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Comprehensive methods for estimating mismanaged waste accumulation in the envi-
ronment are limited, especially in the Global South, and new technologies are urgently
needed. Here, we applied the Azure system, a physical floating barrier designed to
retain and extract river floating waste while providing observational data of misman-
aged waste, comparing results with a modeling tool that uses material flow analysis to
provide estimates of mismanaged waste, incorporating environmental and socioeco-
nomic factors. The Azure system was installed at the Portoviejo River (Ecuador), and
anthropogenic litter was removed, extracted, weighed, and classified. Approximately
13.8 tonnes (t) of litter were collected over 2 years of sampling, of which 87% were
plastic bags containing domestic waste. About 45% of the total waste collected, that
is, 6.2 t, was estimated to be plastic waste. In contrast, modeled mismanaged plastic
waste estimates for the Portoviejo River varied between 148 and 1858 t per year, at
least two orders of magnitude higher than field data. These results highlight the dis-
crepancy that can occur between observational data and waste estimates. The factors
that contribute to this are discussed here to help understand riverine waste sources
and transport to the ocean. The results emphasize the need for a better understanding
of socioeconomic and environmental aspects in the Global South to help the develop-
ment of better modeling tools. Our findings of domestic deposition as a major source
of riverine contamination in the Portoviejo watershed emphasize the importance of
waste management for tackling river contamination. Effective monitoring tools, such

as the Azure system, could help improve this.
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1 | INTRODUCTION

The generation of anthropogenic solid waste is an intrinsic consequence of human activities and is on the rise (Lebreton & Andrady, 2019). Global
waste generation was around 20 billion tonnes (t), or 2.6 t per capita per year in 2017, and is expected to increase to 46 billion t by 2050 if no mit-
igation measure is taken (Maalouf & Mavropoulos, 2023). Such quantities put waste management systems in different countries under pressure,
especially considering that waste collection can be heterogeneous even inside the same country. One study showed great differences between
developed, developing, and less developed countries in terms of sources, governance, public awareness, and technologies and infrastructure avail-
able for waste management (Mmereki et al., 2016). Consequently, it is estimated that the world generated over 500,000 t of mismanaged waste in
2015 (Lebreton & Andrady, 2019). The positive correlation between urbanization in developing nations and the generation of mismanaged waste
can be explained by their rapid but disorganized growth. In the case of Latin America and the Caribbean, 40 million people still lack access to proper
waste collection (UN Environment, 2018), resulting in 50% of all municipal solid waste (MSW) being mismanaged (Margallo et al., 2019), released,
and accumulated in nature. Considering that up to 12% of a country’s MSW can be composed of plastic waste (UNEP et al., 2018), which in turn
might not undergo proper disposal, plastics have become a concerning topic in environmental pollution as large quantities have been reported in
aquatic systems such as rivers (van Emmerik & Schwarz, 2020), lakes and reservoirs (Nava et al., 2023), estuaries (Pinheiro et al., 2021), and finally
the ocean (Eriksen et al., 2023). Plastic materials have the potential to reach and cause deleterious effects to the environment (Bhat et al., 2022;
Siddiqua et al., 2022), so addressing plastic pollution has become a major priority, as documented in the UN Ocean Decade Challenges (See Hatje
et al., 2024) and the UN Sustainable Development Goals (https://sdgs.un.org/goals, SDG 12 and 14).

There is a need to understand and estimate the amount of waste transported and accumulated in the different natural compartments (land,
freshwater, and ocean), especially plastics, as it can be transported from land-based sources via rivers to estuaries and then to the ocean (Lima et al.,
2020). Riverine plastic transport is the main contributor to ocean plastic emissions (Lebreton & Andrady, 2019), even though estimations do not
equally portray scenarios from different watersheds in the world. Estimations based on observational data and/or modeling show plastic riverine
transport to oceans to be between 0.41 and 4 x 10° t year~! (Schmidt et al., 2017), 57 and 265 million t year~! (Mai et al., 2020), 0.8 and 2.7 million
t year~1 (Meijer et al., 2021), or 0.5 million t year—1 (Strokal et al., 2023). These evaluations use socioeconomic parameters such as estimates of
plastic waste generation, waste management capacities, gross domestic product (GDP), and population (Lebreton & Andrady, 2019), while some also
consider environmental parameters such as river hydrology (Lebreton et al., 2017) and meteorological regimes (Meijer et al., 2021). Parameters such
as accumulation zones caused by natural and artificial barriers that favor solid waste retention inside or around rivers, that is, in their watershed,
remain understudied even though current evidence supports the retention of solid waste, namely plastics, in coastal watersheds (Ita-Nagy et al.,
2022; Strokal et al., 2023; van Emmerik et al., 2022). Ita-Nagy et al. (2022) proposed a new method for estimating regional riverine plastic emissions,
which includes natural and anthropogenic physical barriers and the removal of waste through recycling, to account for observational data gaps,
including overestimation of plastic exports to the ocean.

