanton et al., 2019).
Overall, there is not one ideal method for microplastic detection and identification
(Elert et al., 2017). The method or instruments selected for a specific research project will
depend on dominant polymer types, sample sizes, shapes, and quantities as well as
available instrumentation and expertise (Löder and Gerdts, 2015). However, researchers
agree that standard protocols are needed to assure the quality and comparability of
obtained results (Koelmans et al., 2019). Elert et al. (2017) suggest the development of
standards that combine several methods and allow selection based on the specific
research question.
2.4 Spatial and Temporal Patterns
As a synthetic material produced and used by humans, plastics waste occurs
where humans are present (Liu, Mai and Zeng, 2020a), therefore, cities and built-up areas
are focal points of plastic pollution (Horton, Walton, et al., 2017; Horton and Dixon, 2018).
Urban areas are also centers for management decisions and regulation, thus providing a

45

strategic location for interventions. In rural areas, agricultural practices provide the main
source of plastics, majorly due to the application of sewage sludge as fertilizer and plastic
mulching, as well as by diffuse littering of plastic materials and degradation of machinery
(Zubris and Richards, 2005; Steinmetz et al., 2016). For detailed information on plastic
pollution in soils and agriculture lands refer to Horton et al. (2017), Mai et al. (2018) and
Windsor et al. (2019).
The release and transport of plastic in urban rivers is related to human and
environmental characteristics of the watershed (Eriksen et al., 2013; Windsor et al., 2019;
Haberstroh et al., 2020; van Emmerik and Schwarz, 2020). Human presence and
activities are typically associated with population density, urbanization/urban-land uses,
presence of wastewater treatment plants, among other known sources of plastic pollution
(Horton, Walton, et al., 2017; van Emmerik and Schwarz, 2020). Examples for
environmental factors are flow regime, river geomorphology, topography, rainfall, and
wind. Plastic pollution prevalence and dynamics are system-specific and detection in the
field remains challenging; data collections have found high variation within the studied
systems and clear correlations of plastics and explanatory parameters are rare (Mani et
al., 2016).
2.4.1 Global Distribution and Trends
Providing accurate estimates of plastic size, weight and volume for land-based
sources and riverine pathways has been challenging due to the high spatial and temporal
variability of plastics. Every river transports a specific composition of plastics that depends
on the geographical, climatic, and hydrological characteristics of its watershed, on the
settlements and populations in the area, and on the specific types of plastic waste
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produced and discarded (Baldwin, Corsi and Mason, 2016; Schmidt, Krauth and Wagner,
2017). Furthermore, input and transport varies with seasonal rainfall and runoff patterns
(Lebreton et al., 2017a).
The number of studies of plastic pollution in rivers has been rapidly increasing over
the past few years, quickly outdating quantifications and global comparisons. Case
studies have used varying classifications looking at sizes, materials and properties. These
classifications depend on the methods used for collection, available devices and
equipment, local or regional regulations, and study objectives (Eerkes-Medrano et al.,
2015; Moore et al., 2011; Wagner et al., 2014). The methodologic inconsistencies create
uncertainty when comparing and evaluating plastic pollution in different locations and on
a global scale.
By now, plastics have been detected in rivers of all continents (Antarctica has not
been studied) and the highest numbers of recent publications come from Chinese, US
American, and German research institutions (Cera, Cesarini and Scalici, 2020). The
unequal geographical distribution of studies, the limited data availability in some
continents and the lack of uniform methods challenge the comparison of worldwide
pollution levels. Further, large and wide rivers are understudied (van Emmerik and
Schwarz, 2020). Based on recent data compilations, the highest polluted waters were
located in Europe and Southeast Asia (Cera, Cesarini and Scalici, 2020), in North
America (Li et al., 2020) or Asia (Wu, Zhang and Xiong, 2018). Studies of riverine floating
plastics indicated four orders of magnitude higher loads in Southeast Asia than in Europe
(van Calcar and van Emmerik, 2019). In rivers worldwide, studies to date have found
plastic concentrations between 0–5.1 x 105 counts/m3 in water samples and 3.0 x 10-5–
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3.2 x 104 counts/kg in sediment samples (Cera, Cesarini and Scalici, 2020). Table 2-4
provides an overview of the range of count concentrations found in water samples of river
studies on each continent. A review from Schmidt et al. (2017) found that microplastics
were detected in 98.5% and macroplastics in 55% of river samples, with concentrations
ranging over seven (macroplastic) to 8 (microplastic) orders of magnitude. Across
freshwater studies microplastic concentrations span more than ten orders of magnitude
(1 x 10-2 to 108 #/m3) across different water types (Koelmans et al., 2019).
Overall, the spatial and temporal distribution of plastics is highly variable in all its
characteristics such as abundance, size, weight, density, plastic types. Data are very
limited at this point, yet, even with better data coverage it may remain challenging to find
patterns and define the properties of the plastic type, size or density in the world’s
waterbodies.
Table 2-4 Range of plastic count concentrations in river waters across the world. Data
was compiled from current literature reviews (Cera et al., 2020; Kutralam-Muniasamy et
al., 2020; Li et al., 2020; Skalska et al., 2020)
Continent (specific country)
Africa (Nigeria)
Asia
Europe
North America
Oceania
South America (Colombia)

Particle concentration
[counts/m3]
0.4–1.5
0–5.1 x 105
0.004–662
7.4 x 10-4–83.5
18–1,280
0–5.0

Number of studies
1
33
19
20
4
1

There exist several large-scale research efforts that have used geospatial data and
statistical regression technique to quantify plastic input into the ocean. Model calibration
is highly limited by the lack of reliable data and standardized methods for data collection;
case studies only cover few locations predominately in North America and Europe (van
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Calcar and van Emmerik, 2019). This creates challenges to develop, validate and assess
models (Kooi et al., 2018).
Current global simulations are based on the link of plastic occurrence to human
presence and are summarized in Table 2-5. Human-activity based factors known to affect
plastic loads in freshwater systems include: population density, urban development, and
waste management (Eerkes-Medrano and Thompson, 2018). Jambeck et al. (2015) were
the first to quantify the annual mass input of global plastic release into the ocean from
land-based sources applying a statistical regression analysis to estimate mismanaged
waste loads released into marine systems. Lebreton et al. (2017) developed a model to
estimate river plastic inputs into the world’s oceans detecting seasonal and spatial
distribution of plastic input on a global scale with mismanaged plastic waste as a key
predictor. A similar approach was taken by Schmidt et al. (2017) to quantify the global
input of micro, macro, and total plastic from watersheds into the oceans. The newest
global model approach was developed by Mai et al. (2020), in contrast to the two previous
global river studies, Human Development Index (HDI) was used as the main predictor.
They demonstrated a much higher regression coefficient and present results with much
lower plastic emissions. These three models estimate global plastic emission from rivers
into the oceans as 1.15–2.41 x 106 tons/year (Lebreton et al., 2017a), 0.41–4.0 x 106
tons/year (Schmidt, Krauth and Wagner, 2017) and 57.0–265.0 x 103 tons/year (Mai et
al., 2020).
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Table 2-5 Global regression models of plastic emissions to the ocean
Model
Study
Output
Model Input Key results
Contribution Limitations
6
Jambeck Mismanage Plastic
- 12.7 ×10 t
First
Generalizatio
et al.
ment plastic generation
in 2010; 83% quantificatio n on MPW;
(2015)
waste
rates of 192 were
n of global
no land(MPW)
coastal
generated by plastic
locked
inputs from countries;
20 countries
release from countries,
land into the waste
coasts;
river
world’s
disposal &
contribution
contribution
oceans
economic
of individual only partly
classificatio
countries
n of 81
and regions
countries
Lebreton River plastic Population
1.15 to 2.41
Seasonal
Only 10
6
et al.
inputs into
density and ×10 t/yr; 2/3
and spatial
datasets
(2017)
the world’s
MPW in 182 released in
distribution
from Europe
oceans
countries;
Asia and ¾
of plastic
and North
calibrated
from Mayinput on a
America for
with 7
October.
global scale calibration:
studies on
only buoyant
13 rivers
plastics
Schmidt, Input of
Plastic
MPW is a
Load
High
Krauth,
micro,
loads from
good
estimations
variability in
and
macro, and dataset of
predictor for
on both
utilized
Wagner
total plastic 240
microplastic
macro- and
datasets and
(2017)
from
individual
microplastics underlying
loads; ∼0.16
watersheds samples at
methods;
× 106 t yr-1 or
6
into the
79 sites in
mass
∼2.31 × 10 t
world’s
57 rivers,
estimation for
yr-1 of
oceans.
MPW
80% of the
microplastic;
6
production
datasets
0.15 × 10 t/yr
macroplastics
(Mai et
Global
Population
HDI is a
Potentially
Conversion
al., 2020) Riverine
density,
better
correcting
from
Plastic
solid waste predictor than overestimate microplastics
Outflows of generation, MPW; plastic d plastic
to Plastic
1518 rivers and HDI,
loads much
loads
Debris,
calibrated
lower than
estimation,
calibration
with 80
previously
forecasting
only on data
records
predicted:
for 2050
from surface
3
from 24
57−265 ×10
trawls
rivers
tons per year
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2.4.2 Sources and Longitudinal Trends
The heterogeneity of sources and river environments complicate the assessment
of plastic contamination (Skalska et al., 2020). Hotspots of microplastics typically occur
in close proximity to urban areas (Jambeck et al., 2015; Horton and Dixon, 2018). Positive
relationships between plastic occurrence and human presence were established by many
studies (Crew et al., 2020; Huang et al., 2020; Kataoka et al., 2019; McCormick et al.,
2014; McCormick & Hoellein, 2016; Yonkos et al., 2014) but were not explanatory in
others (Kapp and Yeatman, 2018; Dikareva and Simon, 2019; Valine et al., 2020). For
example, Kataoka et al. (2019) found positive and significant correlations of microplastic
concentrations with population density and urbanization in surface river water in an
assessment of 29 rivers in Japan; this was not observed in the Snake and Lower
Columbia rivers, US (Kapp and Yeatman, 2018).
Anthropogenic influences and natural hydrological watershed processes
supporting accumulation are believed to outweigh processes removing plastics from the
river bulk flow; plastic quantities are expected to increase along a river corridor. However,
field findings do not consistently support this theory. For instance, mean concentrations
of plastic doubled in the Rhone river in France (Faure et al., 2012) and increase by a 10fold between up- and downstream areas in an urban section of the Illinois River, USA,
(McCormick et al., 2014). An extensive study of sediments and surface waters in 54 sites
in the Greater Melbourne Area and the Western Port area in Australia reported a spatial
trend of increased plastic concentrations further downstream in rivers and in coastal cities
(Su et al., 2020), and so did a manta trawl study across four seasons in the Rhine and
Rhine tributaries in Switzerland and Germany (Mani and Burkhardt-Holm, 2020).
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Moreover, van Emmerik et al. (2019) measured a ten-fold increase of floating
macroplastics from up to downstream sites around Paris, France during high flow
conditions only. During low flow conditions no spatial trends were determined. Similar
results were found in a microplastic study sampling with a centrifugal water pump at 12
and 20 sites over the length of two rivers in the Netherlands (Mintenig et al., 2020). Finally,
in an opportunistic water column study in the Thames, UK, plastic concentrations were
actually higher upstream than downstream at two highly urbanized sites around London,
but overall loads did increase. The upstream site was exposed to high volumes of CSOs
(Rowley et al., 2020).
The interaction of several transport and retention mechanisms provide reason why
longitudinal concentrations and loads often appear inconsistent. Studies observe strong
longitudinal fluctuation and overall increase of plastic quantities, especially in urban areas
(Dris, Gasperi, et al., 2015; Mani et al., 2016). Varying land uses in longer river stretches
affect plastic concentrations (Luo et al., 2019) and transport barriers, particularly dams,
highly interfere with longitudinal transport (Tibbetts et al., 2018; Hübner, Michler-Kozma
and Gabel, 2020). A study in the Qing river in Beijing suggested that up to 80% of
microplastics were retained upstream of three dams (Wang et al., 2020). The mixing and
backflow of tidal rivers makes their movement patterns even less predictable (Sadri and
Thompson, 2014; Zhao et al., 2014). Observed increasing longitudinal trends may be
emphasized at coastal urban centers (Luo et al., 2019). Overall, He et al. (2020) suggest
that the fluctuations in longitudinal plastic concentrations originate from a distance-based
rather dynamic process in riverine systems.
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2.4.3 Horizontal and Vertical Movement of Plastics 2
To date, few river studies have incorporated subsurface or cross-sectional
sampling. Hohenblum et al. (2015) conducted a multipoint cross-sectional sampling in the
Danube River and reported stratified plastic distributions (decreasing from the surface to
the bottom) in a low-flow river section, and more evenly distributed plastic under turbulent
conditions. A five-point cross-sectional study of plastic fiber concentrations around Paris
observed increased plastic loads along the river banks, with low vertical variability (Dris,
Gasperi, et al., 2018). Moreover, Lenaker et al. (2019) collected samples at both surface
and subsurface in the Milwaukee river basin using a 333-µm mesh net and found
partitioning of different polymers attributed to polymer density. Also, van Emmerik et al.
(2019) conducted depth sampling of macroplastics (>5 cm) from the surface to 1 or 1.3
m depth in the Saigon River of Vietnam and found 88 to 90% of plastics in the upper 0.5
m. In Jakarta, Indonesia, van Emmerik et al. (2019) reported macroplastic (>1.5 cm)
concentrations that were on average five times higher in the uppermost 0.425 m of the
river than between 0.425 and 1 m deep. For the lateral distribution of floating
macroplastics across river widths, van Emmerik et al. (2019) observed plastics
concentrated in the center in mostly channelized and straight rivers but other studies
showed more horizontal variability (van Emmerik, Loozen, et al., 2019; van Emmerik,

This section was published in: Haberstroh, C. J., Arias, M. E., Yin, Z., & Wang, M. C. (2020).
Effects of hydrodynamics on the cross‐sectional distribution and transport of plastic in an urban coastal
river. Water Environment Research. https://doi.org/10.1002/wer.1386. Permission is included in Appendix
D.
2
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Tramoy, et al., 2019; Vriend et al., 2020); this same study suggested that in addition to
flow velocities, distributions may be affected by flow and tidal dynamics, wind directions
and speed, river geometries and navigation activities. van Calcar & van Emmerik (2019)
synthesized the literature on surface macroplastic transport for over 20 rivers, showing
different spatial variability patterns of plastic across river width, ranging from the majority
of plastic concentrated in the center or at side sections to cases with almost equal crosssectional distributions.
2.4.4 Temporal Trends
Seasonality variability adds another dimensions to river plastic research,
especially in coastal systems (Haberstroh et al., 2020). Continental-scale studies suggest
monsoon and wet seasons could be major drivers for river plastic transport and input to
oceans (Lebreton et al., 2017b; van Calcar & van Emmerik, 2019). However, most riverspecific field data collections lack representative time periods to track seasonality (Hale
et al., 2020; Stanton et al., 2020), and overall, results are often not conclusive. For
instance, plastic count loads have been observed to peak during either wet (Cheung,
Cheung and Fok, 2016; Rodrigues et al., 2018) and dry periods (Fan et al., 2019; Jiang
et al., 2020) or both (Eo et al., 2019). Further, plastics per area were seen to steadily
increase during the wet season (Yonkos et al., 2014), and concentrations during high
flows to be low (Watkins, Sullivan and Walter, 2019) or high (van Emmerik, Tramoy, et
al., 2019).
Studies frequently investigate the impact of specific seasonal factors such as
discharge, rainfall and wind. In most cases, significant relationships cannot be established
or are limited (Dris, Gasperi, et al., 2018; van Emmerik, Strady, et al., 2019; Constant et
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al., 2020; Mani and Burkhardt-Holm, 2020; Mintenig et al., 2020; Stanton et al., 2020;
Strady et al., 2020). However, Schirinzi et al. (2020), and Castro-Jiménez et al. (2019)
saw positive trends of floating macroplastic concentrations with discharge, and to my
knowledge, Wagner et al. (2019) represents the only study that established a relationship
between sampling discharge and microplastics (size between 0.5 and 5 mm). They
observed a positive trend with count concentrations at an urban site in Germany using a
log−log linear regression (r2 = 0.79). Kapp & Yeatman (2018) and Xiong et al. (2019),
however, found a negative correlation with flow velocities.
Rain events are key drivers of plastic contamination (Hitchcock, 2020). Runoff and
elevated flows mobilize terrestrial and sediment plastics (Lima, Costa and Barletta, 2014).
Yet, with simultaneous input of high water volumes, rain events may result in a reduction
of concentrations (He et al., 2019). Consequently, storm events either increase or dilute
plastics in rivers (Castañeda et al., 2014; Yonkos et al., 2014; Corcoran et al., 2015;
Stanton et al., 2020). Plastics loads after storms are highly dynamic (Cheung, Hung and
Fok, 2019) and peaks in plastic transport can be time-delayed (Castro-Jiménez et al.,
2019). In response to wet season flows or storm events, discharge volumes at dams
typically increase and can mobilize microplastics stored in the sediments (Wang et al.,
2020).
2.5 Literature Review Summary and Research Gaps
Current scientific knowledge and understanding of plastic pollution, particularly in
rivers and from urban watersheds has been discussed in detail. Plastics are found
everywhere and continue to enter the environment. The accumulation and impact of
plastic debris in marine and freshwater ecosystems is a problem of international concern
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and a threat for wildlife, environment, and humans (Eerkes-Medrano, Thompson and
Aldridge, 2015; UNEP, 2016). Rivers are central features of plastic pollution, conveying
land-based plastics towards the coast. As plastic release into rivers is enhanced by
human activities and watershed hydrology, accumulation occurs in and around cities and
along river courses (Dris et al., 2018; Horton and Dixon, 2018; Windsor et al., 2019).
However, due to the numerous and watershed-specific factors driving plastic pollution,
urban rivers especially undergo complex patterns of plastic transport and retention. This
has challenged both the quantification of plastics in rivers and the determination of guiding
scientific principles and mechanisms. This dissertation addresses several of the crucial
research needs and knowledge gaps as synthesized in Table 2-6.
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Table 2-6 Research needs and knowledge gaps addressed in this dissertation
Addressed research needs
1. Flexible and simple
Development of a multi-point cross-sectional sampling
quantification methods that approach with advanced flow measurements combining
reduce uncertainty in
one hand-held sampling device (neuston net) and an
plastic estimation and
Acoustic Doppler Current Profiler (ADCP) (Chapter 3 to
include comprehensive
5)
hydrological data collection
2. Improvement of
Development of a microRaman mapping approach to
detection and identification analyze large particle quantities (Chapter 3 and 4)
methods
3. Field studies that
Field data collection in Cambodia, Southeast Asia in the
represent understudied
Mekong floodplain (Chapter 5)
geographics and river
Comparison of Mekong plastic loads to global model
systems, verify model
estimates (Chapter 5)
accuracy, and provide
18-month field campaign in the Hillsborough River
extended datasets
(Chapter 4)
4. Fundamental
Plastic distribution and dissemination within crossunderstanding of transport sections (Chapter 3), along rivers (Chapter 4), and at
mechanisms
river confluences (Chapter 5)
Effects of flow and components, as well as conditions
and particle properties on plastic behavior and fate
(Chapter 3 to 5)
5. Effects of urban
Quantification of plastic around and within cities and
pollution on plastic release specific release within urban boundaries (Chapter 4 and
and transport
5)
6. Effects of seasonal
Analysis of monthly and seasonal patterns of 18-months
dynamics and conditions
field monitoring with frequent sampling campaigns
on plastic release and
(Chapter 3)
transport
Investigation of specific characteristics and conditions
during peak wet seasons (Chapter 3 and 5)
Examination of seasonal hydrologic indicators,
specifically flow components and rainfall (Chapter 4)
7. Relationship between
Evaluation and comparison of urban and hydrological
human and environmental impact on plastic abundancy and transport (Chapter 3 to
factors
5)
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Chapter 3. Effects of Hydrodynamics on the Cross-sectional Distribution and
Transport of Plastic in an Urban Coastal River 3
3.1 Abstract
The mechanisms of plastic transport in rivers remain an important knowledge gap
needed to manage global plastic pollution. I investigated how river flows and plastics’
properties affect transport with a five-point cross-sectional field study in the Hillsborough
River in Tampa (Florida, USA) using a 500 µm Neuston net and an Acoustic Doppler
Current Profiler. I conducted in-depth analysis of water velocity profiles as well as plastics’
concentrations and properties, determining advective, vertical, and lateral transport
fluxes. Under calm flow conditions, advective fluxes were two orders of magnitude higher
than lateral and vertical fluxes. Under turbulent conditions, enhanced particle exchange
in the cross-section resulted in a three to tenfold increase in lateral and vertical plastic
fluxes. The impact of turbulence on plastic particles depended on their properties such as
size, shape, and composition. This study presents a unique assessment of flow conditions
driving plastic pollution in an urban coastal river setting.
3.2 Introduction

3

This chapter was published in: Haberstroh, C. J., Arias, M. E., Yin, Z., & Wang, M. C. (2020). Effects of
hydrodynamics on the cross‐sectional distribution and transport of plastic in an urban coastal river. Water
Environment Research. https://doi.org/10.1002/wer.1386. Permission is included in Appendix D.