The available studies modeling world riverine input of plastic to the oceans do not currently include empirical data from South American (SA)
rivers, even though they are responsible for approximately 30% of global freshwater discharge to oceans, that is, around 10,800 km3 year=1 (Milli-
man & Farnsworth, 2011). The estimations of riverine export of plastic contamination made by Meijer et al. (2021) added observational data from
Asian rivers to existing data for European and North American rivers cited by Lebreton et al. (2017) and Schmidt et al. (2017). Even though South
American rivers are included in estimations based on socioeconomic data, observational data on plastic contamination were not considered. Sim-
ilarly, the work by Strokal et al. (2023) applied the MARINA-Multi model for world riverine plastic export, but again lacked observational data for
SA. Another example of a gap relates to methodologies. A recent review on methods for measuring macroplastics (>25 mm) in rivers by Hurley et al.
(2023) used arelatively broad literature search method, but they did not include any work in SA. This might be because many studies in SA focus on
coastal regions or on microplastics (<5 mm) only (see Orona-Navar et al., 2022), which was an exclusion criterion for Hurley et al. (2023). Similarly,
Morales-Caselles et al. (2021) use no data on SA rivers in their global analysis of aquatic litter. This highlights the originality of the present work that
feeds into future studies with essential empirical data in an understudied geographical area.

A range of technologies for plastic remediation has been developed around the world and placed in aquatic systems, attempting to remove
anthropogenic litter from the environment. This involves both prevention and cleanup technologies, which target different aquatic environ-
ments and litter types (Falk-Andersson et al., 2023). Among cleanup devices, there are barrier technologies such as The Great Bubble Barrier
(https://thegreatbubblebarrier.com/), which uses a bubble curtain to direct litter to a catchment system. Other barriers use a containment bar-
rier to either trap or direct floating materials to a collection point, for example: the intermittent barriers from Mr. Trash Wheel® (https://www.
mrtrashwheel.com/), the CLEAN (CLAIM'’s Litter Entrapping Autonomous Network) TRASH (Tactical Recover Accumulation System Hellas) sys-
tem (https://www.oilspillresponse.gr/service-item.php?sid=1), and a family of barrier technologies from The Ocean Cleanup initiative (https://
theoceancleanup.com/). There is a great potential to use these technologies for long-term monitoring of riverine waste flow, considering the
inherent difficulty in collecting robust, consistent data on riverine waste export from large-sized river watersheds.

This study aims to generate empirical data from the deployment of a local-scale cleanup device to assess the amount of mismanaged plastic
waste flowing towards the Pacific Ocean through the Portoviejo River watershed in Ecuador. Empirical data of riverine litter were obtained with
a cleanup technology called the Azure system, developed by Ichthion Limited (https://ichthion.com/technology/), a startup company working on
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FIGURE 1 (a) Detailed map of the Portoviejo water basin in Ecuador showing the location of the Azure System in the Portoviejo River at the
city of Portoviejo (Ecuador) and the parishes (parroquias) composing the watershed, and close-ups of the water basin at: (b) the Poza Honda dam, (c)
the Portoviejo urban area, and (d) the river mouth.

solutions to reduce plastic waste in the Eastern Pacific through technology and community action. Results were additionally compared to modeled
data estimating plastic waste flow obtained using the novel methodology described by Ita-Nagy et al. (2022). Ultimately, the case study reports
on how to monitor, quantify, and characterize solid waste contamination in a South American river, comparing observational data with modeled
estimates.

2 | METHODS
2.1 | Study area: The Portoviejo River watershed

The Portoviejo River was chosen due to its medium size as a pilot installation of the Azure system (Figure 1a). It runs along the coastal region of
Ecuador, in South America, in the province of Manabi, with a length of 130.79 km from Poza Honda dam (Figure 1b), located 30 km from the city of
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FIGURE 2 The Azure barrier system installed at the Portoviejo River, Ecuador. (a) The operating barrier; (b) operators directing litter to the
conveyor belt for removal; (c) litter removed from the Portoviejo River. Source: Photos: Andrea Osorio Baquero.

Portoviejo. The river passes through the city of Portoviejo (Figure 1c) until the river mouth at La Boca (Figure 1d). The Portoviejo water basin covers
an area of approximately 2080 km? and has irregular topography in most of its territory, which favors soil erosion along the water courses (Cuenca
Zambrano & Pacheco Gil, 2021).

Rainfall patterns follow a marked dichotomy between rainy and dry seasons. The dry season normally occurs between July and November, while
the rainy season occurs between December and June (Mendoza Alava et al., 2022). Flooding events are common in Manabi during the rainy season
(IFRC, 2023), which are frequently associated with the annual latitudinal fluctuation of the Intertropical Convergence Zone (ICZ) and the El Nifio
Southern Oscillation (ENSO) (Guerrero et al., 2022). These regions are prone to flooding due to the presence of large plains along river courses,
which represents a risk for human settlements concentrated in these areas (Sandoval Erazo et al., 2022) (see more in M1 of Supporting Information
S1).

2.2 | Empirical data collection: The Azure system

The Azure system was implemented in 2020 by Ichthion Limited as an extraction tool for anthropogenic waste in river systems. It consists of a
physical, floating barrier that collects large, suspended materials that are being transported down the river (Figure 2a). The system is designed to
extract up to 80 t per day of floating litter from the river course, which so far has never been reached. In addition to a floating barrier that traps
materials going down the river surface up to 60 cm depth (i.e., 18%-75% of river depth on installation point), the system also has a conveyor belt
that removes the trapped material into a sorting area onshore.

The Azure system has been operative in the Portoviejo River at 1° 01’ 23.9” S, 80° 29’ 35.6” W, downstream from the city of Portoviejo
(Figure 1c). Litter collection is led by field engineer officers and operators from Ichthion and usually happens daily on weekdays. For operator and
machinery safety reasons, the Azure system was dismounted during days of strong river flow and height (over 4.5 m) around March/April, and there-
fore, litter was not collected on those days. This resulted in an average of 35% fewer operative days in these 2 months than in the others over 2 years
of analysis. Figure 2 illustrates the operation of the Azure system. For litter removal, the conveyor belt is switched on and operators enter the river
to manually direct litter to the ramp (Figure 2b), depending on the river level. Once the litter is out of the water (Figure 2c), all the vegetation trapped
is separated from the anthropogenic litter and returned to the river after the conveyor belt. Anthropogenic litter was weighed (dry weight) using
a portable weighing scale and classified according to categories adapted from the OSPAR Guidelines Edition 1.0 (OSPAR Commission, 2010). Data
collection for litter weight and categories happened once a week from January 2021 until December 2022, for a total of 105 data points. The con-
tent of filled plastic bags was not analyzed due to sanitary risks involved, but the amount of plastic inside those bags was calculated as 8.7%-9.0%
of its total weight, as per estimates of plastic content of a typical household solid waste bag in Ecuador and other countries in Latin America and the
Caribbean (Diéguez-Santanaet al., 2021; Hidalgo et al., 2019) which is shown not to vary considering different data sources and temporal variability
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(Margallo et al., 2019). Upon data collection, all recyclable litter was destined to be recycled or repurposed to benefit the local community through
the project Fundacién Circular (https://somoscircular.org/proyectos/ecowork-ii/).

2.3 | Meteorological and hydrological data

Toinvestigate any relationships between litter quantities and environmental factors, data on meteorological data (precipitation [mm day~1], average
temperature [°C], wind speed [m.s~1], and wind direction [cardinal directions]) and hydrological data (river flow velocity [m s=1], river discharge [m3
s~1], river depth [cm], and river width [m]) were collected (see M2 of Supporting Information S1).

2.4 | Litter empirical data analysis

Litter data from February 2021 until December 2022 was reported as average mass (kg) per operative day by taking the average mass (kg) collected
per week for each month, divided by the average operative days per week for each month. Standard deviation values were indicated when citing
averages. The quantities of litter for each litter category were reported as a percentage of occurrences for each month. Statistical analyses were

performed in the PAST software (version 4.10) (Hammer et al., 2001) and are fully described in M3 of Supporting Information S1.