58

Thus far, scientific understanding of contaminant transport processes suggests a
high cross-sectional variability of plastic concentrations in rivers and an urgent need to
accurately account for them. Additionally, incorrect assumptions or over-simplifications
may compromise the effectiveness of plastics quantification and management. The goal
of this study, therefore, was to evaluate local-scale transport mechanisms of plastics
within rivers. More specifically, I assessed cross-sectional plastic concentrations and flow
conditions to determine how the movement of plastics with different properties is affected
by multidirectional flows. This work was guided by two research questions. First, what are
the main hydrodynamic processes guiding plastics transport through a river crosssection? I expected direction and magnitude of plastic transport to be governed by
downstream advection, yet lateral and vertical cross-sectional mixing were expected to
create different transport pathways and facilitate temporary retention. Second, how do
hydrodynamic and particle properties affect the spatial distribution of plastics in the water
column and river cross-section? My hypothesis was that plastics’ density, shape, and size
influence the relative impact turbulence and mixing have on particle movement.
3.3 Methods
3.3.1 Study Area and Site Information
Data collection was conducted in the Hillsborough River in west-central Florida,
USA (Figure 3-1). About 100 km long, the Hillsborough River is the largest tributary to
Tampa Bay and meanders through forested, rural, and suburban parts of Pasco and
Hillsborough counties before it discharges into the Gulf of Mexico at the heart of the City
of Tampa. Over 430,000 people live in the Hillsborough River watershed. The monitoring
and sampling for this analysis were conducted in downtown Tampa, around 1.5 km
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upstream of the discharge into the Gulf. The river carries microplastic loads released from
the city through stormwater runoff and other sources; therefore, this site was well suited
for studying plastic transport and cross-sectional movement.

Figure 3-1 Study area and field set-up. Study area map (left), aerial image of sampling
site (bottom right), and graphical display of the river cross-section with the sample
positions (top right)
The Tampa Bay Region has a subtropical climate with a wet season from May to
October and a dry season from November to April. Frequent summer storms are generally
characterized by short periods of heavy rain and strong winds. In the past 20 years, more
than 60% of the total annual precipitation has occurred between June and September,
with a 20-year average of 205 mm for June, 200 mm for July, and 235 mm for August. In
2018, June was drier than usual (75 mm rainfall), July had relatively little rainfall also (150
mm), and August was a wet month (370 mm) (NOAA, 2019). The river is approximately
85 m wide at my selected monitoring site, with a maximum depth of 4 to 5 m. The right
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bank has a natural slope consisting of larger rocks and some vegetation and is between
30 and 40 m long, whereas the left riverbank has a vertical concrete wall. The bottom
sediment is sandy with some larger rocks and submerged grasses. The site was subject
to diurnal tides up to about 1.24 m (NOAA, 2018), and the river had a mean discharge of
45 m3/s based on my monthly measurements in 2018-2019.3.3.2 Field Data Collection
This study was based on monthly field campaigns carried out from May 2018 to
October 2019 (18 months, see Table A-1 in Appendix A for sampling dates and times).
Detailed hydrodynamic and polymer characteristic assessments were focused on the
three sampling events in June, July, and August of 2018. These were selected as
sequential months under wet season flow conditions that carried significant plastic
concentrations and were therefore well-suited for my research objective to assess
tendencies of cross-sectional particle movement in detail. The full 18-month dataset was
used to support statistical analysis of plastic concentrations and fluxes. Sampling was
carried out in the open river from a stationary (anchored) canoe within 2.5 to 3 hours and
scheduled with low tides to ensure only outward flow from the river and avoid tidal
backflow from the bay. I used a 500 μm mesh Neuston net with a 1 m x 0.5 m opening
(Sea-Gear®, Melbourne, FL) modified with attachable weights and buoys (See
photograph in Appendix A, Figure A-1). The 500 μm mesh size was chosen as a reliable
and flexible mesh size to sample with high amounts of organic material and potentially
high flows and drag (Lechner et al., 2014; Liedermann et al., 2018), and it also allowed
me to work with particles sizes that could be well-identified visually.
To capture horizontal and vertical variability, samples were taken at five positions
across the water column, three at the surface (left-center, right-center, center) and one
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each in the center water column (1-m deep) and bottom (between ~3.7 and 4.5 m deep
for June to August 2018). The sampling duration at each position was 15 minutes,
resulting in sample volumes of 46 to 245 m3. The sequential measuring results in a time
difference of about 30 min between each sample, patchiness and short-term
concentration changes may affect the results. After every measurement, the net was
carefully rinsed from outside using river water, to transfer the collected material into the
cod end at the end of the net and from there into a sealed sampling container. At the
beginning of each sampling event, the net was again rinsed to remove any residue from
previous events.
An Acoustic Doppler Current Profiler (ADCP) River Surveyor M9 (Sontek, San
Diego, CA) was used to create cross-sectional flow profiles both at the beginning and the
end of the sampling event and to measure flow velocities during each sampling event.
The ADCP was run at a mean boat speed of about 0.6 m/s using the bottom track
reference setting. Measurement cell depth was 0.02-0.2 m and the cell width was about
0.7 m.
3.3.3 Laboratory Analysis
Samples were stored in a cool, dark space and processed within two weeks of
collection. The laboratory classification and analysis methodology were developed based
on the literature available for similar size classes (e.g., Eerkes-Medrano et al., 2015;
Hidalgo-Ruiz et al., 2012; Klein et al., 2018) and adapted to site-specific conditions. The
reduced samples typically had a volume of 0.5 to 4 liters, mostly organic matter with
similar size fractions as most of the plastic particles (0.5-3 mm particle size). The following
procedure was determined to best serve the sample characteristics and to capture high-
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and low-density plastics equally. First, samples were sieved over a 500-μm mesh sieve
and large organic materials were rinsed off and removed. Second, the samples were dried
at room temperature (72° Fahrenheit), and the aggregates separated. Third, potential
plastic particles were visually identified and separated. Forth, composition analysis was
performed for validation (see below). Each sample was sorted and assessed by two
experienced team members for quality assurance. The fully separated fractions of
potential plastic were sieved, categorized, and weighed in three different size classes:
particles below 1 mm, between 1 mm and 5 mm, and larger than 5 mm.
3.3.4 Particle Characterization Using Image Analysis
Image analysis was conducted using ImageJ with the Fiji image processing
package (NIH, US) to determine particle count, area, and shape descriptors (Schindelin
et al., 2012; Rueden et al., 2017). High-resolution images were taken on a dark
background for each sample and size class, under controlled conditions and with a scale
indicator. In ImageJ, I used color range thresholds to create 8-bit images that
differentiated particles from the background. The built-in particle analysis tool was used
to determine the count, area, and shape descriptors of the particles. Circularity C,
roundness R and solidity S were derived from the following formulae:
𝐶𝐶 = 4𝜋𝜋 ×
𝑅𝑅 = 4 ×
𝑆𝑆 =

𝐴𝐴
𝑃𝑃2

𝐴𝐴
𝜋𝜋 × 𝑎𝑎𝑚𝑚 2
𝐴𝐴
𝐴𝐴𝑐𝑐

(1)
(2)
(3)

where A is the area, P perimeter, am mayor axis, and Ac convex area of the particle.
Circularity is a morphological descriptor of how similar a shape is to a circle. Roundness
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is a shape descriptor of the sharpness of edges. Solidity, also referred to as roughness,
is an indicator of surface texture. All three values range from zero to one, with a higher
number indicating higher circularity, roundness, or solidity, respectively. These twodimensional, image-based shape descriptors provide a more practical alternative to
volume-based descriptors commonly used for sediment settling and soil classification,
which require 3-D measurements of individual particles.
3.3.5 Polymer Identification and Confirmation
A NRS-4500 confocal Raman Microscope (Jasco, Oklahoma City, OK) was used
for polymer identification and confirmation. To optimize measurements in an account of
particle size, surface, and background fluorescence, I used both a 532 and 785 nm laser,
magnification of 20x and 100x, grating density of 400 and 900 l/mm, slit size of d100 and
50x8000, and a wave number range of 100 to 3600 cm-1. I analyzed a total of 304
particles, representing 7.5% of all particles collected from June to August following a
stratified simple random sampling to assure representation of all relevant groups; the
analyzed subset included 50 or more particles from each of the three months as well as
from each size class and each sample position (for more information see Table A-4 in
Appendix A). This is a common sampling depth for Raman analysis comparable to recent
studies (McCormick et al., 2014b; Yonkos et al., 2014; Horton, Walton, et al., 2017;
Tibbetts et al., 2018).
To confirm the validity of this methodology and as a control, frequently
encountered “non-polymers” such as shells, glass and pieces of wood or leaves were
tested to confirm that they were not polymers and to support the interpretation of assumed
polymers. No matrix spikes were performed. Macroplastics were analyzed individually
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using point measurements. Dirt or biofilm was carefully scraped from macroplastic
surface to obtain clean surfaces. Microplastics were placed on a silicon wafer between
two microscope slides, and tightly sandwiched, heated for two hours at 70°C to flatten
gently for an improved focal depth of field, and then mapped using lattice measurement
mode. No surface cleaning was performed on microplastics, however, to avoid destroying
or losing small and brittle particles. The resulting spectra were identified using 25 custom
references created from consumer good plastics (PET, HDPE, LDPE, PP, PS), a
commercial database (KnowitAll by Bio-Rad Laboratories, Hercules, CA), and by manual
inspection for known characteristic peaks of main polymeric groups (see Figure A-2 in
Appendix A for example spectra).
3.3.6 Quality Control and Limitations
To assure quality in the data collection and processing, clean equipment and
laboratory environments were maintained at all times. To assure sampling of the complete
cross-section within one tidal period and under constant flow conditions, the sampling
period was limited to 3 hours. This did not allow for replicate samples at the individual
positions.
Potential sample cross-contamination could originate from airborne microplastics
in the field and laboratory or from tab water used for laboratory processing. Microplastic
found from these sources are typically fibers or particles below 10-100 μm (Dris et al.,
2016; Novotna et al., 2019; World Health Organization, 2019), which is much smaller than
my 500-μm net mesh size. Initial testing for cross-contamination was carried out in blank
sample bottles opened and closed in the field and returned, as well as in the tab water
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used for analysis. No microplastics were detected in these initial blanks, thus no recurring
processing of blanks was performed throughout the study.
3.3.7 Data Analysis
ADCP Data
Cross-sectional discharge, mean flow, and depth were directly extracted from the
RiverSurveyor Live software (Sontek) and further processed in Matlab 2017a. Because
the river is directed south at the sampling site, the ADCP data for north-south were used
for the longitudinal flow direction (u), east-west measurements for lateral flows (v) and
up-down measurements (w) for vertical flow. Longitudinal flows downstream have positive
values. Lateral flows to the right (facing downstream) and vertical flows up were assigned
positive directions. Flow distribution graphics were created using flow velocity, cell size,
and dimension, and cross-sectional measurements. I determined vertical variation of flow
by plotting flow velocity and depth extracted from ADCP data collected at the crosssection center, using 100 measurement points each in June and July and 94 in August.
Mean and standard deviation were calculated at each depth. For the horizontal flow
distribution at the surface, the top five data points (the top 0.5 m water column) were
extracted from the cross-section measurement.
Turbulence intensity (TI [-]) is a dimensionless measure of multi-directional
turbulence and is the fraction of turbulence strength and mean longitudinal flow velocity
(𝑢𝑢� [m/s]). It was calculated at each depth interval for each flow direction (u, v, w) based

on the above-mentioned data points and using the equations from Gordon (2013):
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𝑇𝑇𝑇𝑇𝑢𝑢 =

𝑁𝑁
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(4)

(5)

(6)

𝑖𝑖=1

where ui, vi, wi are the longitudinal lateral and vertical flow velocities at each data point,
and 𝑢𝑢�, 𝑣𝑣̅ and 𝑤𝑤
� are the mean velocities, all calculated in m/s. N is the number of data
points.

The longitudinal flow velocities collected during sampling were also extracted to
calculate mean velocities through the net at the sampling depth. Sample volume V [m3]
was calculated as:
𝑉𝑉 = 𝑢𝑢�𝑛𝑛𝑛𝑛𝑛𝑛 × 𝐴𝐴 × 𝑡𝑡

(7)

where 𝑢𝑢�𝑛𝑛𝑛𝑛𝑛𝑛 is the mean longitudinal velocity in the net in m/s; A is the net opening area of
0.5 m2 for water column and bottom samples and 2/3 of 0.5 m2 at the surface where part

of the net frame was outside of the water. t is the sampling time of 15 min.
Plastic Fluxes
I determined plastic fluxes Jx [# m-2/hr-1] using flow data from ADCP measurements
and the plastic count/mass concentrations (C):
𝐽𝐽𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑢𝑢�𝑛𝑛𝑛𝑛𝑛𝑛 × 𝐶𝐶
𝐽𝐽𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑣𝑣̅𝑗𝑗−𝑘𝑘 × 𝐶𝐶 𝑗𝑗

(8)
(9)
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𝐽𝐽𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 𝑤𝑤
�𝑗𝑗−𝑘𝑘 × 𝐶𝐶 𝑗𝑗

(10)

Advective fluxes used the net velocity 𝑢𝑢�𝑛𝑛𝑛𝑛𝑛𝑛 . For lateral and vertical fluxes, I

determined magnitude and direction of horizontal (𝑣𝑣̅𝑗𝑗−𝑘𝑘 ) and vertical (𝑤𝑤
�𝑗𝑗−𝑘𝑘 ) flow vectors

(mean flow velocities) from one sampling position (j) to an adjacent position (k).
Statistical Analysis

Through the above-described processing steps, I estimated particle counts,
masses, concentrations, and advective fluxes for each sampling position and each size
category during three monthly events. An extended 18-month dataset was used to
compare how concentrations varied both between sampling months and within positions.
This resulted in a cumulative dataset, which was found to be non-normally distributed
using the Shapiro Wilk test (Shapiro and Wilk, 1965). Thus, differences in sample and
particle characteristics among sampling positions were evaluated with the pairwise
Wilcoxon rank sum test (Wilcoxon, 1945). A p-value of 0.05 was selected as a common
threshold to identify significant group differences. Statistical data analyses were
conducted in R version 3.3.4 (R Core Team, 2017).
3.4 Results
3.4.1 River Hydrodynamic Characteristics
All three sampling events took place during the rainy season. Figure 3-2 shows the
lateral flow (u) measured in the cross-section each month and Table 3-1 lists key crosssectional flow characteristics. In June, the river discharge was 60 m3 and the average
velocity was 0.25 m/s. The maximum downstream flow was 0.55 m/s at the surface and
transitioned gradually to the almost stagnant bottom sections. Flows were slow and
consistent in the riverbank areas. In July, it rained earlier on the sampling day. There was
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a discharge of about 105 m3/s and longitudinal flow velocities reached up to 0.72 m/s and
averaged 0.43 m/s. There was a strong bulk flow in the main channel down to the bottom
with calmer velocities around the riverbank. Lastly, August longitudinal flow magnitude
and distribution were similar to July, with lower mean flow velocities (0.39 m/s) and
discharge (82 m3/s) and a thin low-flow layer close to the bottom. The main flow channel
was far extended and the transition from the main channel to the edges demonstrated
increased flow turbulence.
Table 3-1 Cross-section flow characteristics during sampling events (2018)
u
Depth u std TIu
v std TIv
w std TIw
Date
Discharge
mean
[m3/s]
[m/s]
[m]
[m/s] [m/s] [m/s] [m/s] [m/s] [m/s]
Jun 21
59.70
0.25
4.37
0.015 0.066 0.016 0.068 0.007 0.031
Jul 19
104.99
0.43
4.50
0.073 0.229 0.067 0.210 0.024 0.074
Aug 16 82.07
0.39
4.19
0.075 0.234 0.068 0.215 0.024 0.075
Std: standard deviation, TI: turbulence intensity, u: flow velocity downstream, v: lateral
flow velocity, w: vertical flow velocity.
Figure 3-3 displays the center cross-section vertical flow velocities at each depth and the
horizontal flow velocities across the surface cross-section in July. Lateral flow (v) and
vertical flow (w) were much lower than longitudinal flow (u). In June, longitudinal velocities
increased from the bottom (~0.06 m/s) to the top (~0.42 m/s) and with several transition
zones of changing bulk flow (Figure 3-3 a). Lateral flows remain close to zero, indicating
layers of flow both to the right (> zero) and to the left (< zero). In July, longitudinal
velocities were overall higher (umean = 0.37 m/s) and relatively uniform throughout the
water column (umax = 0.53 m/s; Figure 3-3 b). Lateral flows ranged between 0.13 and 0.15
m/s with an overall tendency of flow to the right. In August, longitudinal flows were near
constant vertically (Figure 3-3 c). Except for the bottom, lateral flows were directed
towards the right bank (a majority of values > zero). For all three months, vertical
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velocities fluctuated closely around zero and were balanced between upward and
downward, and individual values ranged wider in July and August than in June. Flow
measurements were in close range of each other in June and diverged in July and August
(compare standard deviations in Table 3-1). Turbulence intensities were much lower in
June than in July and August. Vertical flows had lower turbulence intensity while lateral
and longitudinal turbulence intensity had a similar, higher magnitude (Table 3-1). Note
that all turbulence intensities are weighted against the mean longitudinal flow u and
therefore the overall lower lateral flows show a high diversion from their mean value.

Figure 3-2 Downstream flow velocities (u) in cross-section in (a) June, (b) July, and (c)
August
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Figure 3-3 Vertical flow velocities during sampling in (a) June, (b) July, and (c) August
(d) Horizontal flow velocities in July
Horizontal surface flow patterns were similar for all three months (Figure 3d). Flows
were higher and more turbulent on the left and center with a clear transition to calmer flow
conditions in the right section. This reflects the skewness of the river cross-section with
only a small bank section on the left and a wide natural slope on the right. In the main
channel, individual flow velocities diverged more, while on the right there was little
fluctuation in flow velocities. Longitudinal velocities dominated, as they peaked in the
center section, remained high towards the left, and decreased towards the right. Overall,
lateral flows were more directed to the right (values > zero; Figure 3-3). Vertical flows
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were more distinct across the river section than across the depth; there was a downward
movement close to the surface.
3.4.2 Plastic Characterization
I found varying amounts of macro- and micro-plastics (separated by a 5 mm size
threshold) in all samples. I found 3,915 microplastic particles totaling a mass of 2,611 mg
and 143 macroplastic particles totaling a mass of 5,703 mg, for a total of 4,058 particles
with mass of 8314 mg. Figure 3-4 displays the total mass and count concentrations in the
five sampling positions for each month. Surface samples tended to have higher plastic
concentrations (mean concentration 2.36 #/m3 and 2.36 mg/m3), with changing
distributions across the three surface sampling positions. The water column tended to
have lower plastic concentrations (mean 0.94 #/m3 and 0.34 mg/m3). Bottom sample
concentrations were low in calm flow conditions in June but increased more than an order
of magnitude in July and August. Mean count concentrations were highest in July
(2.71 #/m3), likely due to the recent rain event, followed by August (2.08 #/m3). Mean
mass concentrations were higher in August (2.08 #/m3 and 14.06 mg/m3) than in July
(3.42 mg/m3). Concentrations were lowest in June (mean 1.35 #/m3 and 0.51 mg/m3).
High mass concentrations were influenced by individual larger items above 5 cm, and
counts were consistently dominated by smaller microplastics below 1 mm. In June, the
majority of plastics in terms of both count and mass was found in the three surface
samples, with the highest number at the left side while mass was almost equally
distributed. From surface to bottom, plastic counts rapidly decreased. Mass concentration
at the bottom was higher than in the water column. In July, surface count concentrations
were in a similar range, masses being slightly higher and more differentiated, but I found
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very high concentrations of plastic in the bottom sample, and elevated concentrations in
the water column in comparison to June. The high mass concentration at the bottom were
due to a high number of micro and (smaller) macroplastics. In August, peak counts were
found at surface-left and bottom-center with high concentrations in all samples. A similar
pattern for mass concentration was observed, with the impact from a single plastic bottle
seen in the surface-left sample. Water column concentrations were similar to those in
July.

Figure 3-4 Plastic count concentrations [#/m3] (a-c) and mass concentrations [mg/m3]
(d-f) found in the river cross-section in June, July, and August. Numbers are colorcoded according to concentration (low = blue, medium = purple, high = red)
Comparison of the cross-sectional plastic distributions with the extended 18-month
dataset showed that concentrations varied both between sampling months and within
positions. This extended dataset is presented in Table A-1 of Appendix A. The Wilcoxon
rank sum test demonstrated statistically significant differences among sampling positions
both for count and mass concentrations (p<0.01). Specifically, surface sample
concentrations (mean 3.2 #/m3 and 5.4 mg/m3) were significantly higher than in the water
column (mean 0.73 #/m3 and 0.13 mg/m3, p<0.001) and at the bottom (mean 2.67 #/m3
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and 0.75 mg/m3, p<0.05). There was no statistical difference in concentrations between
water column and bottom samples.
3.4.2.1 Polymer Type and Density
Of the 304 particles characterized through Raman spectroscopy, the majority were
polyethylene (PE; 51%; density ρPE~910-970 kg/m3), followed by polypropylene (PP;
24.7%, ρPP~850-940 kg/m3) and polystyrene (PS; 5.9%; included both solid and
expanded form, ρPS,solid ~960-1,050 kg/m3, ρPS,expanded ~50 kg/m3). All mass densities as
reported by Wagner & Lambert (2018). All three polymer types have mass densities lower
than or close to freshwater (ρ~1,000 kg/m3). About 10.5% of particles were identified as
“other polymers”; this category includes polyethylene terephthalate (PET; 1%;
ρPET~1,340-1,390 kg/m3). The remaining 7% of the particles analyzed with Raman (21
out of 304) were inconclusive and not successfully identified as polymers due to the
quality of the obtained spectra, which means that they could be false positives and counts
overestimated. Polymer types were similarly distributed within the two microplastics size
classes while macroplastics showed more variance. 55% of all microplastics and 33% of
the analyzed macroplastics were PE. PP constituted 21% of the microplastics and 40%
of the macroplastics. The PS fraction was almost equal in all three size classes (5-6%),
and PET was only found as macroplastic (3%).
Figure 3-5 shows the polymer fractions in each sample position. Roughly half of
the particles (48-54%) across the five positions were PE. PP particles were found in
similar fractions at the surface center, surface right, and water column (18-21%) but had
higher numbers at the bottom (28%) and in the surface left (40%). PS was most prevalent

74

in the surface right (13%) followed by the bottom (8%) and surface center (6%). PET was
rare and only found in 1% of the particles, all from the bottom.

Figure 3-5 Polymer types found in the river cross-section
3.4.2.2 Size and Area
Despite the 500-μm threshold of mesh and sieves, I detected particles as small as
100 µm2, and the largest item found was 166 cm2. 95 % of the particles had an area ≤ 18
mm2 and 81% ≤ 4 mm2 (Figure 3-7a). Figure 3-6 shows the fraction of each size category
(small microplastics < 1mm, 1 mm ≤ large microplastics ≤ 5 mm, macroplastics > 5mm)
within the samples, both for count and mass. In June, all samples were dominated by the
large microplastic category (70%), in July this shifted to both large microplastics and
macroplastics (40% each), and in August, macroplastics dominated the total mass (87%).
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Figure 3-6 Particle size distribution to overall count and mass
This is a notable observation, as many studies specialized either on macroplastics
(>5 mm) or small microplastics (< 1mm). The total mass of particles below 1 mm size
ranged between 20% (June) and less than 3% (August). For particle counts, the small
microplastic section occupies between 61% (July) and 82% (June) of the total particle
number. Macroplastics contributed less than 5% of the total particle count.
Figure 3-7a shows density plots of the particle areas found at each position.
Minimum, maximum, and median values can be found in Table A-5 in Appendix A. All
positions show narrow size distributions, peaking around 500 µm (our mesh size), and
only the surface-right plot peaks towards 1 mm. With my method, particles below 100 µm
were not detected and only a portion of particles below 500 µm was captured. Particle
counts rapidly decreased with increasing area, and the 10% largest particles above 10
mm2 area are not displayed.
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Figure 3-7 Density plots of area and shape distribution at each sample position found in
particles collected from June-August 2018. (a) area; (b) roundness; (c) circularity; (d)
solidity. Particle areas above 10 mm not displayed (10% of the data). By definition, the
shape values range between 0 and 1; the higher the values, the more pronounced a
shape property is
Comparing among sample positions, the Wilcoxon rank sum test indicated vertical
and horizontal differences between most sample positions: the particle areas were
significantly different between surface-right to surface-left/center (p<0.001), as well as
77

between water column, bottom and surface-left/center (p<0.05, p<0.001, p<0.001). At the
bottom, water column and surface-right, the density distributions were wider and flatter,
and there were larger particles than at surface-center and left.
3.4.2.3 Shape
Figure 3-7 b-d show density plots of roundness, circularity, and solidity. The
comparison of roundness, circularity and solidness of particles at different positions
demonstrated statistical significance mostly in vertical differences between bottom, water
column, and surface. Surface sample particles were overall less distinguished. The
density plots of particle roundness are wide, indicating values had a wide range (Figure
3-7 b). Bottom particles were different from the surface samples regarding roundness
(p<0.01 for surface-right and p<0.001 for surface-left and center), their density distribution
peaked around 0.5. Water column particles were statistically different from surface-center
(p<0.001). The plot then shifts, indicating particles had a wider range towards higher
roundness. The surface samples were not significantly different from each other; density
plots peaked between 0.6 and 0.65 but counts remained high at 0.5. The circularity
density plots are shifted towards the right, with many particles reaching one or close to
one (Figure 3-7 c). The surface particles slowly decreased towards zero, while in the
water column they were almost equally distributed between 0.5 and one. The bottom
particles were widely distributed across circularity. Overall, more particles at the bottom
were elongated and circular at the surface-left than at all other positions (p<0.001).
Particles at the surface-right and center, as well as the water column were similarly
distributed. Lastly, solidity density plots show that particles were in a close, relatively highvalue range (Figure 3-7 d). Bottom particles were found to be significantly less solid
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(p<0.001), followed by water column particles (p<0.001) and surface particles, which were
mostly solid.
3.4.3 Plastic Fluxes
In the Hillsborough River, a tidal-influenced river, both advection and dispersion
affected the movement of plastic loads through the water. Using plastic count
concentrations and flow-vectors in the cross-section, I determined advective count fluxes
(Figure 3-8). Longitudinal transport with downstream bulk flow governed plastic fluxes.
For June, July, and August, advective fluxes ranged between 100 and 7,400 #/m2/hr
varying by more than one order of magnitude through the cross-section during a single
event. Most of the transport occurred at the surface, however, advective fluxes were
highest at the surface-left in June (4,479 #/m2/hr) and August (7,419 #/m2/hr), and at the
surface-center in July (3,831 #/m2/hr). The magnitude of the plastic fluxes at the surface
was similar in all three sampling months, roughly between 1,822 and 7,400 #/m2/hr. In
June, water column and bottom fluxes were quite low (274 and 97 #/m2/hr), with little
transport occurring. Fluxes were much higher in both July (1,010 and 3,482 #/m2/hr) and
August (857 and 972 #/m2/hr), especially the bottom sample in July.
A comparison of the advective fluxes during the 18-month dataset demonstrated
overall higher plastic concentrations on the surface-left (mean 5,144 #/m3), followed by
surface-right (mean 2,929 #/m3), and surface-center (mean 2,769 #/m3), bottom (mean
1,183 #/m3), and water column (mean 834 #/m3) (Table S1). Surface samples did not
show statistical differences from each other but from both water column and bottom
(p<0.05). Dispersive (vertical and lateral) count fluxes were between one and four
magnitudes lower than the aforementioned advective fluxes (Figure 3-9). As vertical flow
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velocities were both very low and multidirectional, I estimated low vertical transport.
Lateral fluxes were larger and had more impact on cross-section mixing. In June, vertical
fluxes were particularly small (mean 42 #/m2/hr) as turbulence intensity was very low in
the river (0.07 in longitudinal/lateral and 0.03 in vertical flow direction). Only small
amounts of plastic were transported from the surface downwards to the water column (1.4
#/m2/hr) and from the bottom upwards (mean 1.5 #/m2/hr). Greater flux occurred from
right and left to the surface-center (132 #/m2/hr and 33 #/m2/hr). In July, as flow and
turbulence intensities increased, vertical fluxes were higher (mean 188 #/m2/hr),
resuspending particles from the bottom upwards to the water column (93 #/m2/hr) and
even to the surface (5 #/m2/hr). Lateral plastic fluxes were elevated as well, proving a
constant transport of plastic from the highly-concentrated left towards the less polluted
right section (326 #/m2/hr). The surface center had the highest surface count
concentrations (2.6 #/m3) as it received plastic loads from both surface-left and water
column/bottom. Lastly, in August, some vertical transport occurred from the surface down
to the bottom (4 #/m2/hr). Despite similar flow and turbulence conditions to July, particles
moving with the sediment in August remain close to the bottom and did not resuspend up
the water column. As in July, lateral movement occurred from the left bank to the right,
with a very high flux from the left towards the center (1,337 #/m2/hr). This is higher than
the corresponding advective flux in the water column (857 #/m2/hr) and almost as high as
in the surface center (1,822 #/m2/hr), indicating lateral mixing occurred at a similar rate
as advective transport.

80

Figure 3-8 Advective count fluxes [#/m2/hr] at multiple cross-sectional positions in (a)
June; (b) July, and (c) August. Numbers are color-coded according to flux (low = blue,
medium = purple, high = red)

Figure 3-9 Lateral and vertical count fluxes [#/m2/hr] at multiple cross-sectional
positions in (a) June; (b) July, and (c) August. Arrows indicate the direction of flux.
Numbers are color-coded according to flux (low = blue, medium = purple, high = red)
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3.5 Discussion
3.5.1 Characteristics of Collected Plastics
The vast majority of plastic particles found in my samples were fragments; no
plastic pellets and very few fibers were found. This was expected, as there are no
wastewater treatment effluents or plastic industries in the Hillsborough River watershed
(the local wastewater treatment plant discharges directly to the bay). Furthermore, the
dominant size of fibers entering rivers through atmospheric fallout is between 200 and
600 μm (Dris et al., 2016). The mesh-size and overall separation method (which excluded
degradation of organics) used in this study were not well suited for the identification of
fibers. Studies in the Danube River (Lechner et al., 2014) and Parthe River (Wagner et
al., 2019) used 500-µm mesh also and found fragments mostly. The predominance of
fragments or fibers varies across studies; some river studies found mainly fragments
(Klein, Worch and Knepper, 2015; Tibbetts et al., 2018), while others reported high fiber
fractions (Dris et al., 2015; Horton, Svendsen, et al., 2017; Vermaire et al., 2017).
Furthermore, most plastic particles identified were low-density polymers, namely
PE, PP, and PS. This is consistent with a recent review stating high-density polymers
such as PVC, polyester, and polyamide (nylon) are not frequently found in freshwater,
while PE, PP, and PS make up on average 92.2% of identified plastics (Schwarz et al.,
2019). My results are also consistent with a recent synthesis of macroplastics in rivers in
Asia and Europe that reported high fractions of PE and PP as well as low fractions of PET
(van Calcar & van Emmerik 2019). Moreover, I found varying distributions of PE, PP, and
PS in different size classes, suggesting polymers underwent different degradation
pathways. Based on their chemical structure, polymers are more or less affected by
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biological, chemical, and physical degradation (Klein, Worch and Knepper, 2015;
Fotopoulou and Karapanagioti, 2017). The impact of these processes, however, was
beyond the scope of this study. The vast majority of plastics found were secondary
microplastics; large microplastics (size between 1 and 5 mm) were an important size
category in my samples (over 25%) and the data indicated high numbers of undetected
smaller particles as well. To my knowledge, neither retention times of plastics in open
rivers nor in urban terrestrial environments have been determined, and it is not known
where and how most breakdown occurs. Some plastics may have remained in the
terrestrial environment for an extended time before entering the river and others were still
in the early stages of breakdown. Once in the river, many plastics may be transported
rapidly, especially under low turbulence conditions; however, turbulence and mixing, as
well as river features (e.g. meandering, extensive vegetation, high bed roughness, natural
and artificial barriers, tidal flows) may increase retention times and consequently
breakdown. Tramoy et al. (2020) showed that macroplastics were retained for many years
in an estuary system, and Ivar do Sul et al., (2014) suggested retention times of months
to years in mangrove forests. As plastic items and fragments are present in urban
waterways, management efforts need to incorporate macro and microplastic removal
from their stormwater pathways.
3.5.2 Transport Mechanisms
This study determined advective, lateral, and vertical fluxes through a river crosssection under varying flow characteristics. Advective count fluxes in the Hillsborough
River ranged from 97 to 7,419 #/m2/hr (mean: 2,500 #/m2/hr) and advective mass fluxes
of 29 to 20,599 mg/m2/hr (mean: 2,900 mg/m2/hr) (see Figures A-3 and A-4 in Appendix

83

A for mass fluxes). To my knowledge, the works of Hohenblum et al. (2015) and
Liedermann et al. (2018) in the Danube river are the only other studies that determined
plastic mass fluxes in rivers. Also, as they used a 500-µm mesh and similar laboratory
methods, they provided the best comparison for this study. Even though the Danube river
is much larger (discharge at the site above 3,000 m3/s and flow velocities 2-3 m/s) than
the Hillsborough River (discharge at the site about 80 m3/s and flow velocities below 1
m/s), they found mass flux rates that varied between 315 and 11,585 mg/m2/hr,
magnitude of transport and cross-sectional variation which aligns with my findings. I am
not aware of any studies that have previously estimated vertical and lateral fluxes.
Our data indicated that plastic loads and concentrations were highly variable within
river cross-sections – ranging two orders of magnitude – and are directly affected by
hydrodynamic processes. River discharge and flow velocities change, especially in
coastal rivers with tidal impacts. Wagner et al. (2019) found a positive relationship
between discharge and plastic loads in an urban inland catchment in Germany, but for a
tidal river in Vietnam no correlation was found (van Emmerik, Strady, et al., 2019; Strady
et al., 2020). The Hillsborough River is a lowland river with little elevation differences;
however, it frequently experiences turbulent conditions in the wet season or during rain
events. Frequent flow fluctuations in coastal rivers can alternatingly regulate plastic
transport. Plastic dynamics in coastal rivers need to be studied and understood in depth,
as they are key locations for the detention or release of plastic to the ocean. Future
research should explore how seasonal changes in flows and discharge affect plastic
transport in the Hillsborough River over longer periods of time.
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I saw different distribution patterns in my detailed analysis of three sampling
months. In June, flow conditions were calm and smooth with a vertical velocity gradient,
thus plastics were concentrated across the surface and underwent little mixing with the
subsurface. Advective, longitudinal surface fluxes dominated the plastic transport (2,321
to 4,479 #/m2/hr at surface versus 274 #/m2/hr in the water column) and little exchange
occurred among the different regions of the cross-section assessed. In July and August,
river flows and turbulence intensity were much higher. This caused mixing across the
water column and potentially enhanced intermedia exchange with the riverbed (Figure
3-3; Table 3-1), increasing the plastic fluxes in the water column to 1,010 #/m2/hr in July
and 857 #/m2/hr in August). Under these turbulent conditions, vertical and lateral fluxes
move plastic between different river compartments. The variation of cross-sectional
plastic distributions with different flow conditions was first documented in an Austrian
government report (Hohenblum et al., 2015), however, to my knowledge, my study is the
first in peer-reviewed scientific literature to investigate this relationship. My observations
support the assumption that low-land coastal rivers with heavy rain events and tidal
impacts may switch between different cycles of transport, at times characterized by fast
plastic transport to the ocean, and at times delayed transport with increased mixing and
cross-sectional particle exchange in the river while experiencing an additional plastic
release from the sediment. To confirm this assumption, the tidal flow impact, the
relationship between turbulence and plastic mixing, as well as any other potential factors
need to be further investigated.
Based on my polymer identification, the particles from my samples have lower
densities than water and therefore should not sink in still water. While low-density plastics
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generally float on the surface, turbulence and mixing can cause significant fractions to
move down into the water column where even low-density plastic can get temporarily
buried in the sediment. Others have in fact found that suspended sediments can enhance
plastic particle aggregation and settling (Li et al., 2019). Layered sampling is important to
improve estimations of plastic loads, and to assess advective fluxes across depths as
well as vertical exchange within the water column.
I found large, angular, and irregular shaped particles to be more present in bottom
samples and more susceptible to turbulence, as had been suggested from experimental
and other field studies (Ballent et al., 2012; Waldschläger and Schüttrumpf, 2019; van
Emmerik and Schwarz, 2020). These findings on cross-sectional movement patterns are
critical as they directly impact the amount of time different plastics remain in different
environments and which processes of degradation they undergo. Larger and rougher
particles may remain in rivers longer, may be more prone to grow biofilms, and may be
more affected by degradation (Klein et al., 2018; van Emmerik and Schwarz, 2020).
Small, circular, and solid particles tend to move with the main advective flow. Ongoing
and detailed plastics characterizations based on size, shape, and polymer type are
required to understand transport mechanisms and enhance model development.
Observations should be extended to smaller particle sizes as this study observed
increasing counts of plastics at the lower size limit and it is understood that small
microplastics and nanoplastics are abundant in all environments and pose a great risk to
human health and ecosystems (Prata, da Costa, Lopes, et al., 2019; Triebskorn et al.,
2019).
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Laboratory studies have provided important insight (Khatmullina and Isachenko,
2017; Waldschläger and Schüttrumpf, 2019; Zaat, 2020) but need to be validated with
field observations as done in some marine studies. For example, Kooi et al. (2016)
combined field and experimental research to assess vertical transport of buoyant plastics
in the ocean.
3.5.3 Uncertainty in Plastic Estimation and Characterization
The high variation in plastic loads and advective fluxes between sampling positions
confirms the importance of multipoint sampling to estimate plastic loads moving through
rivers or entering oceans (Liedermann et al., 2018). I found advective fluxes varied
between one to two orders of magnitude, suggesting that large errors can be introduced
when monthly or even annual loads are estimated only based on single grab samples,
especially when multiplied with a roughly estimated monthly river discharge. For example,
when calculating plastic loads as the advective flux multiplied with the cross-section area,
the surface-center sample found in August would suggest plastic loads of 3.54 x 105
counts per hour whereas the surface-left sample suggests 1.44 x 106 counts per hour, a
difference of over 7.8 x 108 counts when extrapolated to a one-month period. I highly
recommend multipoint sampling and advanced hydrological measurements to reduce
uncertainty in the quantification of plastic loads. Improved methods for estimating plastic
loads that incorporate cross-sectional and flow-driven variation in plastic distribution,
transport and retention would greatly benefit the field. In the absence of an ADCP, at the
very least multiple measurements should be made with a conventional, single-point
velocity meter. Furthermore, I found differing amounts of polymer types, sizes, and
shapes at the sampling positions. When these variations are ignored, important plastic
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classes might be overlooked or underestimated and will not be sufficiently considered
when developing management strategies. To balance between effort and sufficient data
acquisition, monitoring efforts need to be optimized based on a detailed initial assessment
of the studied system and the drivers of spatial and temporal variability. Flow conditions
and river hydrology provide key information to understand site-specific characteristics.
3.5.4 Resuspension and Sediment Interaction
In this study, I noticed a high variation in bottom-plastic concentration. Horton et
al. (2017) suggested that elevated flows and erosion may mobilize or resuspend plastic
particles from the sediment. I hypothesize that under high flow conditions, sediment
movement and intermedia exchange occur at the river bottom and creates an additional,
temporary source of plastics, adding a new dimension to movement patterns. This was
supported by my field observations, as bottom samples with elevated plastic fluxes also
appeared to contain sediment materials, while “no resuspension” bottom samples were
both low in plastics and other organic material. Assuming resuspension would cause
plastic concentrations at the bottom to be higher than in the water column (Cbottom >
Cwater column), then resuspension occurred at eleven sampling months, including July and
August 2018. Little to no resuspension occurred in eight of the sampling months from the
18-month reference dataset, including June 2018. I suggest that under low-flow
conditions where a velocity gradient is present, as seen in June 2018, plastic transport is
dominated by advective surface transport. When flows are high during the rainy season
or shortly after strong rainfall events, the main river channel becomes well-mixed, as
observed in July and August, and consequently, advective plastic fluxes increase at the
bottom and throughout the water column. Nizzetto et al. (2016) developed a theoretical
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model on riverine plastic transport and incorporated retention and remobilization in
sediments; however, assessment and monitoring in the field are recommended to assess
sediment-water column dynamics. For future work, a combined water and sediment
cross-sectional study would be an important contribution to evaluate the impact of
resuspension and intermedia exchange on riverine plastic transport, and to investigate
the presence or absence of high-density plastics in river sediments.
3.6 Conclusion
For this study, I collected and analyzed a comprehensive dataset of river flow and
plastic particles to investigate plastic transport mechanisms in an urban river crosssection profile. Under calm flow conditions, plastic transport was governed by advection;
low-density polymers tended to remain at the surface and were not prone to mix within
the cross-section. When the river received more runoff, higher flow velocities and
discharge cause turbulence within the cross-section. Plastic particles in well-mixed water
experience significant particle exchange throughout the cross-section. During high-flow
conditions, lateral and vertical transport became important transport mechanisms,
promoting particle exchange with the riverbed and enhancing retention or release of
sediment plastics. Under these turbulent flows, advective transport in the water column
and at the bottom highly contributed to the overall plastic load moving downstream,
increasing by 3 to 4 times in the water column and by 10 to 35 times at the bottom.
Turbulence affects plastic particles in different ways. Uneven, larger, and denser plastics
were carried more easily by turbulent flows, and they were more present in the water
column and at the bottom (Figure 3-7). The transport of smaller, smoother, and more
circular particles was less affected by mixing and changing flow patterns, these particles
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were more present at the surface moving with the bulk advective flow. Overall, this work
shows that transport and fate of river plastics are non-uniform through a river crosssection and highly dependent on the river hydrodynamic profile. Particle properties and
site-specific flow conditions affect the way plastics are transported by rivers; therefore,
they should guide the prioritization and development of management strategies.
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Chapter 4. Effects of Urban Runoff and Hydrological Seasonality on River
Plastic Transport
4.1 Abstract
Plastics are persistent pollutants affecting humans and the environment
worldwide. Cities along coastal rivers are key for managing this pollutant, as they
concentrate and exacerbate plastic loads from the watershed before particles dissipate
into the ocean. I quantified plastic loads in an 18-month field study in the Hillsborough
River (Florida), capturing the impact of urban pollution in relation to seasonal dynamics. I
used multi-point cross-sectional sampling, coupling a 500-µm neuston net with an
Acoustic Doppler Currency Profiler at three sites along the river, followed by laboratory
measurements of macro- and microplastics and Raman spectroscopy. Annual plastic
loads are highly uncertain, with median estimates of 1.67 billion particles (coefficient of
variation 89.31%) or 1.01 tons of plastic (coefficient of variation 201%) at the river mouth.
The impact of urban pollution is evident, persistent and follows seasonal (rainfall)
dynamics. With multi-variable statistical analysis, I determined the relationship between
plastics, flow components, and rainfall in the context of urbanization. Plastic loads (both
mass and count) are concentration-limited, they depend on the availability of plastics in
the system. Excessive rainfall, discharge/base flow, and runoff promote dilution and
dictate mobilization dynamics. This research sheds light into the complex relationships
between human and environmental factors governing urban river plastic pollution.
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4.2 Introduction
Plastic pollution is a global problem (Hale et al., 2020). It affects the health of
aquatic and terrestrial systems across the world and threatens human health and
livelihoods (Horton, Walton, et al., 2017; Liu, Mai and Zeng, 2020b). Rivers are sinks,
sources, and conduits of plastic (Lebreton and Andrady, 2019; Bellasi et al., 2020) and
are themselves highly burdened by plastic pollution (Best, 2019), as most plastic sinks
are aquatic ecosystems (Li, Liu and Paul Chen, 2018).
This study assessed the specific impact of urban pollution and shed light on the
complex dynamics of plastic mass and count loads in a medium-sized, coastal river. The
following two questions directed my research: 1) How does urban development and
pollution drive plastic release and transport in rivers? 2) What is the role of flow and rainfall
seasonality in the transport, retention, and mobilization of plastic river loads? I
hypothesized that pollution from the city is released through runoff, significantly increasing
plastic loads in the river. Furthermore, I expected that additional discharge, runoff, and
rainfall during the wet season would increase plastic release, while in dry periods plastic
accumulates in temporal sinks and is less present in the river.
4.3 Materials and Methods
4.3.1 Study Area and Site Information
The research was conducted in the Hillsborough River in sub-tropical Florida
(Figure 4-1). The lowland, medium-size river originates in the Green Swamp and passes
through small urban areas, farmland, and natural areas (population densities < 500
people/km2) before entering the cities of Temple Terrace and Tampa. The river is part of
the 16,600 km2 Tampa Bay watershed in west-central Florida at the Gulf of Mexico. The
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region has seen immense urban growth (158% population increase between 1960 and
2001) and concomitant increase of population. The downstream section of Hillsborough
River is with over 1800 people/km2 highly populated (Xian, Crane and Su, 2007).