2.5 | Model for estimating plastic waste toward the ocean (pWtO)

To model the quantities of plastic waste being transported toward the ocean (pWtO), the methodology developed by Ita-Nagy et al. (2022) (Equa-
tion 1) was used as a comprehensive approach considering a range of factors in the estimation of waste transport. Prior to selecting the factors, we
defined the study area for equation input as the hydrological region of the Portoviejo River basin, as per Mendoza Alava et al. (2022), that is, level 4
hydrological units (SENAGUA, 2011). This includes all municipalities within the Portoviejo River catchment, from its origin at the Poza Honda Dam
until its estuarine region at La Boca (Figure 1).

Equation (1) shows the calculation of plastic waste toward the ocean (pWtO) generated from municipal solid waste (MSW) in a watershed

proposed by Ita-Nagy et al. (2022).

feis if0 <X <0.1km
pWtO = z QmMswip; * (1—for,) * feis if X > 0.1 km in an inter — basin (1)
fow; * frs; * (H§a=0fca), otherwise

The first parameter in the equation depicts the total amount of mismanaged plastic from MSW of a specific urban agglomeration i placed in
a river basin j (QmMSWop). This was calculated using the latest available information on population census (2022) and on waste management
from the Solid Waste Management (Gestidn de Residuos Sélidos, GRS), both provided by the National Institute of Statistics and Censuses (Instituto
Nacional de Estadistica y Censos, INEC). When available, data were used at the parish level (parroquia in Spanish), the third-level administrative units in
Ecuador. For waste production per capita, waste management, and recycling rates, data were only available at the province level (cantdn, first-level
administrative unit in Ecuador) (see M4 of Supporting Information S1).

Each factor f in the equation expresses the effects of waste recovery (fs,), the distance (x) to the coastline (f), the main river in the watershed
(fow), or its location in an inter-basin (f;). As the equation was applied to the inner area of the watershed only (up until the Azure system point, not
the coast), f. and f; were not accounted for. The model also accounts for the effects of river seasonality (f,s) and different barriers located along the
transportation path toward the ocean (f.,). Natural and man-made infrastructures are analyzed as barriers or boosters of waste mobilization, reduc-
ing, or impeding its transportation toward the ocean. Thus, the model becomes more holistic and site-specific. The Azure barrier was accounted for
as a man-made barrier in the calculations. Full description of the factors can be found in Table M1 of Supporting Information S1, adapted from
Ita-Nagy et al. (2022).

In this study, the term “retention” refers to anthropogenic waste retained inland, that is, not reaching the river course. This is important to define
as three scenarios were considered for estimating QmMSWp for each municipality, representing different rates of inland waste retention accord-
ing to different waste dissipation coefficients attributed to natural and anthropogenic barriers by Ita-Nagy et al. (2022). The upper scenario uses
conservative retention capacities per identified barrier, while the lower scenario estimates a higher retention rate. The coefficients also allow the
user to analyze the effect of barriers such as the Azure cleanup device on waste mobilization (Table M1 of Supporting Information S1 and Table M2

of Supporting Information S2).
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FIGURE 3 Measured average weight (average kg + standard deviation) per operative day collected by the Azure system from February 2021
to December 2022. Underlying data for this figure are available in the data repository at
https://doi.org/10.5285/e78e1cef-e30b-4313-8733-c03ela7b7b2f.

3 | RESULTS
3.1 | Riverine litter, hydrological, and meteorological data

Over 13 tonnes (t) of litter were collected by the Azure system from the Portoviejo River in 2021 and 2022. The average litter quantities collected
were 23.8 + 10.1 kg day~1. The month with maximum litter collection was December 2022 with 40.2 + 10.5 kg day~?, while the minimum litter
collection was performed in May 2021 with 11.4 + 11.3 kg day~! (Figure 3). The average quantity of litter collected by the Azure system in 2021
and 2022 was 603.2 + 318.4 kg per month, with a total of 5.7 t in 2021 and 8.1 t in 2022. The two-way ANOVA test detected significant differ-
ences between months (F1g gg = 3.027, p = 0.002) but not between years (F; gg = 3.019, p = 0.086; Table S1 of Supporting Information S1), but the
Tukey’s test revealed that the latter was restricted to differences between March and October/December. No significant differences in average
litter quantities per month were found when analyzing the interaction between sampling months and sampling years (F1pgg = 0.197, p = 0.996),
but a significant difference (Fy 1079 = 5.954; p = 0.016) was found between rainy (December-June) and dry seasons (July-November) even without
considering March and April (Fy 7547 = 7.976, p = 0.006) when the system was not operative for the whole month due to heavy rainfall. Average
precipitation varied from 2.1 + 2.1 mm day~! in the rainy season (December-June) to 0.01 + 0.02 mm day~! in the dry season (July-November),
with the highest average in March for both years (Table 1). River parameters of flow velocity, discharge, depth, and width had higher average values
in the rainy season when compared to the dry season (Table 1).

As shown in Table 2, most of the mass of material collected (>87%) corresponded to filled plastic bags used for discarding domestic waste. Con-
sidering that around 9% of household waste content in Ecuador is plastic (Diéguez-Santana et al., 2021; Hidalgo et al., 2019), it was calculated that
1.09 t of plastic waste was recovered from filled shopping bags over 2 years. Adding that to the total weight of plastic items collected according to
the OSPAR categories used in this study (around 5.1 t), we estimate around 6.2 t of plastic waste removed by the Azure system from the Portoviejo
River in 2021 and 2022, 44.7% of all material types. Other common types of waste collected were glass bottles (2%), plastic drinks (1.6%), organic
waste (1.2%), and clothing (1%) (Table 2). The other 27 categories represented each less than 1% of the total mass collected. A SIMPER analysis of
contributions related to weight (kg) showed that filled shopping bags contributed the most to the dissimilarity between months (77.5%), followed by
organic waste (4.1%), plastic drink containers (2.9%), glass bottles (2.5%), and empty shopping bags (2.2%) (Table S2 of Supporting Information S1).
The two-way ANOSIM test revealed that differences were significant between months but not years (pponth < 0.001 and pye,r = 0.554). However,
a PERMANOVA test following a PCA (PC1: 99.25% variance explanation) showed significant differences between both sampling years and months
alone but not their interaction (Figure 1 and Table S3 of Supporting Information S1). The test showed that differences in litter categories are mostly
between March—July and August—January (Table 3 of Supporting Information S1).

3.2 | Modeled mismanaged waste and plastic waste toward the ocean

Population in the parishes in the Portoviejo watershed located up the Azure system varied from 2717 inhabitants in Chirijos to 252,248 inhabitants

in the city of Portoviejo, while the calculated mismanaged plastic waste (QmMSWp) for the same parishes varied from O t year—1 in Jipijapa to 7059.5
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TABLE 2 Contribution of each category of anthropogenic litter collected by the Azure system in 2021 and 2022 at the Portoviejo River.

OSPAR litter categories Weight of litter collected (kg) Contribution to total litter collected (%)
Bags (shopping)—filled 12182.391 87.807
Organic waste 286.01 2.061
Bottles—glass 228.945 1.650
Drinks (bottles, containers, and drums) 179.44 1.293
Plastic/polystyrene pieces 147.734 1.065
Clothing 140.245 1.011
Food containers including fast food containers 133.41 0.962
Foam sponge 108.095 0.779
Other bottles, containers, and drums 73.875 0.532
Cartons, e.g., Tetra Pak (other) 7276 0.524
Bags (shopping)—empty 59.06 0.426
Jute sack—filled 55.024 0.397
Cosmetics (bottles and containers, e.g., sun lotion, shampoo, shower 42.86 0.309
gel, and deodorant)

Other textiles 37.03 0.267
Packaging, plastic sheeting 28.77 0.207
Food cans 214 0.154
Other sanitary items 211 0.152
Other metal pieces 8.39 0.060
Plastic sheeting 6.71 0.048
Other 6.5668 0.047
Cutlery/trays/straws 4.95 0.036
Toys and party poppers 47 0.034
Hard hats 4.6 0.033
Drink cans 4.124 0.030
Face mask 3.72 0.027
Light bulbs/tubes 3.67 0.026
Paraffin or wax pieces 3.2288 0.023
Cardboard 22 0.016
Aerosol/spray cans 2.1 0.015
Cups 0.51 0.004
Caps/lids 0.45 0.003