Figure 4-1 Overview of the study area. Population Density in the Tampa Bay Region
was obtained from American Community Survey 5-Year Estimates 2012-2016.
(American Community Survey (ACS), 2016)
Monitoring and sampling occurred at three sites, which are referred to throughout
this paper as Upstream, Midstream, and Downstream (Figure 4-1 and Table 4-1). The
predominantly suburban and forested Upstream watershed serves as a hydrological
baseline with little contamination and human impact. The second site, Midstream,
provides a mid-point for the study; the river passes through and receives stormwater
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runoff from low-density residential and industrial areas. The third site, Downstream, is
located in Downtown Tampa, close to the river mouth in a densely populated and built-up
area. This location provides estimates of total loads into Tampa Bay and was well
characterized by Haberstroh et al. (2020). Both Midstream and Downstream experience
tidal fluctuations up to 1.5 m. Between Upstream and Midstream, river flows are regulated
by the Hillsborough River Reservoir. At normal to high discharges, water is released by
overtopping the dam or through a spillway. During the dry season, release through the
dam is reduced or stopped; minimum flows are maintained through water pumped from
a nearby spring.
Table 4-1 Sub-catchment information on sampling sites
Sub-catchment
Unit
Upstream Midstream Downstream
2
Incremental contributing area [km ]
721
80
49
2
Cumulative contributing area [km ]
721
801
850
Average population density
[#/km2] 207
1462
1818
Urban Land uses
[%]
30
84
94
Wetlands
[%]
28
6
1
Agricultural
[%]
22
1
0
Upland Forests
[%]
12
3
1
Water
[%]
2
5
4
In a typical year in Florida, the wet season occurs between June and September,
peaking in August (mean monthly rainfall of 237 mm), with over 60% of the annual rainfall
occurring in these four months (see Appendix B, Figure B-) (NOAA, 2019). The rest of
the year is much drier with an average rainfall of 58 mm per month. The overall
seasonality consists of four seasons: increasing rainfalls from May to July; wet from
August to October; receding from November to January; and dry from February to April.
The wet season in 2018 began early with high rainfalls in May. El Niño brought aboveaverage rain in winter: 158 mm in December and 50 mm in January. 2019 had an intense
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rainy season, a dry September, and a wet October; the latter being the highest rainfall of
the 20-year period (NOAA, 2019).
4.3.2 Field Data Collection
The field study was conducted from May 2018 to October 2019 from a stationary
canoe, visiting the three sites on closely consecutive days. At Midstream and
Downstream, sampling was conducted between high tide and low tide to control for tidal
backflow. Five samples were taken at each site to capture cross-sectional variability and
improve plastic estimation: three at the surface, one in the middle of the water column,
and one at the bottom. Samples were taken with a 500-µm Neuston net, equipped with
both weights and floats to allow for surface and subsurface sampling. Sampling time was
15 min. After each sampling, the net was rinsed down thoroughly from outside with river
water to capture the complete sample in the net’s cod end and transfer it into a sealed
bottle for laboratory analysis. . An Acoustic Doppler Current Profiler was used to take
detailed flow and discharge measurements of the cross-section before and after
sampling, as well as to determine local flow velocities during sampling. Please read
Haberstroh et al. (2020) for additional information on the field methodology.
4.3.3 Laboratory Analysis
The samples were stored in a dry and cool environment and processed within a
week of collection. They were rinsed and dried on a 500-µm mesh, transferred to
laboratory trays, and thoroughly sorted by two experienced researchers. The separated
plastics were classified into three size classes (larger than 5 mm [macroplastics], between
1 and 5 mm [large microplastics], and smaller than 1 mm [small microplastics]) and their
mass and counts recorded.
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4.3.4 Spectroscopy Analysis
A Jasco NRS4500 confocal Raman Microscope was used to confirm polymer
identity based on the method described in Haberstroh et al. (2020). Macro particles were
identified by point analysis and micro particles by confocal mapping, with varying settings
for optimal scanning (532 and 785 nm laser, magnification of 20× and 100×, grating
density of 400 and 900 L/mm, slit size of d100 and 50 × 8,000) at a wave number range
of 100–3,600 cm−1. The existing method was further refined by using Nitto PVC tape as
the substrate for particles below 1 mm and a kinetic silica powder bed for microplastics
above 1 mm, fixing the particles on their substrate for secure analyzing and archiving.
The silica powder bed is a new method that helped align the focus depths of microplastics
of different sizes and with rougher surfaces.
Overall, our revised spectroscopy method greatly improved handling and
microscope focus and therefore spectra quality. Due to the high number of particles
collected in this study (more than 31,000), a random stratified sub-sample was selected
for analysis, containing 50 or more particles from each of the three sites, five sampling
positions, wet and dry season, and three size classes. Particle spectra were identified
using a personal database from consumer good plastics (PET, HDPE, LDPE, PP, PS), a
commercial database (KnowitAll by Bio-Rad Laboratories, Hercules, CA), and an open
source database of reference and weathered plastic particles by Dong et al. (2020), aided
by manual inspection for known characteristic peaks of main polymeric groups. Results
of the Raman characterization are included in Table B-1 in Appendix B.
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4.3.5 Quality Control and Assurance
Our

field

and

laboratory

methods

overall

conform

with

the

current

recommendations on quality control and assurance for freshwater plastic pollution
research (Koelmans et al., 2019). Due to my method’s focus on particles larger than
500 µm, airborne contamination (typically affecting particles below 10-100 μm) was not
of concern. I opted out on measures of precaution that are typically aimed to prevent
contamination with particles below 100 μm, such as working in a clean room and the use
of cotton lab coats. No positive controls were conducted, as the particle size above
500 µm is considered well detectable by eye.
4.3.5.1 Field
All equipment was cleaned with tap water and, where applicable, laboratory
cleaning detergent before and after each sampling campaign. Additionally, sample bottles
were acid washed every three months to remove any persistent residues or contaminants.
The net was thoroughly rinsed with river water between each sampling. The sampling
time of 15 min assured sufficient and representative sample volumes (5-284 m3, mean
77 m3, depending on the flow velocities). To assure sampling under constant flow
conditions and within one tidal period, sampling was conducted within a 3-hour period.
Cross-contamination was initially tested in blank sample bottles that were opened and
closed in the field and returned, they did not result in fall out of microplastics. Detailed
field data was recorded, including sampling date and times, team members, sampling
location, time, and depths, tide levels, weather and flow conditions, and other comments.
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4.3.5.2 Laboratory
All surfaces and equipment in the laboratory were wiped with water and laboratory
cleaning detergent before usage and kept clean. Sample handling was avoided before
arriving in the laboratory. Samples were stored in a cool and dark environment and
processed as soon as possible (no longer than 7 days after sampling). Samples were
rinsed thoroughly with tap water before drying. Tap water was used for analysis, which
was confirmed to be free of any contamination (i.e., plastic particles) in my detectable
size range. No extraneous sample preservation or treatment with chemicals was
conducted, to prevent damage or alteration of polymers.
4.3.5.3 Spectroscopy Analysis
My analytical method included an extensive process of polymer identification by
Raman spectroscopy mapping and analyzing large quantities of particles that also
confirmed my ability to visually identify polymer particles correctly.
4.3.6 Data Analysis
4.3.6.1 ADCP Data
Site and time specific discharge and cross-sectional flow data were extracted from
the ADCP using the RiverSurveyor Live software (Sontek) and processed in Matlab
2017a. The sampling volume V [m2] was calculated from the flow velocities through the
net 𝑢𝑢�𝑛𝑛𝑛𝑛𝑛𝑛 [m/s] with the net frame area 𝐴𝐴 (0.5m2 for sub-surface and 2/3 of 0.5 m2 for the

surface) and the sampling time 𝑡𝑡 (15 min):
𝑉𝑉 = 𝑢𝑢�𝑛𝑛𝑛𝑛𝑛𝑛 × 𝐴𝐴 × 𝑡𝑡

(1)
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4.3.6.2 Plastic Data
Sample concentrations are defined as count and mass of plastics per sample
volume. The average concentrations in the cross-section C [#/m3 or mg/m3] were
estimated using the following formulae:
𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

∑ 𝑚𝑚𝑖𝑖
∑ 𝑉𝑉𝑖𝑖
∑ 𝑛𝑛𝑖𝑖
∑ 𝑉𝑉𝑖𝑖

(2)
(3)

with mass mi [mg] or counts ni [-] of the five cross-section samples and respective sample
volumes Vi. Daily plastic loads L [#/day and kg/day] were calculated as:
𝐿𝐿 = 𝑄𝑄 × 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚/𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(4)

where Q is the river discharge [m3/s] measured with the ADCP. To account for tidal
changes when estimating annual river emissions to the ocean, we assumed that plastic
transport into the Bay only occurs 50 % of the time and therefore reduced the yearly loads
by half.
4.3.6.3 Flows
The base flow and runoff fractions of the discharge were determined with the Webbased Hydrograph Analysis Tool (WHAT) using the Recursive Digital Filter method for
perennial streams with porous aquifer (Lim et al., 2005). Daily discharge/water level data
were retrieved from USGS stations located along the Hillsborough River (USGS
02303330, 10 km upstream of my Upstream site and USGS 023060013, about 100 m
downstream of the Midstream site). USGS 02303330 provided daily discharge data highly
linearly correlated with the ADCP data (R2 = 0.96). Due to lack of daily discharge data at
USGS 023060013, I developed a linear regression model (R2 =0.53) from the ADCP data
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to estimate the river discharge as a logarithmic function of the Midstream water level. The
correlation here is weaker, as this site is subject to flow regulation from the dam and tides.
Due to strong tidal fluctuations, it was not possible to estimate a strong and significant
stage-discharge relationship at Downstream, and therefore the base flow and runoff
fractions could not be determined.
4.3.6.4 Rainfall
Hourly NexRad rainfall data of the Hillsborough River watershed was retrieved
from the Southwest Florida Water Management District for the sampling period. The data
points of each sub-catchment were averaged for a mean hourly rainfall. The sum of 3hr,
24hr, 72hr, and 168hr antecedent rainfall accumulation as well as 24hr maximum rainfall
intensity were determined for the respective dates, times, and catchments of each of the
54 sampling events.
4.3.6.5 Statistical Analysis
Statistical data analysis was performed in R version 3.3.4 (R Core Team, 2017).
My data collection and processing resulted in datasets on plastics, water flows, and
rainfall for each sampling event and location over the course of 18 months (Table 4-2).
Table 4-2 Overview of collected data
Parameter
Unit
Count Concentration
[# m-3]
Mass Concentration
[mg m-3]
Count Loads
[# day-1]
Mass Loads
[kg day-1]
Flows
Discharge
[m3 s-1]
Base flow
[m3 s-1]
Runoff
[m3 s-1]
Rainfall Sum of 3hr rainfall
[mm]
Sum of 24hr rainfall
[mm]
Sum of 72hr rainfall
[mm]
Sum of 168hr rainfall
[mm]
Maximum 24hr rainfall intensity [mm hr-1]
Factor
Plastic
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The Shapiro Wilk test indicated a non-normal distribution of data, thus I applied
non-parametric statistical tests. The pairwise Wilcoxon rank sum test(Wilcoxon, 1945)
was used to assess differences in plastic loads between sites and seasons, and the
Spearman Rank test(Lehmann and D’Abrera, 1998) to evaluate correlations between
flow, rainfall, and plastic parameters. Spearman ρ ranges from -1 (perfect negative
correlation) to 1 (perfect positive correlation). All statistical tests used a p-value of 0.05
as a threshold of significance.
4.4 Results and Discussion
4.4.1 Plastic Loads
A wide range of plastic quantities were found in the Hillsborough River, with strong
monthly and site variation (Figure 4-2, see Table B-2 for the complete dataset). Monthly
average count concentrations by site varied from 2.9 x 10-3 to 8.7 # m-3, and mass
concentrations from below 0.1 to 69.7 mg m-3 across the three sites. These
concentrations translate to loads from 4.0 x 103 to 4.7 x 107 # day-1 and 2.5 x 101 to
2.1 x 105 g day-1. The data at the Downstream site suggest that about 1.67 x 109 particles
(coefficient of variation 89.31%) or 1.01 tons of plastic (coefficient of variation 201%)
move towards Tampa Bay every year (Median of the daily loads reduced by 50%). These
are, however, highly uncertain estimates due to the very high coefficient of variation.
Overall, the data shows a significant increase of plastics loads from Upstream to
Midstream to Downstream. The pairwise Wilcoxon rank sum test indicated statistically
significant differences between the count loads at the three sites (p < 0.001). Mass loads
also increased from Upstream to Midstream/Downstream (p < 0.001) but fluctuated
strongly and were frequently higher at Midstream than Downstream (p>0.05). Throughout

101

the year, I observed a minimum base load of microplastics at the urban sites: above 5 x
105 # day-1 Midstream and above 2.5 x 106 # day-1 Downstream. At Downstream, loads
frequently exceeded 107 # day-1 (10 out of 18 months).

Figure 4-2 Concentrations and loads of plastic counts and mass
Upstream loads and concentrations were always the lowest (median values: 1.9
x 10-2 # m-3, 3.4 x 104 # day-1, 3.8 x 10-3 g m-3, 6.3 g day-1) and did not contain particles
larger than 5mm (macroplastics). It should be noted, however, that there was an
observable amount of microplastics found at this site, immediately downstream of large
natural wetlands and forests, mixed with low-density residential and agricultural lands
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further up. Midstream and Downstream have the expected impact of the city and confirm
that large quantities of plastics are produced and released into the river within the urban
watersheds. Particle counts increase from site to site during each month (Median values
Midstream: 9.5 x 10-1 # m-3, 1.8 x 106 # day-1. Upstream: 1.80 # m-3, 9.1 x 106 # day-1);
the city provides a constant, diffuse source of plastics. Increases from this baseline occur
primarily within the smaller particle fraction (< 1 mm) and to a lesser extent for larger
microplastics (> 1mm) and macroplastics (> 5 mm). Very likely, plastics already within the
river contribute as a source of microplastics as well. There is indication that sedimentation
and resuspension are important mechanisms of plastic exchange in the Hillsborough
River (Haberstroh et al., 2020). Near-bed turbulence, a driver of hyporheic exchange,
may facilitate retention and break-down (Drummond et al., 2020). In terms of mass, the
addition of plastic occurring within the city boundaries is apparent as well, but plastic
quantities are not always increasing between both urban sites (Median values Midstream:
1.4 mg/m-3, 3.5 x 103 g day-1, Upstream: 9.6 x 10-1 mg m-3, 5.6 x 103 g day-1). This may
be explained by local sinks that temporarily retain plastics and change longitudinal
concentration gradients (Klein, Worch and Knepper, 2015). Contrary to counts, mass
trends are governed by macroplastics which occur in smaller numbers and fluctuate more
within short sampling times. Macroplastics are retained more easily in bottom sediment
or along riverbanks. Larger particles are more susceptible to turbulence, sink down faster,
and are found more towards the river bed (Ballent et al., 2012; Haberstroh et al., 2020;
van Emmerik and Schwarz, 2020).
Each site has a characteristic discharge range, and corresponding plastic loads
vary by several orders of magnitude within the same magnitude of discharge (Figure 4-3).
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Average plastic count loads increased by 2 to 3 orders of magnitude and the highest loads
at each site were measured at medium discharge conditions. At maximum discharges,
loads were of medium range, possibly due to dilution of plastic concentrations.

Figure 4-3 Effect of discharge measurements on count loads Upstream (blue triangle),
Midstream (yellow circle), and Downstream (grey square)
4.4.2 Seasonal Dynamics
The 18-months sampling included two wet seasons (May to October) and one dry
season (November to April; Figure 4-4). Plastic loads at the urban sites had a much wider
range during both seasons than Upstream. Upstream carried significantly higher mass
and count loads during the wet than in the dry season (p<0.001), while Midstream wet
and dry season loads were not clearly distinguishable. Loads Downstream were higher
during the wet season, but only for mass was this significant (p<0.05), indicating that more
large and heavy plastics were transported. Similar to my findings, Watkins et al. (2019)
observed significantly higher loads during high flow season in two low populated
watersheds in New York State. Van Emmerik et al. (2019) detected high seasonal
variation in macroplastics at a very urbanized site in Vietnam but peak concentrations
were found at the transition of wet and dry season.
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Figure 4-4 Count and mass loads of plastics per site and season
The consideration of four periods within the annual hydrological cycle further
highlights the impact of rainfalls and flows. At all three sites, count loads tended to
increase and decrease with their respective antecedent rainfall. They reached a high
plateau between August and October and a low plateau between February and April
(Figure 4-5). Mass loads increased during the periods of increasing rainfall and the wet
season (May to October), and decreased with declining rainfall and during the dry season
(November to April). This is similar to the patterns observed by Yonkos et al. (2014).
Loads Upstream follow rainfall seasonality most closely, as the urban impact is limited at
this location. At the two urban sites these trends were less consistent. While high plastic
loads were observed during the wetter months, some of the lowest plastic loads were
found there as well. As also recorded by Eo et al. (2019), some elevated loads were found
in the drier months. Anthropogenic factors affect the Midstream and Downstream sites
more and interfere with seasonal patterns.
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Plastic release occurs persistently within the city even in periods of limited rainfall,
affecting the detectability of seasonal differences (Figure 4-5). Break-down of bulk and
macroplastics may be a source of microplastics within the river (Haberstroh et al., 2020).
Furthermore, plastics are known to deposit and accumulate in river sediment and
terrestrial areas, especially during the dry season or under lower flow conditions (Nel,
Dalu and Wasserman, 2018; van Emmerik, Tramoy, et al., 2019). Occasional dry season
rainfalls or tidal backflow mobilize some of these deposits, temporarily increasing
concentrations (Eo et al., 2019). Wet season conditions facilitate mobilization and
transport but loads are variable as well (Haberstroh et al., 2020). Rainfall and runoff
events create dynamic pulses of very high plastic loads (Cheung, Hung and Fok, 2019;
Hitchcock, 2020).
4.4.3 Plastic, Flow and Rainfall Relationships
85% of the 850 km2 watershed is upstream of my first collection site and is only
sparsely populated. Therefore, the majority of flow at Upstream is produced by base flow
and groundwater flow (mean 1689 m3 day-1 km-2). Runoff only contributes an average of
455 m3 day-1 km-2, though maximum runoff reached 3377 m3 day-1 km-2. The much
smaller, urbanized sub-catchments receive high amounts of runoff and on average
fiftyfold discharge per area and time from Upstream (mean 2,144 m3 day-1 km-2) to
Downstream (mean 107,320 m3 day-1 km-2). Midstream had a mean runoff contribution of
6719 m3 day-1 km-2 throughout the year, almost fifteen times the Upstream average.
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Figure 4-5 (a) Count loads [T#/day] and (b) mass loads [kg/day] of plastic measured
during each sampling campaign (May 2018 to October 2019) Upstream (blue triangle),
Midstream (yellow circle), and Downstream (grey square). Dashed lines indicate median
and the shaded area the respective 25th and 75th percentile of each site (see Table B- in
Appendix B for values). The sampling months correspond to the following four periods:
increasing rainfall (from May to July); wet season (August to October); decreasing
rainfall (November to January); and dry season (February to April)
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The correlation matrices display relationships among three categories of variables:
plastics, flows, and rainfall patterns (Figure 4-6, see Appendix B for the complete dataset).
The parameters within each group are positively correlated. Upstream has the strongest
trends among flow and rainfall variables, whereas at Midstream and Downstream plastic
category variables had stronger correlations. Dependencies between plastic and both
flow and rainfall exist and can be best observed Upstream where human impact is limited
and river hydrology less complex. With one exception, these relationships could not be
detected at the urbanized, tidal impacted Midstream and Downstream. The Spearman
Rank test indicated a number of significant non-linear relationships Upstream, all with
Spearman ρ magnitude greater than 0.5 and p-value < 0.05. Count concentrations
decrease with increased discharge (ρ = -0.58), base flow (ρ = -0.61), and with 72-hour
rainfall (ρ = -0.5). There could be dilution occurring as high water volumes enter the
system (Watkins, Sullivan and Walter, 2019; Xiong et al., 2019). Count loads have the
same inverse relationship to rainfall events between 3 and 72 hours (ρ = -0.5 to 0.7). In
the Upstream watershed, much of the rainfall directly infiltrates into the soil instead of
flushing into the river and plastic released into the watershed is limited. However, the
relationship between plastic count/mass loads to direct runoff is positive (ρ = 0.61 and
0.65), suggesting that plastics are in fact carried in from the watershed. Additionally, mass
loads increase with higher discharge and base flow (ρ = 0.6 and 0.5), as plastics within
the river are mobilized. The only statistically significant correlation between plastics and
hydrological variables Downstream was 24hr rainfall and mass loads (ρ = -0.48). Again,
the negative trend indicates dilution. Mass concentrations did not indicate any significant
connections to flows or rainfall variables at any of the three sites.
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Figure 4-6 Plastic, flow, and rainfall relationships upstream (a), midstream (b), and
downstream (c). Numbers indicate Spearmans' ρ. Positive trends are colored in shades
of yellow and negative trends in shades of blue. Significant values within categories are
marked in black and between plastic and flow or rainfall parameters in red (p < 0.05).
Grey values indicate insignificant relationships (p > 0.05). (d) summarizes flow
characteristics at each site
This analysis highlights the complexity of plastic dynamics especially in urban,
coastal watersheds. Rainfall and runoff drive plastic transport to the river but this may
result in concentration or dilution, depending on the ratio of plastic and water added to
the system. Simultaneously, increased flows within the river mobilize bed loads, adding
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plastics without additional water. Lack of attention to the role and interaction of flow and
rainfall components may lead to contradictory conclusions or blur relationships.
4.4.4 Implications
Plastic release from cities and urbanized areas occurs continuously and
persistently. Rivers are both sinks and sources largely expanding the areas impacted by
a pollution source. This study quantified the impact of urban pollution on coastal rivers.
Urban areas are pollution hotspots throughout the year, and the river discharged large
plastic loads that were significantly higher than in the low populated upstream catchment.
This demands a consistent capturing and management of plastics in urban areas and
along river shores, similarly as for other urban pollutants. This analysis elucidates the
complexity of plastic release and transport in coastal urban watersheds and why it has
been challenging in previous studies to single out parameters characterizing plastic
pollution. Runoff and other sources feed plastic into rivers, natural and anthropogenic
factors create dynamics of mobilization and retention. Rainfall seasonality and event
magnitude are major drivers of plastic pollution. The impact of streamflow components
(discharge, base flow, and runoff) had not been previously studied in this context. To my
knowledge, this study is the first to explore and shed light into the interconnection between
plastics, river flow components, and rainfall. I determined that loads in rivers with
moderate to high pollution levels such as the Hillsborough River are concentration-limited,
meaning that mass loads would proportionally increase with concentrations, but not
directly with flow. Runoff adds plastic mass to the system, but plastic quantities are
ultimately limited by the concentration of plastics. As a result, high discharge and base
flow mobilize plastic and increase loads up to certain point, but they also dilute
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concentrations. Runoff itself is positively correlated with plastic loads, but rainfall
inversely, again due to the concentration limitation. The 24-hr rainfall period was the most
indicative in this study suggesting that in this watershed most runoff enters the river within
this time period. This likely varies with watershed size, topography, and land-use/landcover (Windsor et al., 2019). Future research should investigate the connection and
interaction between hydrological and catchment conditions in other watersheds to
evaluate the relationship and prevalence of human and environmental factors. To provide
urban plastic management solutions, it will be very relevant to investigate existing and
new stormwater treatment strategies for their potential to remove plastics.
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Chapter 5. Plastic Transport in a Complex River Confluence in the Mekong
Floodplain in Cambodia
5.1 Abstract
Limited number of field data collections have been conducted in Southeast Asian
rivers, despite their documented leading in plastic emissions to the worlds’ oceans. This
study presents the first measurements of plastic transport in the Mekong River, based on
a comprehensive monitoring campaign during the monsoon season in the confluence of
the Mekong, Tonle Sap, and Bassac Rivers around Phnom Penh, Cambodia’s fastgrowing capital. The approach was developed for increased accuracy in plastic estimation
and combines multipoint cross-sectional water sampling by a neuston net with high
resolution flow measurements from an Acoustic Doppler Current Profiler (ADCP). Driven
by seasonal high flow, 98.96 - 307.14 tons/day of plastic were released from Phnom
Penh; plastic count loads increased 1.5 times within the city boundaries and mass loads
more than 20 times. Most of the plastic mass was transported at the surface, moving
downstream towards the ocean and Cambodia’s largest freshwater fisheries. A smaller
portion is mixed into the water column, potentially retained in the rivers, breaking down
and released over years to come. The city has a significant impact on the health of
Cambodia’s largest water bodies and on Mekong’s’ contribution to Southeast Asia’s
plastic pollution into the ocean.
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5.2 Introduction
High population densities and waste production are characteristic of Asia, often
combined with a lack of adequate waste management (Wu, Zhang and Xiong, 2018).
Southeast Asia, in particular, is considered a major player in global plastic pollution
(Jambeck et al., 2015). Despite this reputation, riverine field research in the region is
limited to surface and near-surface macroplastic (Lahens et al., 2018; van Emmerik,
Loozen, et al., 2019; van Emmerik, Strady, et al., 2019). Global models suggest that Asian
rivers are leaders in plastic pollution, with the East Asian monsoon as a key driver of
plastic release and transport, with up to 86% of the annual plastic input into the oceans
may originate from Asia (Lebreton et al., 2017a; Schmidt, Krauth and Wagner, 2017). A
comparison of riverine floating debris indicated plastic loads in Southeast Asia to be four
orders of magnitude higher than in Europe (van Calcar and van Emmerik, 2019). In
contrast, a field study in the middle and lower reaches of the Yangtze river, the number
one polluting river in the Lebreton et al. (2017) model, recorded in fact only intermediate
pollution levels (Xiong et al., 2019). While the large contribution of Asian rivers to global
plastic pollution is evident, field-based studies are needed to better constrain pollution
load estimates, improve our understanding of the underlying drivers, and eventually
inform management practices for pollution reduction.
The Mekong River has the 10th largest water discharge in the world (Adamson et
al., 2009), and potentially the 8th or 11th highest plastic mass load input to the ocean
(Lebreton et al., 2017a; Mai et al., 2020). At Cambodia’s capital Phnom Penh, the Mekong
forms the Chaktomuk confluence with the Tonle Sap and Bassac Rivers. The Tonle Sap
River experiences a seasonal flow reversal of more than 10,000 m3/s driven by the
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hydraulic head difference between the Tonle Sap Lake and the Mekong River, making it
one of the most complex large-scale flow reversal systems on Earth. This hydrological
system is the primary driver of one of the world’s largest freshwater fisheries and provides
nearly 60 million people with food and livelihood (Sabo et al., 2017). Plastic occurrence
in Cambodia and the Mekong delta have not been studied.
Plastic release into rivers is enhanced by human activities and watershed
hydrology, thus concentrating in and around cities and creating complex spatio-temporal
patterns of plastic pollution (Dris et al., 2018; Horton and Dixon, 2018; Windsor et al.,
2019). While the combination of flows, runoff and human activities along rivers may
facilitate the buildup of plastics along the course of a river, flow conditions more often
cause local accumulation (Mani et al., 2016; Kapp and Yeatman, 2018; Xiong et al.,
2019). Features like dams, floodplains, and meanders create low flow regimes and,
therefore, often act as plastic sinks (Tibbetts et al., 2018; Wang et al., 2020). Urban rivers
experience fluctuating patterns of plastic transport; strategic field studies at the city
boundaries can provide important insight into those dynamics. Retention and
resuspension mechanisms as well as cross-sectional movement highly impact the spatial
and temporal scale of plastic transport and release to the ocean (Liedermann et al., 2018;
Xiong et al., 2019; Drummond et al., 2020; Haberstroh et al., 2020). This research focused
on the extent of plastic pollution around Phnom Penh, in view of its impact on Cambodian
society and ecosystems as well as on global plastic pollution. This work is guided by three
research questions: 1. How much plastic is released within the city of Phnom Penh and
how is it affected by the river confluence? 2. How do cross-sectional characteristics and

114

flow patterns drive plastic distribution and movement? 3. How do these findings compare
to current plastic pollution loads for global rivers?
5.3 Methods
5.3.1 Study Area
The study was carried out around the Chaktomuk confluence of the Mekong, Tonle
Sap, and Bassac Rivers at Phnom Penh, the capital of Cambodia (Figure 5-1). This
rapidly growing city has a total population of over 2 million and a total population density
of 5358/km2. Where managed, the majority of solid waste is disposed into one landfill
(Hoornweg and Bhada-Tata, 2012; Seng, 2015); however, 40% of the Phnom Penh
municipality does not have access to garbage collection (Denny, 2016). The plastic
fraction in municipal solid waste had been increasing from 6% in 1999 to 20.9% in 2015
(Seng et al., 2011; Seng, 2015).
When reaching Phnom Penh, the Mekong has travelled approximately 3,870 km
through Tibet, Yunnan Province (China), Myanmar, Thailand, Laos, and most of
Cambodia from north to south (Dietsch, Densmore and Wilson, 2015). It’s long course is
accompanied by few urban centers and a growing number of dams (Hecht et al., 2019).
From Phnom Penh, the Mekong floodplain and delta extends approximately 330 km
through Cambodia and Vietnam before discharging at the South China Sea to the Pacific
Ocean (Dietsch, Densmore and Wilson, 2015). During the wet season (June-November),
the Mekong is the only inflow into the city. The four sampling sites at the three rivers were
selected outside the city boundaries to capture the impact of the urban areas: Mekong
Upstream, Mekong Downstream, Tonle Sap, and Bassac (Figure 5-1, Table 5-1). The
Mekong has much larger flows and dimensions than its two distributaries, Tonle Sap, and
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Bassac rivers. At the sampling sites, the rivers were up to 15 to 30 m deep. Within the
city boundaries and around the Chaktomuk confluence, large parts of the river beds are
shallow with depths of only few meters (Dietsch, Densmore and Wilson, 2015). The
conjunction of the three rivers provides strategic locations to assess and quantify the
release of plastics from the city and the loads moving towards the Tonle Sap Lake and
downstream to Vietnam.

Figure 5-1 Field sites around Phnom Penh, Cambodia
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Table 5-1 Cross-section characteristics at the sampling sites
Mean discharge Mean flow
Maximum
Site
[m3/s]
velocity [m/s]
depth [m]
39,365
Mekong Upstream
1.20
29
Mekong Downstream 24,262
1.11
30
6,946
Tonle Sap
1.05
19
3,903
Bassac
1.07
15

Width
[m]
82
1,341
465
367

5.3.2 Field Data Collection
Data collection and assessment of plastic debris was conducted in August and
September of 2019, during the peak of the wet monsoon season. The Mekong floodplain
receives highest flows within this time of the year and indicates likely the highest pollution
loads annually. Each of the four sites was visited twice, with 8 to 11 days in between
campaigns at each site. Using a method developed for lowland rivers (Haberstroh et al.,
2020), at each sampling event a multi-point cross-sectional sampling was conducted. I
used a 500 µm Neuston net with a 0.5 x 1m net frame, equipped with removable floats
and weights to sample at surface and subsurface. Essential part of the sampling strategy
was the use of an Sontek River Surveyor Acoustic Doppler Current Profiler (ADCP), a
multibeam sensor mounted on a floating board that collects flow measurements at two
different frequencies, georeferenced with an integrated GPS. With the ADCP I created
detailed cross-sectional flow profiles, captured local discharge and determined local flow
velocities for calculating the sampling volume. Seven surface samples were taken across
the river width at the two Mekong sites and five at Tonle Sap and Bassac (Figure 5-2).
Including the surface sample, five samples were collected through the depth of the water
column in the river center at each site. Maximum sampling depth was 12 m, except in the
shallower Bassac, where it was reduced to 8 m. Altogether, 80 samples were collected.
The sampling was conducted semi-stationary from local fishing boats, deploying the
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Neuston net perpendicular to the flow at each point in the river cross-section for around
10-15 min (with few exceptions due to high material loads, see Table C-2 in Appendix C
for sampling details).

Figure 5-2 Positions of multi-point sampling set-up at the Mekong sites. Tonle Sap and
Bassac had five instead of seven surface samples. The dashed frame indicates the
section considered for the load estimate
5.3.3 Laboratory Analysis
Each sample was rinsed over a 500 µm sieve, large organics were disposed and
large macroplastics separated. The remaining sample was dried and sorted visually for
plastic particles by two experienced team members. All plastics were categorized by size
into macroplastics (> 5 mm), large microplastics (< 5 mm and > 1 mm), and small
microplastics (< 1 mm). Picture, weight, mass, and, where known for large macroplastics,
item description and polymer type were recorded.
5.3.4 Data Analysis
5.3.4.1 ADCP data
The ADCP data were processed in the Sontek River Surveyor software and Matlab
2017a. Local flow velocities 𝑢𝑢�𝑛𝑛𝑛𝑛𝑛𝑛 in the net were calculated based on the average flow

velocities at the sampling position corrected by the boat velocity and multiplied with the
net area A (2/3 x 0.5 m2 at the surface and 0.5 m2 at the subsurface) to determine the
sampling volume V:
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𝑉𝑉 = 𝑢𝑢�𝑛𝑛𝑛𝑛𝑛𝑛 × 𝐴𝐴 × 𝑡𝑡

(1)

In addition to the overall river discharge, discharge per cell was calculated from
cell dimensions and flow velocities to determine the discharge Qreduced occurring at
surface and subsurface down to the maximum sampling depth (12 or 8 m). These
discharge estimates were used for the plastic loads estimation and can be found in Table
C-1 in Appendix C.
5.3.4.2 Plastic data
Using the mass m and count n determined for each sample and size category and
the sampling volume V, the concentration was calculated as:
𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

∑ 𝑚𝑚𝑖𝑖
∑ 𝑉𝑉𝑖𝑖
∑ 𝑛𝑛𝑖𝑖
∑ 𝑉𝑉𝑖𝑖

(2)
(3)

These were both determined for each sample as well as the volume-averaged
cross-section mean from all sample positions. Lastly, plastic loads (L) are estimated
based on river discharge and mean cross-section concentration. No sampling was
conducted below 12 or 8 m, and preliminary data analysis showed that the concentration
of plastics decreased exponentially with depth. It was, therefore assumed that an
insignificant amount of plastic -when compared to surface transport- was carried below
the depth to which samples were collected. Thus, the loads from surface to sampling
depths were determined using the discharge Qreduced:
𝐿𝐿 = 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 × 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚/𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(4)

Mean annual load (Lan,mean) was also estimated to compare my results with existing
modeling estimates. This was done by correcting the wet season based plastic
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measurements Lwet to mean flow conditions assuming that loads decrease proportional
to discharge:
𝐿𝐿𝑎𝑎𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐿𝐿𝑤𝑤𝑤𝑤𝑤𝑤 ×

𝑄𝑄𝑎𝑎𝑎𝑎,𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒
𝑄𝑄30𝑑𝑑,𝑚𝑚𝑚𝑚𝑚𝑚

(5)

Long term river discharge data was downloaded from the Mekong River
Commission Data Portal (Mekong River Commission, 2020). Based on these data, the
ratio of mean annual flows Qan mean and 30-day maximum Q30d,max observed in 2019-2020
was used (0.22), which is much smaller than the long term average of 0.30.
5.3.4.3 Statistics
Table 5-2 lists the data retrieved from the field data collection and processing.
Statistical data analysis was conducted in R version 3.3.4.(R Core Team, 2017). Plastic
data were not normally distributed according to the Shapiro-Wilk test, and therefore,
nonparametric statistical techniques were used (Shapiro and Wilk, 1965). Specifically, the
pairwise Wilcoxon rank test served to estimate differences between sites and campaigns
and the Spearman rank test to test for correlations (Wilcoxon, 1945; Lehmann and
D’Abrera, 1998). Results were considered significant at a p < 0.05.
Table 5-2 Overview of collected data
Category Parameter
Unit
Plastic
Count Concentration [# m-3]
Mass Concentration [mg m-3]
Count Loads
[# day-1]
Mass Loads
[kg day-1]
Flows
Discharge
[m3 s-1]
Local flow velocities [m s-1]
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5.4 Results and Discussion
5.4.1 Plastic and Flow Dynamics
Plastic release and transport are highly variable around the city of Phnom Penh
and reveal different characteristics at the individual sampling sites. Mekong Upstream
was exposed to plastics from its passage through SE Asia and after that pollution levels
increased within the city. My results suggest that an estimated 8.66 billion particles or 467
tons of plastic per day were moving from Phnom Penh towards Vietnam and the South
China Sea under wet season conditions. Around 1.92 billion particles or 75 tons of plastic
per day were carried towards the Tonle Sap lake, one of the world’s largest freshwater
fisheries and a system already under large pressure due to hydropower, climate change,
and indiscriminate fishing practices (Arias et al., 2014; Ngor et al., 2018). These loads
are likely to be even higher due to near-bed transport of denser plastics that was not
captured in this study but may be an important fraction of the total river loads. Plastics
are pervasive and persistent in sediments and are mobilized during flood events and
increased flows (Hurley, Woodward and Rothwell, 2018; Enders et al., 2019). To my
knowledge, the near-bed behavior and contribution in deep rivers has not been studied.
The discharge volume of the Mekong redistributes within Phnom Penh to Tonle
Sap and Bassac and reduced the discharge of the Mekong by around 15,000 m3/s from
Upstream to Downstream due to documented water losses to the floodplain (Kummu et
al., 2014) (Figure 5-3). Cross-section concentrations were higher at all three outflow sites,
except for Bassac during the first campaign. The sample concentrations at Mekong
Downstream and Tonle Sap were significantly higher than at Mekong Upstream and
Bassac (pairwise Wilcoxon rank test, p<0.05). In sum, the three outflowing rivers carried
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together much higher plastic loads than what had entered the city (see section Figure 5-3
Overview of plastic concentrations, loads and discharge by site. Y-axes represented in
logarithmic scale (range varies from frame to frame). The circle indicates the first and the
diamond shape the second sampling campaign. The error bars indicate the minimum and
maximum range based on the lowest and highest plastic count or mass from each
sampling event. The sketch at the bottom right indicates site location and flow direction
From the first to the second sampling campaign, flow volume at Mekong Upstream
increased by 67%, within less than two weeks. Although plastic quantities in the river were
affected, differences in concentration were not significant between the two campaigns
(pairwise Wilcoxon rank test p>0.05). The additional flow volume reduced plastic
concentrations and loads into the city. Dilution reducing the concentrations also occurred
at Mekong Downstream and Tonle Sap. Xiong et al. (2019) observed a negative
relationship between flows and plastic quantities suggesting dilution in the Yangtze as
well. The higher flows mobilized additional plastic loads at Mekong Downstream, while at
Tonle Sap those flow changes had little impact on loads. The smaller Bassac was most
affected by the change in flows, as more plastics mobilized, increasing concentrations
and loads, especially in terms of mass. While most river studies sample along the course
of one main river or in several separate rivers of a region (Skalska et al., 2020), this unique
setup around a highly urbanized river conjunction, highlights the key role of river
characteristics and dimensions on plastic transport behavior.
Plastic Budget at Phnom Penh). Plastics typically concentrate at the surface,
especially at calm flow conditions. At higher turbulence and mixing conditions, plastics
tend to distribute throughout the cross-sections (Haberstroh et al., 2020). The smaller
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variance for count concentrations and loads at Bassac and the second campaign at Tonle
Sap may be due to higher turbulence at those occasions.