Note: Litter categories are adapted from the OSPAR Guidelines Edition 1.0 (OSPAR Commission, 2010).

tyear—1in Portoviejo (Figure 4a). Information on waste management showed that only the Jipijapa province has a sanitary landfill, while others have
either open or controlled dumps without adequate management (in Portoviejo and San Sebastian), or inadequate waste collection coverage. Moran
Plua and Naranjo Lopez (2022) mentioned that the Jipijapa landfill is currently inadequately managed, with waste deposited in open spaces, but
partis retained inland in open dumps located far from water bodies. A general lack of information regarding the location of most dumps in the water
basin was found, so three scenarios of inland plastic waste retention were considered in Equation (1), as part of the anthropogenic barriers. The
amount of plastic waste toward the ocean (pWtO) modeled for the entire Portoviejo watershed varied between 190.1 and 2381.3 t year~1, with
785.6 t year—! on the average retention scenario (Table 3). When considering only those cities located upstream of the Azure barrier (Figure 4b),
it was estimated that 148.8 t year~1 for the lower retention scenario, 593.8 t year~! for the average scenario, and 1858.7 t year~? for the upper
scenario are transported through the river Portoviejo toward the ocean. These values can be translated to plastic emissions per capita, ranging
from 0.19 to 2.48 kg person~! year—1, with an average of 0.79 kg person—! year~1 by all cities up to the Azure barrier. The parishes of Portoviejo,
Montecristi, and Calceta were estimated to have the largest waste emission toward the Azure system, that is, lower waste inland retention in all

three scenarios evaluated (Figure 4b).
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Parishes (parroquias) in the Portoviejo watershed above the Azure system

FIGURE 4 (a) Calculated mismanaged municipal solid waste (mMMSW, in t year~1) and population for 2010 provided by the National Institute
of Statistics and Censuses (Instituto Nacional de Estadistica y Censos, INEC); (b) modeled inland plastic waste retention rates (in %) on upper, average,
and lower scenarios of inland plastic retention capacities for the parishes (parroquias) located above the Azure collection system. The values on (b)
depict the relationship between plastic flowing toward the Azure collection point and the total amount of mismanaged plastic waste in each parish.
Both (a) and (b) share the same x-axis containing the names of the parishes. Underlying data for this figure are available in Supporting Information
S2.

4 | DISCUSSION

This study reports on how the Azure system, a manmade floating barrier, can be used to gather observational data on anthropogenic litter from a
river course, providing data for assessing root causes of mismanaged waste in a watershed. The results shown here for the litter collected with the
Azure system in the Portoviejo River are consistent and representative for 2 years of operation, except March and April, for which the dataset is
incomplete, as the system had limited operation in those months due to technology restrictions related to river conditions. Nevertheless, our find-
ings show that the Portoviejo River is contaminated with anthropogenic litter from several sources, but mainly from domestic waste (Table 2), and
that seasonal variations might be occurring in the Portoviejo watershed (Figure 3). The collected amounts of plastic waste are distinct from modeled
mismanaged plastic riverine runoff (Figure 4 and Table 3), which highlights the gap seen in other methodologies and modeling studies related to SA
rivers, where empirical data from SA systems were not considered (e.g., Hurley et al., 2023; Meijer et al., 2021; Strokal et al., 2023). Models expand
on often limited field sampling capacities and help combine several influencing factors into a single framework. Field sampling provides empirical

data from a real scenario at a given time, which represents ground truth information of contamination. It is therefore crucial to validate/calibrate
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models to help achieve estimates that are closer to the truth. Both approaches can be used to inform action and help prioritize mitigation measures.
These aspects are discussed below.