Figure 5-3 Overview of plastic concentrations, loads and discharge by site. Y-axes
represented in logarithmic scale (range varies from frame to frame). The circle indicates
the first and the diamond shape the second sampling campaign. The error bars indicate
the minimum and maximum range based on the lowest and highest plastic count or
mass from each sampling event. The sketch at the bottom right indicates site location
and flow direction
From the first to the second sampling campaign, flow volume at Mekong Upstream
increased by 67%, within less than two weeks. Although plastic quantities in the river were
affected, differences in concentration were not significant between the two campaigns
(pairwise Wilcoxon rank test p>0.05). The additional flow volume reduced plastic
concentrations and loads into the city. Dilution reducing the concentrations also occurred
at Mekong Downstream and Tonle Sap. Xiong et al. (2019) observed a negative
relationship between flows and plastic quantities suggesting dilution in the Yangtze as
well. The higher flows mobilized additional plastic loads at Mekong Downstream, while at
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Tonle Sap those flow changes had little impact on loads. The smaller Bassac was most
affected by the change in flows, as more plastics mobilized, increasing concentrations
and loads, especially in terms of mass. While most river studies sample along the course
of one main river or in several separate rivers of a region (Skalska et al., 2020), this unique
setup around a highly urbanized river conjunction, highlights the key role of river
characteristics and dimensions on plastic transport behavior.
5.4.2 Plastic Budget at Phnom Penh
Mekong Upstream carried substantial plastic loads (mean of 3.23 x 109 #/day or
1.04 x 105 kg/day). The sum of plastic loads leaving Phnom Penh through the three
distributaries added to 6.28 x 109 #/day or 4.21 x 105 kg/day (mean of both campaigns),
which means that, in average, 3.05 x 109 #/day (x 2.61) or 2.03 x 105 kg/day (x 22.96) of
plastic were added in the region between sampling locations (Figure 5-4), more than a 2fold increase in plastics mass loads in the Mekong. Flows decreased by 0.8-0.95x due to
documented water losses to the floodplain (Kummu et al., 2014). Count concentrations
increased by 1.5-2.9x, resulting in 1.5-2.6x higher count loads. Mass concentrations
increased by 26% during the first campaign, and despite the 20% reduction in discharge,
there was a 1.5x increase in overall mass loads. The increase in discharge in the second
campaign alone changed plastic mass dramatically; concentrations and loads increased
by more than 20-fold. After many dams and extensive floodplains that may retain pollution
along the course of the Mekong, the city of Phnom Penh has a substantial impact on
plastic loads in the lower Mekong. A high presence of plastics is often observed in close
proximity to urban areas (Yonkos et al., 2014; Mani et al., 2016) and Cambodia’s capital
is, with over 2 million people, the largest city along the course of the Mekong River.
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Figure 5-4 Ratio of discharge and plastic quantities in and out of Phnom Penh. The light
green bar is set as 1 and refers to the inflows of water and plastics at the Mekong
Upstream site. The light and dark red bars represent the outflows of water and plastics
(sum of the sites Mekong Downstream, Tonle Sap, and Bassac) measured at the first
and second field campaign, respectively
5.4.3 Cross-sectional Distributions
Distribution patterns of plastic within river cross-sections provide insight into the
transport and movement of plastic particles. Surface flow velocities generally are lowest
close to the banks and highest in the main channel, depending on the flow channel
geometry (Figure 5-5). Count concentrations of plastics are negatively correlated to those
flow velocities (p<0.05). Especially in the two Mekong sites, highest concentrations were
found in the low flow regimes at the sides. For the Bassac and Tonle Sap, flow velocities
differed less along the river span and the plastic was more concentrated in the flow
channel. In terms of mass, highest concentrations occurred both within the channel
section and on the left-bank side. Overall, there is a high fluctuation in mass concentration
distribution ranging three to four orders of magnitude along cross-section widths. Mass
concentrations do not show a statistically significant correlation with local flows.
Flow velocities slowly decrease over the sampling depths by about 50% in the
center of the river channel (Figure 5-6). There was significant flow within the main channel
at all sites. In the Tonle Sap, higher flows in the lower water column indicate more
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turbulence. Count concentrations peak at the surface but remain in the same magnitude
down in the water column. Considerable transport of plastic particles occurred downwards
with the majority of suspended particles being microplastics or smaller, secondary
macroplastics. Surface samples have three to five orders of magnitude higher mass
concentrations than most sub-surface samples, and overall, most of the plastic mass is
transported at the surface. Mass concentrations are negatively correlated with sampling
depth (p<0.05). Despite the pre-dominance of plastics at the surface and the overall
decline over the sample range of 12 m, plastics are clearly present in the water column
and contribute to the overall plastic loads. There is a high potential for plastic
accumulation at the riverbed over the year. The mixing of a river channel and near-bed
turbulence conditions during wet seasonal high flows are likely to enhance remobilization
of retained sediment plastics (Drummond et al., 2020; Haberstroh et al., 2020). While this
could not be investigated in this study, I suggest that there might be plastic loads moving
along the river bottom that could significantly increase current load estimates.
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Figure 5-5 Horizontal distribution of (a) local velocities [m/s], (b) plastic count
concentrations [#/m3] and mass concentrations [mg/m3] at each site. The width of the
river was ~823 m at Mekong Upstream, ~1,341 m Mekong Downstream, ~465 m at
Tonle Sap, and ~367 m at Bassac (mean of the two sampling campaigns). The color
scale indicates lowest (white) to highest value (dark red) at each site and cross-section
127

(a)
Surface
↓
↓
↓
12 / 8 m

Mekong
1.79
2.36
1.28
2.10
1.71
2.07
1.50
1.62
1.09
1.11

Mekong
1.33
1.96
1.18
1.74
1.06
0.85
0.91
0.61
0.29
0.82

Tonle Sap
1.21
1.80
1.16
1.61
0.95
1.41
1.11
1.73
0.65
1.01

Bassac
1.20
1.55
1.09
1.39
1.05
1.26
0.90
1.41
0.83
0.96

(b)
Surface
↓
↓
↓
12 / 8 m

Mekong
2.06
1.59
2.05
0.52
0.70
0.47
1.61
0.37
1.20
0.25

Mekong
1.42
3.84
2.40
1.25
2.59
0.75
1.49
2.03
1.33
0.85

Tonle Sap
3.05
8.08
2.70
2.14
1.74
3.12
0.48
1.50
0.58
1.26

Bassac
3.30
2.97
1.60
1.22
1.05
1.91
1.51
1.06
1.42
1.21

Tonle Sap
250.96 220.17
6.71
2.66
0.82
1.24
0.06
0.38
0.07
0.33

Bassac
46.77
75.78
0.25
1.66
0.28
10.20
0.24
0.83
0.16
1.21

(c)
Mekong
Surface 312.55 0.98
↓
0.54
0.28
↓
0.41
0.14
↓
0.18
0.31
12 / 8 m 0.96
0.14

Mekong
1.90 1039.01
0.88
0.18
0.53
0.21
0.26
0.82
0.24
0.36

Figure 5-6 Vertical distribution of (a) local velocities [m/s], (b) plastic count
concentrations [#/m3] and mass concentrations [mg/m3] at each site. The depths at the
center was ~27 m at Mekong Upstream, ~25 m Mekong Downstream, ~18 m at Tonle
Sap, and ~14 m at Bassac (mean of the two sampling campaigns). The color scale
indicates lowest (white) to highest value (dark red) at each site and cross-section
5.4.4 Comparison to Mekong River Plastic Load Estimates
To my knowledge, no other studies have published field estimates of plastic
pollution in the Mekong or Cambodia. I compared my measurements with three global
modeling studies that estimated annual plastic loads discharged into the ocean (Figure
5-7). Their regression-based models use the key predictors Mismanaged Plastic Waste
(Lebreton et al., 2017a; Schmidt, Krauth and Wagner, 2017) or Human Development
Index (Mai et al., 2020) supported by other parameters (e.g. population density,
discharge, runoff, and solid waste generation) and are calibrated with available field data
of surface floating river plastics. This is the first available dataset to evaluate the accuracy
of their simulations for the Mekong. The plastic loads I measured at Mekong downstream
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passed Phnom Penh (7.24 to 8.63 x 104 tons/year) more than doubles model estimates.
Collected during the wet season (discharge of 24,262 m3/s), my data represent the
highest plastic loads occurring throughout the year, therefore the resulting annual
estimate is likely overestimating actual loads. The loads corrected to mean flow conditions
provide a more conservative estimate of annual loads (1.57 to 1.73 x 104 tons/year,
~ 20%), which is located in the low range of respective global river estimates from
Lebreton et al. (2017) and in the middle between the two models of Schmidt et al. (2017).
Despite its much better regression results in comparison with its predecessors, the model
of Mai et al. (2020) underestimates Mekong loads by one order of magnitude. Although
those models were calibrated with limited data, some of the simulations were close to the
obtained field data.
Field measurements of plastic loads highly increase model accuracy and reduce
uncertainty. Efforts to take these measurements guided by standard collection and
analytical protocols have boomed in Europe and North America, especially for marine
systems and floating macro litter (Cheshire, Adler and Barbière, 2009; Lippiatt, Opfer and
Arthur, 2013; EC JRC, 2016; González et al., 2016; GESAMP, 2019; van Calcar and van
Emmerik, 2019). However, those rivers that presumably carry most of the plastic pollution
to the oceans remain largely unmonitored. It is likely that some of the plastic released at
Phnom Penh may be retained along the course of the Mekong floodplain, and may not
immediately be transported to the ocean but will provide a source of (micro)plastic to be
slowly released over many years. Passing through Vietnam, the Mekong receives
additional plastic loads downstream of Phnom Penh before reaching the South China
Sea. While frequent monitoring will provide a better picture of seasonal variability, this
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first field-based estimates provides a benchmark dataset to validate and further improve
plastic pollution modeling results in the Mekong.
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Figure 5-7 Study results of annual plastic loads [t/yr] based on wet season data and
flow-normalized yearly average from Mekong Downstream passed Phnom Penh (this
study) compared to global models estimating plastic released from the Mekong into the
ocean. Colours from light to dark red represent low to high values by study
5.4.5 Implications
The Mekong River is one of the world’s largest rivers, passing through Southeast
Asia, a region notorious for its contribution to global plastic pollution. My study is the first
to investigate micro and macro plastic release from the largest city along the Mekong
(Phnom Penh), as well as plastic transport through this complex river and floodplain
system with great potential to release plastics to the ocean and sensitive freshwater
ecosystems. During the peak of Cambodia’s wet season, large, varying amounts of
plastics are released from the city towards both the South China Sea and the Tonle Sap
Lake. Near-surface transport dominates plastic loads in the river cross-sections,
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especially in terms of mass; yet mixing was observed well down the water column for all
three distributaries, suggesting that significant plastic quantities may be retained in the
riverbeds as well. Additional field studies during other seasons would provide insight to
annual variability and could explore the changing dynamics during the Tonle Sap flowreversal. Furthermore, investigating the retention and mobilization of plastics in and close
to the riverbed remains a worthy challenge for future studies.
The risks associated with plastic pollution are not always evident and can be easily
underestimated, especially in countries whose inhabitants face many challenges in their
basic needs and livelihoods. However, the continuous pollution of their water systems
and their largest source of food and livelihood - Tonle Sap lake - will put great risks and
challenges on the Cambodian people. This applies as well to the ongoing release of
plastics into the ocean, affecting humans and the environment worldwide. This research
shows the urgent need to implement more efficient urban waste and stormwater
management approaches in Phnom Penh, as well as all urban centers around the globe.
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Chapter 6. Conclusions
6.1 Summary of Contributions
Plastic has become a major pollutant, affecting all ecosystems and countries
around the world. Urban rivers and their watersheds are contributors, accumulators, and
conveyors of plastic pollution. They are also key locations for prevention, reduction, and
removal. This dissertation research acquired and built on two unique and important
datasets. First, I obtained comprehensive and multifaceted data on macro- and
microplastic loads in the Hillsborough River, a middle-sized, lowland river in Florida
governed by wet and dry season flows. This research provides a first baseline data for
plastic waste management efforts in Tampa, and also gives important insight for other
locations with similar characteristics. To the best of knowledge, I contributed the first study
of microplastics in rivers discharging in the Gulf of Mexico. With the monitoring setup of
18 months I assessed seasonal and flow-driven patterns even with the high fluctuation
typical for river plastic pollution. Second, I collected data around Phnom Penh, the largest
urban center along the Mekong River. Despite being considered global key players of
plastic emissions to the oceans, Southeast Asian rivers are widely understudied and in
urgent need of monitoring campaigns to evaluate the occurring plastic release and
transport. During a wet season sampling, I captured potential peaks of plastic pollution
generated in the Cambodian capital. This is the first dataset on plastics in the Mekong
River, in Cambodia, and towards Southeast Asia’s largest and most important lake.
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The data collection and corresponding analysis were thoroughly implemented to
address several key questions and knowledge gaps in the field of plastic pollution in urban
rivers. Through the assessment of plastic loads and concentrations in these two case
studies, I evaluated spatial and seasonal dimensions of plastic transport and release
within and around areas of urban development, investigated cross-section and polymer
distributions within rivers, clarified the impact of flow conditions on plastic pollution, and
provided field estimates of plastic loads in two previously unstudied rivers. This
dissertation was centered around five research questions and corresponding hypotheses
(Chapter 1.2 Objective, Research Questions and Hypotheses). The main qualitative
trends representing the findings of this research are visualized in Figure 6-1.
•

Research Question 1: What are the main hydrodynamic processes guiding plastics
transport through a river cross-section and how do flow conditions and particle
properties affect the vertical and lateral distribution of plastics?
The first research question investigated the role of flow conditions and particle

properties in cross-sectional distribution and behavior of plastics. To my knowledge, this
is the first study of three-dimensional plastic transport in rivers. As stated in the first
hypothesis, plastic transport in a cross-section is non-uniform and highly dependent on
the rivers hydrodynamic profile. Assuming equal distributions or transport at the surface
only are far from an accurate reflection of reality. Advective, near-surface fluxes drive
plastic transport under calm flow conditions. With increased flows, advective transport
increases and occurs throughout the water column (Figure 6-1 a). Under turbulent flow
conditions, lateral and vertical fluxes mix plastic through the cross-section and facilitate
particle exchange with the riverbed (Figure 6-1 b). This behavior is enhanced by
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irregularity, larger sizes, and higher densities; particles that are irregular or rough, large,
and heavier, are more likely to be affected by turbulent flows (Figure 6-1 c). Even in large
and deep rivers, high flows and turbulence drive low-density plastics far down the water
column and produce substantial sub-surface transport. The lateral distribution of plastics
across rivers is heterogeneous as well, as plastic can move rapidly with the main flow in
the center or may accumulate and move slowly close to the river shores.

Figure 6-1 Qualitative trends and tendencies of river plastic pollution concluded from
this dissertation
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•

Research Question 2: How do urban development and runoff drive plastic release
and transport in rivers?
The second research question aimed to understand the impact of urbanization on

plastic release and transport in rivers. As stated in hypothesis 2, urban pollution was
clearly driving plastic concentrations and loads, multiplying within the city boundaries at
both my study sites (Figure 6-1 d). The long-term study showed that cities are a
continuous source of plastics to the environment throughout the year. However, against
my initial assumption, plastics may not accumulate consistently along the course of a
river; local, dynamic retention and remobilization affect longitudinal concentration
gradients. This results in patterns of higher and lower contaminated river sections (Figure
6-1 e). In fact, it appears that in urban hotspots the source of plastics dominates spatial
trends, but in less populated river stretches the impact of hydrological and geomorphic
conditions are more important. In areas with little human activity, environmental factors
drive spatial variability, at higher human presence, they have less influence (Figure 6-1
f). These trends may have led to unexpected observations in past case studies, in which
plastic concentrations highly fluctuated or even decreased (He et al., 2020; Mintenig et
al., 2020; Rowley et al., 2020).
•

Research Question 3: What is the role of flow and rainfall seasonality in the release
and transport of plastic loads in rivers?
The third research question addressed the role of flow and rainfall seasonality in

plastic release and transport in rivers. As stated in the hypothesis, seasonal dynamics
are guiding plastic pollution, yet the underlying mechanisms are complex. The higher
water volumes in the watersheds during wet seasons increase transport potential on land
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and in the river, overall leading to peaks of plastic abundance. Plastic pollution was found
to be concentration-limited: Additional local runoff increases plastic presence in rivers,
but higher rainfall and discharge/baseflows may dilute concentrations (Figure 6-1 g and
h). Plastics occurrence in less urban areas follows rainfall and flow seasonality more
closely than in higher urbanized areas where other factors blur seasonal effects (Figure
6-1 i). When studying the outcomes of the second and third research question, it became
evident that both should not be investigated separately. Both urban-human and
hydrologic-environmental factors are clearly affecting each other.
•

Research Question 4: What are the characteristics of plastic pollution in a major river
floodplain and confluence?
The fourth research question looked at a system of both large flow dimensions and

peaking plastic emissions. As my hypothesis suggested, the wet season plastic pollution
released in Phnom Penh represents an extreme of plastic pollution on a global level of
comparison. The confluence mixed and redistributed the plastic already with the plastic
released within the city and the plastic loads moving towards the ocean and Tonle Sap
Lake were multiplied (Figure 6-1 a,b,d,f). Large river systems and big cities have an
immense release and transport potential and therefore have a high leverage to impact
plastic pollution.
•

Research Question 5: How do plastic loads found in the Mekong River compare to
current global estimates?
The three existing global models differ by over one magnitude in their mass