When comparing empirical data from the Azure system (Figure 3) with other observational studies, the Portoviejo River is transporting less
waste than the Danube River (126 t month~=1) (Lechner et al., 2014), two exemplary rivers in Southern California, USA (630 t month~1) (Moore et al.,
2011), and the River Seine (161t month~1) (Gasperi et al., 2014). Differences could be attributed to the inclusion of smaller items (millimeter scale),
which can be representative. For example, in the work by Moore et al. (2011), the smaller fraction (1-4.75 mm) represented 15.8% of the overall
collected weight, that is, 4.8 t in 24 h. Also in that study, they covered a greater river depth than in the current study. Gasperi et al. (2014) used
a large network of floating booms along the river, which potentially has a higher waste recovery capacity than the Azure. In addition, these rivers
differ in socioeconomic and environmental aspects, for example, local climate (e.g., wind, precipitation), landscape (e.g., land use, terrain slope), and
water basin size. The distance from waste source to the river and the coastline, and hydrological factors such as river flow velocity, water level, and
discharge will also affect the potential for litter to be transported to the ocean (Meijer et al., 2021; van Emmerik et al., 2018; van Emmerik et al.,
2022). Thus, empirical data will show a scenario that can only be fully interpreted together with site characteristics at a given time.

An extensive meta-analysis performed by Morales-Caselles et al. (2021) analyzed macrolitter globally, and a database of more than 12 million
items was created from seven major aquatic environments, including river waters and riverbeds. The authors found that food containers and plastic
bags (here assumed empty) prevail in item counts in rivers, while plastic caps and lids and glass bottles are the most common items in riverbeds. The
composition of litter collected by the Azure system fits those results partially, as plastic bags were the main material collected (Table 2). Plastic bags
are usually low-density materials that can float in water for longer periods of time and, therefore, be transported for longer distances, but this might
not apply to the heavier plastic bags filled with domestic waste as collected by the Azure system.

At the Portoviejo water basin, lower precipitation values historically occur between July and November (Campos Cedeno et al., 2018), as seen
in Table 1. In this study, we found higher quantities of waste during the dry season than during the rainy season (Figure 3), even though it has
been shown that increased rainfall can mobilize litter from land into rivers (van Emmerik et al., 2019), especially in extreme flood events where
river discharge is substantially increased (e.g., van Emmerik et al., 2023). More litter was collected during lower river flow velocity in our study
site (Figure 3 and Table 1), but this may have been caused by the technical limitations of the Azure system during the highest flow/river depth,
when remobilized waste could evade the Azure barrier. This could partially explain the higher values found in the dry months in the current study,
but an in-depth correlation analysis using an uninterrupted dataset is needed to confirm this. In addition, plastic transport on land may depend on
the combination of material type and terrain characteristics, and less on rain intensity alone (Mellink et al., 2024), while river discharge can be a
poor predictor of riverine plastic transport alone (Roebroek et al., 2022; van Emmerik, de Lange et al., 2022). For the Portoviejo region, floods have
historically occurred due to steep slopes and the presence of extensive floodplains (Guerrero et al., 2022), combined with highly variable annual
rainfall (Mendoza Alava et al., 2022). These floodplains have been indicated as garbage deposit areas, which together with depressed plains and
swamp areas might contribute to the occurrence of strong, sudden, and destructive floods (Sandoval Erazo et al., 2022).

Domestic waste deposition can be a significant source of litter to the riverine systems, as exemplified in studies in the United Kingdom (Williams
& Simmons, 1999), Chile (Rech et al.,, 2015), and Germany (Kiessling et al., 2019). The practice of using shopping bags to dispose of domestic waste is
common in South America and other regions of the world (e.g., Senturk & Dumludag, 2021). Accordingly, our findings show filled plastic bags as the
main type of litter collected (Table 2), suggesting that illegal domestic waste dumping is a major source of river contamination at the Portoviejo water
basin. This was consistently witnessed during sampling (personal communication, 2022) and corroborates recent surveys by Briones-Bravo and
Castro-Piguave (2023) showing that most domestic waste in the region is not recycled or reused and mostly goes to uncontrolled incineration. This
highlights the strong relationship between poor waste management and river contamination, which brings responsibility closer to the governance
level.