estimation (tons/year) of Mekong plastic emissions, and the dataset from this study
provides the first validation of their estimates. As suggested in the hypothesis, in
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comparison with my findings predictions often underestimate plastic loads in the Mekong;
however, other estimates were actually too high. One recent model with very good
correlation results underestimated loads by a magnitude in the case of the Mekong (Mai
et al., 2020). The lowest estimate of the Lebreton et al. (2017) model predicted Mekong
plastic loads very closely to the annual averaged results I estimated.
In summary, this dissertation investigated several of the key factors driving spatial
and temporal patterns of plastic pollution including the role of urbanization and flow,
rainfall, and seasonal characteristics at the site and watershed scale. Their impacts were
evaluated on the watershed level and the observations used to determine general
implications for the field of plastic pollution.
6.2 Recommendations for Future Research and Management
River plastic research has increased sharply in recent years, and although a good
knowledge base has been established, there is still a long way to reach thorough
understanding and develop efficient and effective solutions for managing this wide-spread
environmental pollutant. As most environmental problems, plastic pollution is complex
and driven by numerous factors. The advancement of the field depends on continuous
and vigorous research efforts in monitoring and modeling, and its success in applying the
gained expertise to release less plastic and to manage present and future plastic
contamination. A number of recommendations and insights have emerged from this study
that can help fellow researchers and practitioners with this endeavor.
Much of the research to date has aimed to establish the fundamentals of plastic
pollution, including general sources, pathways, mechanisms, as well as environmental
and human health risks. Much progress has been made, and while these efforts certainly
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should be continued, research ought to aim to both inform and to trigger action. Especially
within urban areas, close cooperation with policy makers and stormwater managers will
move the process of reducing and addressing the issue of plastic pollution forward. The
role and responsibility of researchers should be to provide data and scientific
understanding and to work with experts of other disciplines to develop devices,
infrastructure, strategies, and instruments that can be implemented in stormwater
management. Municipalities in the U.S. and most other countries are currently not
mandated to monitor and manage plastic release into rivers and the environment;
nevertheless, policy makers, waste/water practitioners, and other stakeholders can
choose to take action.
6.2.1 Monitoring
Currently, (micro)plastic monitoring incurs an extremely laborious and costly
process to respond to the requirements of comprehensive field data collection and
thorough laboratory processing. Therefore, optimization of time and efforts is extremely
important. While I fully support the research community’s claim for standards of highquality and comparability in data collection, a need for flexibility in research methods is
evident as well: site- and project-specific characteristics should guide the optimization of
individual research projects. Rather than rigid specifications of methods to be used, an
adaptable catalog of guidelines and best practices for field and laboratory methods would
greatly advance the efforts of standardization. For example, a decision flow-chart around
the study based on a set of key aspects, (desired river compartment, plastic size, and
plastic density, among others), would provide a list of mandatory and optional methods
for field and laboratory (e.g. recommended devices, mesh sizes, separation and detection
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methods). Not only does such approach assure the fulfilment of field-wide requirements,
but it also can free researchers from conducting steps not required for their research
focus.
The results of this study emphasize the importance of high temporal and spatial
resolution in field data collections to respond to the fluctuation and variability in plastic
abundance. When the numbers of data points is low, differences in data may occur due
to changes in the investigated independent variables or simple due to system variability.
For example, when investigating seasonal patterns, several sampling events need to be
conducted at each studied season. It is also important to monitor not only extreme cases
but also “normal” conditions. Representative amounts of data will highly depend on the
spatial scale of the system. I suggest that temporal studies should be conducted monthly
and, for several sites, ideally at the same day or within few days. In terms of cross-section
variability, five measurement points should be the minimum number for medium-sized
rivers, but higher resolutions will provide more insight into transport patterns. For
longitudinal studies, three to five sampling sites are likely to give a good estimate for
plastic release in most cities.
To remain at a reasonable effort level, high resolution should be sought where
needed, and low resolution used where acceptable. On the one hand, for example,
collecting data on particle movement rates for a plastic transport model will benefit from
a high number of cross-sectional or longitudinal data points but can be limited to one or
few rivers. On the other hand, first order estimates of annual river pollution loads can be
approximated from quarterly monitoring at a river’s mouth. Further, sampling sites should
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be selected very carefully, to make sure its characteristics are well known and it is suitable
and needed to provide answers to the research questions.
The geographic distribution of studies around the world clearly reflects the
availability and prioritization of research funds and opportunities. In many of the
understudied regions, plastic pollution is not recognized as a topic of priority. International
collaborations for research provide therefore an important way to promote research in
these areas and should make a point in involving local researchers and stakeholders. In
addition, striving for automatization and simplification without quality loss should be a
focus of method development in the upcoming years. For instance, the simple and lowcost modification to add weights to the neuston net enabled sub-surface sampling with a
device that until this study was only used for plastics floating at the water surface. The
development of simple, affordable field and laboratory methods would give a broader
research community access to conduct plastic research.
Lastly, any researcher working with field data should spend time in the field and
laboratory, and not transfer all field tasks to others. Being involved in the data acquisition
allows to understand the collected data with its strengths and limitations.
6.2.2 Modeling
The two existing transport and fate models introduced in section 2.1.4 (p. 18)
present a good initial step for process modeling of plastics in rivers. However, more
elaborated and better calibrated models are urgently needed. This research resulted in
observations to guide the development of macro- and microplastic transport models. It
became clear that plastic transport through rivers is not fully advective but that movement
patterns are three-dimensional under turbulent flow conditions. Unless specifically
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focusing on very calm and low-flow river systems, process modeling needs to account for
non-uniform and multidirectional flow patterns within the river cross-section; turbulence
and mixing are relevant drivers of plastic transport. Significant amounts of low-density
plastic are moving downwards the water column, mixing in the cross-section and
undergoing bed and shoreline intermedia exchange, directly affecting downstream
transport. The Nizzetto et al. (2016) model assumed that particles with densities above
water remain floating at the surface and Besseling et al. (2017) assumed a fixed, average
density higher than freshwater (1040 kg/m3). None included a mechanism for lateral or
vertical transport of low-density plastics. The plastic distribution in most rivers appears to
be dominated by plastic particles lower than water, therefore a focus on settling and highdensity particles will only be relevant for few, specific systems. Polymer size, shape, and
type of particles have an impact on the transport behavior in river cross-sections and
particularly how affected they are by turbulence; the assumption of spherical particles is
an oversimplification not justified by my findings. Further, the mixing behavior of plastics
enhances temporary or longer-term retention and storage of particles which has to be
considered for any transport models, as it may significantly reduce the quantities of plastic
released to the oceans or increase retention time in the river. Transformation mechanisms
that increase particle density such as aggregation and biofouling are likely to play a role
in rivers as particles experience longer retention times in the river.
Global regression models are a good approach to estimate plastic emissions to
the ocean as they can provide a full geographical coverage that would not be feasible
through field monitoring. However, they do not account for specific characteristics of
individual rivers and therefore will not estimate all emissions correctly. Further, as they
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use few indicators to estimate emissions rather than a comprehensive set of variables to
calculate them, their accuracy highly depends on the calibration process and therefore
the available field data. The use of more comprehensive datasets including rivers in Asia,
Africa, and South America, large river systems and high and low extremes of plastic
release will greatly improve simulations. For example, our study in the Mekong
demonstrated that large systems with very high plastic contamination may not be well
represented by the existing models.
Moreover, current models have been calibrated with data from surface studies only
that captured floating plastics. Mass transport indeed occurs dominantly at the surface,
therefore, this is acceptable for initial estimates. However, for advanced simulations and
more accurate results, I highly recommend taking subsurface and sediment transport into
consideration.
6.2.3 Guidelines for the Hillsborough River and its Riparian Municipalities
Urban stormwater is a major pathway of plastics in cities and much pollution could
be prevented by capturing plastic before its release into rivers. Municipalities, especially
with close proximity to rivers, could monitor their plastic release and take measures to
reduce and manage it.
In the U.S. and many other countries, urban stormwater is managed within cities
and are routed through stormwater infrastructure. While some may consider them diffuse
sources within the watershed, structures like stormwater outfalls are in fact point sources
of plastic pollution that can be better managed. Identifying outfalls with high plastic waste
release and equipping them with plastic capturing devices will be a key component of
urban plastic management. This study saw significant increases of plastic during the wet
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season and periods of increased rainfall, periods during which outfalls and river shores
should be cleaned efficiently. To reduce the workload of maintenance crews and raise
awareness, municipalities could organize cleanup events for volunteers at shorelines and
parks along rivers.
Within rivers, important management areas are river sections downstream of city
boundaries and retention zones within the city. Municipalities may capture plastic
downstream of the urban areas to limit plastic release from their area of influence to the
extended environment and to the ocean. Downstream transport will mostly occur at the
river surface and much can be captured by floating plastic capture devices. Within cities,
low flow sections and barriers in the river will enhance plastic retention and accumulation.
As accumulated plastics in the river are likely to be released during high flows, retention
and collection areas should be identified and cleaned out before the beginning of the wet
season. Though capture technologies are already available in the market, their
efficiencies need to be assessed in order to optimize their designs.
In the United States, the establishment of Total Maximum Daily Loads for plastic
as a pollutant by state or federal environmental and water agencies could be a crucial
step to set realistic and quantifiable goals of reduction of plastic from urban stormwater.
It would greatly forward the reduction of plastics in stormwater, continuous removal and
management in urban areas, and the development of new removal strategies in
stormwater treatment.
The dominant polymer types and particles we found during this research indicated
origins from consumer goods and single-use products. Therefore, policies and measures
reducing plastic waste will be very beneficial as well, for example banning plastic straws
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or bags and providing alternatives for more environmentally friendly materials. For
example, in September 2020, the Tampa City Council passed a resolution to restrict
single-use plastics and Styrofoam on city properties. Awareness initiatives that positively
impact citizen behavior will be helpful.
Based on this study, I recommend the City of Tampa and Hillsborough County to
set up a monthly monitoring program downstream at the Hillsborough River, close to the
river mouth, using the cross-sectional sampling method established by our field
campaign. Ideally, sampling would monitor not only the plastic loads moving downstream
into Tampa Bay during low tide but also reverse transport up the river during high tide.
Then, the effect of different plastic waste reducing measures (e.g., plastic product bans,
outfall monitoring, river clean-ups) or plastic waste producing events (e.g., the yearly
Gasparilla Parade) could be directly monitored. This would create over time specific data
on which measures and pollution sources are most important in the city and how to
optimize plastic management.
6.2.4 Future Research Topics
Based on the insights gained throughout this dissertation, further investigation of
the following research topics would greatly move forward the field of plastic pollution in
rivers:
1. Sediment transport: Plastic exchange occurs between river sediments and water
column with changing flow conditions; bed load transport is likely an important
contributor to river plastic loads and a relevant explanatory variable for flow-dependent
dynamics.
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2. Transport rates: We urgently need field measurements of overall transport rates and
more specific rates of vertical and lateral transport, sedimentation, resuspension,
among others to build and improve transport and fate models of plastic transport in
rivers.
3. Plastic storage and release within urban rivers: Rivers may retain significant amounts
of plastics that have not been quantified. Timescales of retention are not known, flow
conditions and other factors triggering their release need to be further investigated.
4. Mixing dynamics in coastal rivers and estuaries: The effect of tidal flows and mixing
close to the river mouth has not been studied and could highly affect plastic transport
to the ocean. The backflow transport from estuaries has not been studied but would
provide an important perspective on how much of the plastic moving downstream of
coastal rivers actually enters the estuary and how much returns back upstream.
5. Polymer type identification methods: Current approaches need to be advanced to offer
methods that assure both quality and practical feasibility but are also accessible to the
larger research community. This might require additional instrumentation to
complement existing technology and further our understanding but may ultimately lead
to more simplicity and applicability.
6. The role of stormwater infrastructure: The release and retention of plastic from
stormwater structures such as outfalls and drains has not been well quantified.
Assessing stormwater treatment systems (e.g. detention ponds, rain gardens, baffle
boxes) would provide important insight on their ability and potential to remove plastics
from runoff and lead to modifications or new products to improve removal efficiency.

145

7. Plastic-catchment relationships: The quantification of plastic contamination based on
different land uses and catchment characteristics would greatly benefit the
establishment of regulation mechanisms for urban development.
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Appendix A: Supplementary Material of Chapter 3
Table A-1 Sample details and results of sampling campaigns at downtown site. Sample
positions: surface right (SR), surface left (SL), surface center (SC), water column (WC),
and bottom column (BC)
Month

May

June

July

August

September

Date

Start time End time

Posi
-tion

5/31/2018
5/31/2018
5/31/2018
5/31/2018
5/31/2018
6/26/2018
6/26/2018
6/26/2018
6/26/2018
6/26/2018
7/23/2018
7/23/2018
7/23/2018
7/23/2018
7/23/2018
8/21/2018
8/21/2018
8/21/2018
8/21/2018
8/21/2018
9/17/2018
9/17/2018
9/17/2018
9/17/2018
9/17/2018

3:03 PM
3:42 PM
4:07 PM
4:32 PM
5:00 PM
4:05 PM
3:34 PM
4:35 PM
5:04 PM
5:29 PM
3:10 PM
3:35 PM
3:55 PM
4:16 PM
4:43 PM
3:45 PM
4:10 PM
4:43 PM
5:05 PM
5:20 AM
3:50 PM
4:31 PM
6:00 PM
5:10 PM
5:30 PM

SR
SL
SC
WC
BC
SR
SL
SC
WC
BC
SR
SL
SC
WC
BC
SR
SL
SC
WC
BC
SR
SL
SC
WC
BC

3:18 PM
3:57 PM
4:22 PM
4:47 PM
5:15 PM
4:20 PM
3:49 PM
4:50 PM
5:19 PM
5:44 PM
3:25 PM
3:50 PM
4:10 PM
4:31 PM
4:58 PM
4:00 PM
4:25 PM
4:58 PM
5:20 PM
5:35 AM
4:05 PM
4:46 PM
6:15 PM
5:25 PM
5:45 PM

Total
Count
Conc.
[#/m3]
0.88
7.51
0.92
0.26
0.17
1.61
3.03
1.59
0.36
0.14
2.09
2.46
2.60
1.34
5.09
1.60
5.03
1.23
1.13
1.42
8.43
21.61
1.40
0.85
15.38

Total
Mass
Conc.
[mg/m3]
18.89
4.50
0.21
0.91
0.00
0.71
0.68
0.67
0.04
0.43
0.38
1.19
0.92
0.56
14.06
2.12
13.96
0.62
0.41
3.01
8.98
26.92
1.17
0.10
4.40

Advective
Count flux
[#/m2/hr]
667.09
2705.34
731.45
158.51
89.80
2321.22
4478.85
2339.83
273.69
96.51
2181.28
3094.74
3550.74
1634.74
9346.59
1670.21
5428.41
1600.00
1591.55
1739.18
9105.84
31118.75
1718.19
888.58
4428.80
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Table A-1 (Continued)
Month

October

November

December

January

February

March

April

Date

Start time End time

Posi
-tion

10/9/2018
10/9/2018
10/9/2018
10/9/2018
10/9/2018
11/6/2018
11/6/2018
11/6/2018
11/6/2018
11/6/2018
12/5/2018
12/5/2018
12/5/2018
12/5/2018
12/5/2018
1/12/2019
1/12/2019
1/12/2019
1/12/2019
1/12/2019
2/13/2019
2/13/2019
2/13/2019
2/13/2019
2/13/2019
3/16/2019
3/16/2019
3/16/2019
3/16/2019
3/16/2019
4/20/2019
4/20/2019
4/20/2019
4/20/2019
4/20/2019

4:28 PM
4:45 PM
5:28 PM
5:45 PM
6:03 PM
3:16 PM
3:35 PM
3:55 PM
4:14 PM
4:35 PM
3:45 PM
4:14 PM
4:35 AM
4:58 PM
5:15 PM
9:40 AM
10:12 AM
10:30 AM
11:49 AM
12:13 PM
10:40 AM
11:10 AM
11:35 AM
12:00 PM
12:21 PM
3:10 PM
3:34 PM
3:55 PM
4:10 PM
4:40 PM
4:25 PM
4:45 PM
5:10 PM
5:32 PM
5:55 PM

SR
SL
SC
WC
BC
SR
SL
SC
WC
BC
SR
SL
SC
WC
BC
SR
SL
SC
WC
BC
SR
SL
SC
WC
BC
SR
SL
SC
WC
BC
SR
SL
SC
WC
BC

4:43 PM
5:00 PM
5:43 PM
6:00 PM
6:18 PM
3:31 PM
3:50 PM
4:10 PM
4:29 PM
4:50 PM
4:00 PM
4:29 PM
4:50 AM
5:13 PM
5:30 PM
9:55 AM
10:27 AM
10:45 AM
12:04 PM
12:28 PM
10:55 AM
11:25 AM
11:50 AM
12:15 PM
12:36 PM
3:25 PM
3:49 PM
4:10 PM
4:25 PM
4:55 PM
4:40 PM
5:00 PM
5:25 PM
5:47 PM
6:10 PM

Total
Count
Conc.
[#/m3]
3.77
0.83
0.80
0.50
0.88
11.22
1.39
0.43
0.33
0.25
3.16
2.49
6.29
0.29
0.18
0.82
0.20
0.87
0.29
16.44
0.60
0.50
0.40
0.20
1.03
3.11
0.93
1.47
1.77
0.21
4.64
8.23
8.12
2.09
1.19

Total
Mass
Conc.
[mg/m3]
0.22
0.00
0.16
0.04
0.18
87.75
0.76
0.28
0.06
0.00
1.68
1.33
4.89
0.00
0.00
0.29
0.37
0.20
0.02
0.20
0.07
0.11
0.09
0.07
0.04
0.33
0.04
0.06
0.17
0.00
0.47
16.76
3.02
0.83
0.28

Advective
Count flux
[#/m2/hr]
1357.58
268.64
949.82
376.82
350.44
14142.74
1898.18
665.47
260.55
127.09
3987.57
3409.12
4525.44
147.23
51.20
800.90
251.78
1006.01
209.61
1183.64
912.22
859.34
699.19
285.90
296.59
1231.39
636.56
897.15
957.53
98.65
2337.96
7699.74
8773.51
2411.99
300.29
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Table A-1 (Continued)
Month

May

June

July

August

September

October

Date

Start time End time

5/16/2019
5/16/2019
5/16/2019
5/16/2019
5/16/2019
6/14/2019
6/14/2019
6/14/2019
6/14/2019
6/14/2019
7/12/2019
7/12/2019
7/12/2019
7/12/2019
7/12/2019
8/15/2019
8/15/2019
8/15/2019
8/15/2019
8/15/2019
9/27/2019
9/27/2019
9/27/2019
9/27/2019
9/27/2019
10/25/19
10/25/19
10/25/19
10/25/19
10/25/19

2:31 PM
2:55 PM
3:20 PM
3:45 PM
4:09 PM
1:45 PM
2:15 PM
2:48 PM
3:10 PM
3:34 PM
3:50 PM
4:10 PM
4:31 PM
4:55 PM
5:20 PM
4:00 PM
4:33 PM
5:02 PM
5:31 PM
5:54 PM
1:52 PM
2:22 PM
2:48 PM
3:11 PM
3:30 PM
2:19 PM
2:45 PM
3:10 PM
3:32 PM
3:55 PM

Total 18-month Average

2:46 PM
3:10 PM
3:35 PM
4:00 PM
4:24 PM
2:00 PM
2:30 PM
3:03 PM
3:25 PM
3:49 PM
4:05 PM
4:25 PM
4:46 PM
5:10 PM
5:35 PM
4:15 PM
4:48 PM
5:17 PM
5:46 PM
6:09 PM
2:07 PM
2:37 PM
3:03 PM
3:26 PM
3:45 PM
2:34 PM
3:00 PM
3:25 PM
3:47 PM
4:10 PM

Posi
-tion
SR
SL
SC
WC
BC
SR
SL
SC
WC
BC
SR
SL
SC
WC
BC
SR
SL
SC
WC
BC
SR
SL
SC
WC
BC
SR
SL
SC
WC
BC
SR
SL
SC
WC
BC

Total
Count
Conc.
[#/m3]
3.53
11.92
0.93
0.42
1.31
5.98
3.28
3.48
0.70
1.14
2.17
0.62
0.56
0.16
0.53
0.66
3.66
4.46
1.07
1.54
3.78
2.43
2.70
0.92
0.70
1.03
0.37
0.54
0.08
0.06
3.28
4.25
2.16
0.71
2.65

Total
Mass
Conc.
[mg/m3]
3.27
638.09
1.67
0.03
0.63
185.11
11.07
82.72
1.50
0.46
23.16
1.44
0.25
0.52
0.10
28.71
62.14
15.71
0.59
0.98
0.55
2.17
0.66
0.09
0.00
4.54
0.04
0.16
0.08
0.06
20.40
43.42
6.30
0.33
1.38

Advective
Count flux
[#/m2/hr]
1653.16
12442.71
1070.16
439.73
753.87
6022.83
7317.44
8523.11
1505.67
204.44
1485.86
740.34
788.88
215.91
345.60
1147.17
8958.15
9800.59
2427.80
1275.73
544.33
699.08
1167.25
432.37
150.23
1149.89
579.20
1028.51
798.56
463.61
2928.85
5143.69
2768.63
834.26
1183.46
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Table A-2 Particles counts of Raman spectroscopy analysis by category
Classification Category
Particle count
Total
304
Size class
< 1 mm
180
1 mm < & < 5 mm
67
> 5mm
57
June
94
Sampling
July
142
Month
August
68
Position
SR
63
SL
52
SC
88
WC
50
BC
51
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Table A-3 Summary of particle characteristics at each sample position
Surface
Surface
Surface
Water
Bottom
Right
Left
Center
column

Particle
Count
Area [mm2]
Min
Max
Median
Roundness [-]
Min
Max
Median
Circularity [-]
Min
Max
Median
Solidity [-]
Min
Max
Median

513

1085

623

441

1396

0.11
826.26
1.14

0.1
16627.58
0.72

0.10
2446.41
0.79

0.01
663.34
0.99

0.11
5942.93
1.14

0.05
1
0.59

0.05
1
0.59

0.08
1
0.61

0.06
1
0.55

0.06
1
0.53

0.01
1
0.73

0.01
1
0.80

0.04
1
0.74

0.05
1
0.70

0.02
1
0.61

0.08
1
0.86

0.02
1
0.84

0.26
1
0.85

0.14
1
0.82

0.09
1
0.80
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Figure A-1 Field set-up . (a) Surface sampling from canoe. (b) ADCP River Surveyor. (c)
Cod-end at the end of net for sample collection. (d) Neuston net (500 µm mesh, 0.5 m x
1 m opening) with attached floats, picture taken during surface sampling.
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Figure A-2 Example Raman spectra . The displayed spectra are Polyethylene (PE),
Polypropylene (PP) and Polystyrene (PS) samples and references created from
consumer good plastics.
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Figure A-3 Advective mass fluxes [mg/m2/hr]
. Determined at multiple cross-sectional positions in June (a); July (b); August (c)

Figure A-4 Lateral and vertical mass fluxes [mg/m2/hr]
. Determined at multiple cross-sectional positions in June (a); July (b); August (c).
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Figure B-1. Mean monthly rainfall during the sampling period
. Retrieved from three adjacent rain stations as well as the 20-year monthly min, max
and mean (1999-2019) of the Tampa Bay Area
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Table B-1 Polymers identified by Raman spectroscopy
Total PE PP PS PET Other Polymers
Classification Category
689 364 162 62 100 95
Total
Site

Upstream
Midstream
Downstream

54
172
463

24 9
85 54
255 99

2
15
45

2
0
4

17
18
60

Size class

374
< 1 mm
1 mm < & < 5 mm 254
61
> 5mm

226 63
117 71
21 28

28
30
4

1
2
3

56
34
5

Season
Position

Wet
Dry

546
143

347 146 46
17 16 16

84
16

79
16

SR
SL
SC
WC
BC

111
127
253
118
80

59
72
141
62
30

0
1
0
2
3

16
6
40
12
21

27
38
59
23
15

9
10
13
19
11
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Table B-2 Plastic, flow, and rainfall data of the 18-month field campaign. Wet season is from May to October and dry
season from November to April.
24hr
3hr
24hr 72hr 168hr
Max.
max
rain- rain- rain- rainCount Count
Mass Mass
disBase
rainfall
fall
fall
fall
fall
Date
Conc. Loads
Conc. Loads
charge flow
Runoff intensity sum sum sum sum
[#/
[mg/
[mm/
3
3
3
3
3
m]
[#/day]
m]
[g/day]
[m /s]
[m /s] [m /s]
15 min]
[mm] [mm] [mm] [mm]
Upstream
0.0
0.0
0.0
0.0
0.0
5/22/18
0.10
5.79E+4 0.00
9.64E-1 6.67
2.11
4.56
0.0
0.0
0.0
0.0
9.6
6/21/18
0.07
1.10E+5 0.00
2.84E+0 18.05
16.07 1.98
*
0.0
0.0
0.0
0.0
0.1
7/19/18
0.02
5.17E+4 0.01
1.62E+1 27.75
2 4.90 2.85
0.0
0.0
0.0
0.8
14.2
8/16/20
0.02
6.36E+4 0.01
2.55E+1 42.02
38.47 3.55
59.1
0.0
32.0 33.1 39.0
9/14/18
0.01
3.55E+4 0.01
2.61E+1 44.89
37.90 6.99
5.0
0.0
1.1
2.2
2.8
10/5/18
0.02
2.31E+4 0.03
3.75E+1 16.17
15.23 0.93
18.5
0.0
5.3
9.5
10.6
11/2/18
0.02
8.16E+3 0.00
8.16E-1 4.77
4.59
0.17
1.8
0.0
0.3
0.3
0.3
12/1/18
0.01
4.72E+3 0.00
4.72E-1 3.65
3.28
0.37
0.0
0.0
0.0
0.7
5.5
1/7/19
0.01
1.05E+4 0.00
1.05E+0 18.37
17.04 1.33
16.5
2.9
3.6
8.6
11.3
2/11/19
0.00
5.26E+3 0.00
5.26E-1 20.77
20.77 0.00
36.8
0.1
9.5
10.8 14.9
3/11/19
0.01
8.89E+3 0.00
8.89E-1 11.28
9.86
1.42
1.0
0.1
0.1
1.6
17.1
4/15/19
0.03
1.10E+4 0.00
3.67E-1 4.24
3.71
0.53
0.0
0.0
0.0
0.2
4.7
5/13/19
0.18
4.89E+4 0.03
6.85E+0 3.13
2.16
0.97
0.0
0.0
0.0
0.0
0.3
6/11/19
0.08
3.86E+4 0.01
5.79E+0 5.29
2.13
3.15
0.0
0.0
0.0
0.0
0.0
7/9/19
0.10
8.45E+4 0.01
9.79E+0 10.26
6.40
3.86
0.0
0.0
0.0
0.0
0.0
8/12/19
0.01
3.76E+4 0.00
7.52E+0 56.25
37.18 19.06
5.9
0.4
0.5
0.5
0.5
9/25/19
0.05
3.19E+4 0.01
7.30E+0 7.19
5.60
1.59
0.1
0.0
0.0
0.0
0.0
10/23/19
0.01
2.68E+4 0.01
1.02E+1 21.34
6.24
15.09
Midstream
0.0
0.0
0.0
0.0
0.0
5/29/18
0.53
7.51E+5 0.09
1.30E+2 16.47
12.41 4.06
0.0
0.0
0.0
0.0
0.0
6/22/18
1.28
1.86E+6 5.31
7.69E+3 16.78
11.30 5.49
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Table B-2 (Continued)

Date
7/20/18
8/17/18
9/16/18
10/7/18
11/4/18
12/3/18
1/9/19
2/12/19
3/13/19
4/17/19
5/15/19
6/13/19
7/11/19
8/14/19
9/26/19
10/24/19
Downstream
5/31/18
6/26/18
7/23/18
8/21/18
9/17/18
10/9/18
11/6/18
12/5/18

Mass
Loads

[#/day]
2.79E+6
2.37E+6
2.55E+6
5.40E+5
1.82E+6
2.70E+6
2.79E+6
8.92E+5
1.01E+6
6.85E+5
3.92E+6
1.60E+7
8.42E+5
2.73E+6
3.84E+5
1.59E+6

Mass
Conc.
[mg/
m3]
1.32
0.92
1.51
1.24
23.64
19.20
2.90
0.03
1.75
0.14
16.73
69.73
0.81
1.37
0.33
0.30

Max.
discharge

[g/day]
3.82E+3
3.28E+3
4.66E+3
1.75E+3
2.02E+4
1.18E+4
5.44E+3
4.18E+1
1.48E+3
9.00E+1
1.53E+4
1.63E+5
1.51E+3
4.00E+3
3.93E+2
7.03E+2

[m3/s]
33.65
41.39
35.80
16.39
9.90
7.09
21.73
17.23
9.76
7.23
10.62
27.12
21.74
33.69
13.63
26.92

[m3/s]
22.40
28.87
25.76
10.94
6.72
4.13
16.36
10.70
7.71
5.72
6.88
18.28
12.88
23.47
9.49
21.14

[m3/s]
11.25
12.53
10.04
5.46
3.18
2.97
5.37
6.53
2.05
1.50
3.74
8.83
8.86
10.22
4.14
5.79

24hr
max
rainfall
intensity
[mm/
15 min]
0.0
0.0
0.0
0.0
78.3
0.5
0.0
37.4
69.2
0.0
0.7
0.0
0.3
0.3
1.4
3.0

6.02E+6
7.63E+6
2.77E+7
1.32E+7
4.19E+7
4.57E+6
1.22E+7
7.41E+6

1.54
0.32
0.71
3.54
10.59
0.11
4.15
0.23

7.48E+3
1.66E+3
6.43E+3
2.51E+4
5.13E+4
4.94E+2
1.79E+4
6.26E+2

56.16
59.70
10.99
82.07
56.04
52.20
50.02
31.79

NA
NA
NA
NA
NA
NA
NA
NA

NA
NA
NA
NA
NA
NA
NA
NA

0.0
7.7
0.1
0.0
0.0
2.2
4.7
0.0

Count
Conc.
[#/
m3]
0.96
0.66
0.82
0.38
2.13
4.40
1.49
0.60
1.20
1.10
4.28
6.82
0.45
0.94
0.33
0.68

Count
Loads

1.24
1.48
3.06
1.86
8.65
1.01
2.83
2.70

Base
flow

Runoff

3hr
rainfall
sum

24hr
rainfall
sum

72hr
rainfall
sum

168hr
rainfall
sum

[mm]
0.0
0.0
0.0
0.0
3.0
0.0
0.0
0.0
8.4
0.0
0.0
0.0
0.0
0.0
0.0
0.2

[mm]
0.0
0.0
0.0
0.0
24.2
0.1
0.0
4.0
12.9
0.0
0.1
0.0
0.0
0.0
0.1
0.2

[mm]
0.0
0.0
0.4
0.0
25.6
2.5
0.0
25.4
13.0
0.0
0.1
7.5
0.0
0.0
0.2
0.2

[mm]
0.0
0.0
2.8
0.0
40.4
2.5
5.6
26.7
13.5
20.4
7.0
17.8
11.8
0.0
0.2
0.2

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
1.8
0.0
0.0
0.0
0.2
0.6
0.0

0.0
6.1
0.0
1.7
0.3
0.2
0.6
0.0

0.0
6.2
0.0
17.2
3.6
0.2
0.7
0.0
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Table B-2 (Continued)

Date
1/12/19
2/13/19
3/16/19
4/20/19
5/16/19
6/14/19
7/12/19
8/15/19
9/27/19
10/25/19

Count
Conc.
[#/
m 3]
1.08
0.44
1.37
4.94
3.31
2.66
0.65
2.32
1.75
0.58

Count
Loads
[#/day]
3.66E+6
2.73E+6
1.05E+6
1.94E+7
1.82E+7
1.06E+7
3.09E+6
2.75E+7
1.08E+7
3.15E+6

Mass
Conc.
[mg/
m 3]
0.15
0.04
0.09
1.21
7.68
7.27
1.63
15.26
0.54
0.38

Mass
Loads

Max.
discharge

Base
flow

Runoff

[g/day]
5.10E+2
2.51E+2
7.20E+1
4.73E+3
4.23E+4
2.91E+4
7.83E+3
1.81E+5
3.35E+3
2.09E+3

[m3/s]
39.32
71.26
8.83
45.41
63.75
46.38
55.49
137.58
71.25
63.34

[m3/s]
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

[m3/s]
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

24hr
max
rainfall
intensity
[mm/
15 min]
0.0
40.6
16.8
0.0
13.3
0.0
0.0
18.6
0.0
0.0

3hr
rainfall
sum

24hr
rainfall
sum

72hr
rainfall
sum

168hr
rainfall
sum

[mm]
0.0
0.0
1.6
0.0
0.0
0.0
0.0
1.7
0.0
0.0

[mm]
0.0
3.8
2.9
0.0
1.6
0.0
0.0
1.9
0.0
0.0

[mm]
0.0
21.6
6.7
0.0
1.6
0.0
0.0
1.9
0.0
0.0

[mm]
1.1
42.3
20.2
0.2
1.6
0.7
35.6
3.4
0.0
11.1
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Table B-3 Overview of monthly measured plastic loads found at each site
(May 2018 to October 2019)
25th
75th
CoeffiPercentil Percentil cient of
Load
Site
Mean
Median
e
e
Variance
Upstream
4.23E+04 3.92E+04 1.21E+04 6.09E+04 ± 76.3
Count
Midstream
2.58E+06 1.88E+06 8.64E+05 2.82E+06 ± 193.69
Loads
[#/day]
Downstream 1.41E+07 1.09E+07 3.72E+06 2.18E+07 ± 77.27
Upstream
1.55E+07 1.43E+07 4.41E+06 2.22E+07
Count
Midstream
9.43E+08 6.84E+08 3.15E+08 1.03E+09
Loads
[#/year]
Downstream 5.13E+09 3.99E+09 1.36E+09 7.94E+09
Upstream
1.00E+01 6.44E+00 9.41E-01 8.79E+00 ± 129.6
Mass
Midstream
1.42E+04 4.30E+03 9.10E+02 7.37E+03 ± 254.66
Loads
[g/day]
Downstream 2.46E+04 5.71E+03 9.80E+02 2.40E+04 ± 203.62
Upstream
3.66E+03 2.35E+03 3.44E+02 3.21E+03
Mass
Midstream
5.17E+06 1.57E+06 3.32E+05 2.69E+06
Loads
[g/year]
Downstream 8.96E+06 2.08E+06 3.58E+05 8.78E+06
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Appendix C: Supplementary Material of Chapter 5

Date
8/28/19
8/29/19
9/2/19
9/4/19
9/5/19
9/9/19
9/11/19
9/14/19

Table C-1 Overview of sampling details and results of each field campaign
Dischar
Sample
ge
Count Mass
Count
Volume Discharge reduced Count Mass
Conc.
Conc.
Load
Site
[m3]
[m3/s]
[m3/s]
[#]
[mg]
[#/m3]
[mg/m3] [#/day]
Tonle Sap
1.77E+3 5.30E+3
4.25E+3 9812 4.47E+5 5.54
2.53E+2 2.04E+9
Mekong up 1.76E+3 2.97E+4
1.89E+4 4221 2.10E+5 2.39
1.19E+2 3.91E+9
Mekong
down
1.07E+3 1.50E+4
9.41E+3 4637 2.60E+5 4.35
2.44E+2 3.54E+9
Bassac
2.04E+3 3.45E+3
2.33E+3 3412 2.51E+4 1.67
1.23E+1 3.36E+8
Tonle Sap
2.46E+3 8.64E+3
6.15E+3 8377 2.61E+5 3.41
1.06E+2 1.81E+9
Mekong up 2.36E+3 4.90E+4
2.73E+4 2556 1.40E+4 1.08
5.93E+0 2.55E+9
Mekong
down
1.46E+3 3.35E+4
1.38E+4 5225 2.89E+5 3.57
1.98E+2 4.27E+9
Bassac
1.28E+3 4.34E+3
2.95E+3 2824 1.40E+5 2.21
1.10E+2 5.64E+8

Mass
Load
[kg/day]
9.28E+4
1.95E+5
1.98E+5
2.47E+3
5.65E+4
1.40E+4
2.37E+5
2.80E+4
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Table C-2 Overview of sampling details and results of each sample position. Surface positions from left to right: SL, SLC,
SCL, SC, SCR, SRC, SR and water column positions from top to bottom: WCI, WCII, WCIII, BC.
Ca
Net
Net
mdept Velo- Sample
Count Mass
pai PosiTime h
city
Volume Coun
Conc. Conc.
3
Date
Site
gn tion
[min] [m]
[m/s] [m ]
t [#]
Mass [mg] [#/m3] [mg/m3]
8/28/2019 Tonle Sap
CI SR
15
0.2
1.09 215.12 1700 3097.90
7.90
14.40
8/28/2019 Tonle Sap
CI SCR
15
0.2
1.07 187.78 4181 128201.10 22.27 682.71
8/28/2019 Tonle Sap
CI SC
15
0.2
1.21 230.66 703
57885.90 3.05
250.96
8/28/2019 Tonle Sap
CI SCL
15
0.2
1.19 207.09 1662 176701.10 8.03
853.24
8/28/2019 Tonle Sap
CI SL
15
0.2
1.19 85.07
360
79619.80 4.23
935.98
8/28/2019 Tonle Sap
CI WC I
15
1.5
1.16 225.22 607
1511.50
2.70
6.71
8/28/2019 Tonle Sap
CI WC II
15
3
0.95 224.79 392
184.10
1.74
0.82
8/28/2019 Tonle Sap
CI WC III 15
6
1.11 218.56 105
13.90
0.48
0.06
8/28/2019 Tonle Sap
CI BC
15
12
0.65 175.90 102
12.90
0.58
0.07
Mekong
up.
8/29/2019
CI SR
7.5
0.2
0.95 67.48
416
67.50
6.16
1.00
Mekong
up.
8/29/2019
CI SRC
10
0.2
1.66 184.23 486
159.10
2.64
0.86
8/29/2019 Mekong up.
CI SCR
10
0.2
1.91 205.42 200
6918.70
0.97
33.68
8/29/2019 Mekong up.
CI SC
10
0.2
1.79 138.57 286
43308.20 2.06
312.55
8/29/2019 Mekong up.
CI SCL
10
0.2
1.74 183.61 560
21809.60 3.05
118.78
8/29/2019 Mekong up.
CI SLC
6
0.2
1.44 157.66 965
3107.80
6.12
19.71
8/29/2019 Mekong up.
CI SL
10
0.2
1.28 107.26 278
134717.0 2.59
1256.01
Mekong
up.
8/29/2019
CI WC I
10
3
1.28 224.39 461
121.80
2.05
0.54
Mekong
up.
8/29/2019
CI WC II
10
6
1.71 181.01 126
75.10
0.70
0.41
Mekong
up.
8/29/2019
CI WC III 10
9
1.50 157.40 254
27.60
1.61
0.18
8/29/2019 Mekong up.
CI BC
10
12
1.09 157.00 189
150.80
1.20
0.96
Mekong down. CI SR
9/2/2019
10
0.2
0.36 50.73
391
8013.60
7.71
157.96
Mekong down. CI SRC
9/2/2019
10
0.2
1.10 112.44 225
130.00
2.00
1.16
Mekong down. CI SCR
9/2/2019
10
0.2
1.49 119.96 586
371.50
4.89
3.10
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Date
9/2/2019
9/2/2019
9/2/2019
9/2/2019
9/2/2019
9/2/2019
9/2/2019
9/2/2019
9/4/2019
9/4/2019
9/4/2019
9/4/2019
9/4/2019
9/4/2019
9/4/2019
9/4/2019
9/4/2019
9/5/2019
9/5/2019
9/5/2019
9/5/2019
9/5/2019
9/5/2019
9/5/2019

Site
Mekong down.
Mekong down.
Mekong down.
Mekong down.
Mekong down.
Mekong down.
Mekong down.
Mekong down.
Bassac
Bassac
Bassac
Bassac
Bassac
Bassac
Bassac
Bassac
Bassac
Tonle Sap
Tonle Sap
Tonle Sap
Tonle Sap
Tonle Sap
Tonle Sap
Tonle Sap

Ca
mpai
gn
CI
CI
CI
CI
CI
CI
CI
CI
CI
CI
CI
CI
CI
CI
CI
CI
CI
CII
CII
CII
CII
CII
CII
CII

Position
SC
SCL
SLC
SL
WC I
WC II
WC III
BC
SR
SCR
SC
SCL
SL
WC I
WC II
WC III
BC
SR
SCR
SC
SCL
SL
WC I
WC II

Table C-2 (Continued)
Net
Net
dept Velo- Sample
Time h
city
Volume
[min] [m]
[m/s] [m3]
10.5 0.2
1.33 121.50
10
0.2
1.29 141.24
10
0.2
1.25 123.62
10
0.2
1.22 41.67
10
3
1.18 108.91
5
6
1.06 52.14
10
9
0.91 99.95
10.1 12
0.29 94.46
15
0.2
0.93 196.45
15
0.2
1.30 275.88
15
0.2
1.20 255.07
15
0.2
1.18 191.64
15
0.2
1.14 176.28
15
2
1.09 249.27
15
4
1.05 241.09
15
6
0.90 232.06
15
8
0.83 223.68
15
0.2
1.18 212.35
15
0.2
1.53 238.80
15
0.2
1.80 347.00
15
0.2
1.79 303.91
15
0.2
1.74 150.93
16
3
1.61 366.71
15.5 6
1.41 344.34

Count
Coun
Conc.
t [#]
Mass [mg] [#/m3]
172
230.30
1.42
807
140861.70 5.71
892
36002.20 7.22
893
74397.10 21.43
261
95.80
2.40
135
27.40
2.59
149
26.40
1.49
126
22.90
1.33
140
5180.30
0.71
379
46.40
1.37
841
11928.80 3.30
430
4778.40
2.24
303
2912.70
1.72
398
63.10
1.60
253
67.50
1.05
351
56.00
1.51
317
35.50
1.42
568
56626.00 2.67
1234 82029.80 5.17
2803 76396.80 8.08
718
44071.50 2.36
367
353.30
2.43
783
974.50
2.14
1074 427.70
3.12

Mass
Conc.
[mg/m3]
1.90
997.35
291.23
1785.55
0.88
0.53
0.26
0.24
26.37
0.17
46.77
24.93
16.52
0.25
0.28
0.24
0.16
266.66
343.51
220.17
145.02
2.34
2.66
1.24
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Date
9/5/2019
9/5/2019
9/5/2019
9/9/2019
9/9/2019
9/9/2019
9/9/2019
9/9/2019
9/9/2019
9/9/2019
9/9/2019
9/9/2019
9/9/2019
9/9/2019
9/11/2019
9/11/2019
9/11/2019
9/11/2019
9/11/2019
9/11/2019
9/11/2019
9/11/2019
9/11/2019
9/11/2019
9/11/2019

Site
Tonle Sap
Tonle Sap
Tonle Sap
Mekong up.
Mekong up.
Mekong up.
Mekong up.
Mekong up.
Mekong up.
Mekong up.
Mekong up.
Mekong up.
Mekong up.
Mekong up.
Mekong down.
Mekong down.
Mekong down.
Mekong down.
Mekong down.
Mekong down.
Mekong down.
Mekong down.
Mekong down.
Mekong down.
Mekong down.

Ca
mpai
gn
CII
CII
CII
CII
CII
CII
CII
CII
CII
CII
CII
CII
CII
CII
CII
CII
CII
CII
CII
CII
CII
CII
CII
CII
CII

Position
WC III
BC
BC
SR
SRC
SCR
SC
SCL
SLC
SL
WC I
WC II
WC III
BC
SR
SRC
SCR
SC
SCL
SLC
SL
WC I
WC II
WC III
BC

Table C-2 (Continued)
Net
Net
dept Velo- Sample
Time h
city
Volume
[min] [m]
[m/s] [m3]
15.5 9
1.73 316.28
16
12
1.01 281.75
16
12
1.01 281.75
10
0.2
0.76 107.55
10
0.2
2.32 180.79
10
0.2
2.67 193.86
10
0.2
2.36 273.65
10
0.2
2.36 165.50
10
0.2
2.33 143.75
10
0.2
2.30 142.84
10.5 1.5
2.10 287.33
10.5 3
2.07 282.21
10.5 6
1.62 277.49
16
12
1.11 377.12
11
0.2
0.25 38.98
10
0.2
0.46 65.70
10
0.2
1.78 193.69
10
0.2
1.96 164.93
10
0.2
1.96 79.48
10
0.2
1.92 46.07
10
0.2
1.88 75.19
10.5 1.5
1.74 173.18
10.5 3
0.85 167.79
10.5 6
0.61 162.38
11
12
0.82 147.93

Count
Coun
Conc.
t [#]
Mass [mg] [#/m3]
476
119.20
1.50
354
92.50
1.26
354
92.50
1.26
271
787.60
2.52
326
114.20
1.80
246
487.70
1.27
434
269.00
1.59
116
683.50
0.70
386
10560.40 2.69
297
855.40
2.08
149
79.10
0.52
132
39.30
0.47
104
85.60
0.37
95
53.40
0.25
713
15601.70 18.29
1018 47090.80 15.50
710
25354.80 3.67
634
171365.50 3.84
567
1523.80
7.13
445
13741.34 9.66
341
14457.90 4.54
216
31.20
1.25
126
35.30
0.75
329
133.90
2.03
126
53.30
0.85

Mass
Conc.
[mg/m3]
0.38
0.33
0.33
7.32
0.63
2.52
0.98
4.13
73.46
5.99
0.28
0.14
0.31
0.14
400.28
716.79
130.90
1039.01
19.17
298.26
192.30
0.18
0.21
0.82
0.36
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Date
9/14/2019
9/14/2019
9/14/2019
9/14/2019
9/14/2019
9/14/2019
9/14/2019
9/14/2019
9/14/2019

Site
Bassac
Bassac
Bassac
Bassac
Bassac
Bassac
Bassac
Bassac
Bassac

Ca
mpai
gn
CII
CII
CII
CII
CII
CII
CII
CII
CII

Position
SR
SCR
SC
SCL
SL
WC I
WC II
WC III
BC

Table C-2 (Continued)
Net
Net
dept Velo- Sample
Time h
city
Volume
[min] [m]
[m/s] [m3]
15
0.2
1.40 185.45
15
0.2
1.67 157.72
15
0.2
1.55 163.88
15
0.2
1.51 212.38
15
0.2
1.49 182.65
15.5 1.5
1.39 161.32
15.5 3
1.26 155.33
15.5 5
1.41 134.07
16
8
0.96 109.29

Count
Coun
Conc.
t [#]
Mass [mg] [#/m3]
293
1697.60
1.58
643
123140.00 4.08
487
12418.30 2.97
309
116.10
1.45
230
613.60
1.26
197
268.50
1.22
296
1584.60
1.91
142
111.00
1.06
227
275.10
2.08

Mass
Conc.
[mg/m3]
9.15
780.74
75.78
0.55
3.36
1.66
10.20
0.83
2.52
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Appendix D: Copyright Permissions
The permission below is for the contents of section 2.1.4.3., section 2.4.3., and
Chapter 3.
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The permission below is for the use of Figure A-1.
From: Jessica Chaffin <jcchaffin@mail.usf.edu>
Sent: Friday, November 20, 2020 11:19 AM
To: Haberstroh, Charlotte <chaberstroh@usf.edu>
Subject: Re: Picture consent for my dissertation
Hey Charlotte,
Yes, you have my consent to use that photo. Good luck on your dissertation!
Thank you,
Carlee

wrote:

On Fri, Nov 20, 2020 at 9:54 AM Haberstroh, Charlotte <chaberstroh@usf.edu>
Hi Carlee,

In my dissertation I will be using a picture of us two in the canoe doing fieldwork
(see attached). Could you please confirm that I have your consent to use this picture?
Thank you very much.
Best,
Charlotte

Charlotte Haberstroh
Doctoral Candidate
Civil and Environmental Engineering
University of South Florida
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