In Ecuador, municipalities implement monitoring actions for effective waste management (Cifuentes et al., 2021). The institutional and infras-
tructure capacity varies between municipalities, reflecting waste disposal operation cost, for example, waste disposal in landfills can vary from 33.1
to 300.6 $ t=1 (INEC, 2020). In Manabi province, only 64% of the municipalities have a waste treatment and disposal system; most of the waste
(43%) in 2020 went to controlled or uncontrolled dumps (16%). Ecuador, along with other countries in the region (e.g., Chile, Colombia, Mexico, and
Peru), has strong regulatory laws; however, when analyzing infrastructure and innovation capacity regarding plastic waste management, Ecuador
has one of the lowest scores (Cifuentes et al., 2021). The lack of an effective waste management system can influence the quantity of plastic that
reaches the ocean, and better governance can contribute to the reduction of plastic pollution (Nyberg et al., 2023). Cleaning technologies like the
Azure provide valuable primary data on actual waste and the different types being mismanaged, which points to the different sources of contam-
ination in the study area that can then be targeted for waste management solutions. The reports generated also serve as awareness materials for
local communities and policy-makers. Furthermore, it could also help alleviate pressure on the environment and promote the recovery of materials,
while acting as a tool to monitor changes in the system and the effectiveness of interventions when analyzing data in the long term. Yet, such initia-
tives must not be used to push back efforts to source the region with improved waste management infrastructure, and a systematic approach is still
needed to reduce the quantity of plastic reaching the river.

The use of mathematical models to estimate environmental scenarios of contamination is helpful to build upon the interpretations from empiri-

cal data by adding multiple factors into the same framework. Using the method of Ita-Nagy et al. (2022), this study estimated an annual emission of
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plastics between 145.8 and 1858.7 t per year transported by the Portoviejo River towards the ocean, before the Azure system location (Figure 4a
and Table 3). The amount of plastic waste collected by the Azure system (5.7 t per year in 2021; 8.1 t per year in 2022) represents a fraction of
this estimation. The difference between estimated waste generation in the watershed and observational data from the Azure can be attributed to
several factors. First, environmental characteristics in upper areas of the watershed may prevent or delay waste transport, resulting in low waste
recovery at the Azure collection point. Examples are differences in precipitation or river flows, or landscape features such as floodplains and veg-
etation, and manmade barriers such as dams, hydroelectric plants, drainage systems and irrigation canals that trap and retain litter along the river
course, even if temporarily (van Emmerik et al., 2022). Other physical features that may retain and delay the movement of waste are bends in the
Portoviejo River course (Newbould et al., 2021) (Figure 1), although they may account for only a small amount of waste. Also, the model accounts
for plastic emissions over the entire year, while our empirical data lacks data points in the rainy season. Regarding how to refine model calculations,
incineration should ideally be accounted for as a new factor. lllegal and uncontrolled domestic waste incineration is recurrent in the area (personal
communication and observation), which would then prevent the waste from reaching the river course, but unfortunately, there is no official data
for the region under study. A well-known barrier in the Portoviejo watershed (i.e., the Poza Honda dam) was accounted for in the predictions of
mismanaged waste, but there is a lack of official information regarding additional barriers contributing to waste retention, which directly affects
factor f, in the model. Most parishes in the Portoviejo water basin had high inland plastic retention rates (all over 70% retention, see Figure 4),
which relates to either the distance of the cities from the main river course (Figure 1) or potential waste accumulation zones inland. In addition, the
model used official data on waste production per capita and plastic recycling rates for organization levels higher than parishes, that is, country or
province level, so their accuracy cannot be verified at the parish level. Therefore, further investigations are needed on these, as well as adding river
morphological features such as bends as parameters in future riverine mismanaged waste estimates.

The Azure system was removed from the river for short periods during strong precipitation events that may wash and accelerate the transport
of waste in the river, which was not accounted for in this study. These events happened mostly during March or April. Considering the different
buoyancy behaviors of anthropogenic waste (GESAMP et al., 2015), a fraction of waste materials could be passing underneath the Azure barrier,
especially when river depth is very high (e.g., when the Azure can only cover 18% of total river depth). The differences in litter buoyancy might
be contributing to the disparity between collected and modeled data, but this is also not currently considered in our plastic riverine transport
estimation model. In general, high-density plastics will tend to sink more easily than low-density ones; however, low-density plastics with large
surface area can get material accretion, such as mud or biofouling, making them heavier and more likely to remain in the lower part of the river or
to sink (van Emmerik & Schwarz, 2020). At the same time, items related to domestic waste, such as filled plastic bags and bottles, can trap air inside
them and therefore be highly buoyant in water, despite the polymer type.

A study by Schuyler et al. (2021) found a stronger correlation of plastic contamination with physical/environmental variables, infrastructure, and
socioeconomics than with population density, which is commonly used as a main determining factor. For example, Meijer et al. (2021) found that
when the land around the river is mainly artificial, that is, built land, the nearest river is likely to emit more plastic waste into the ocean than when
the land is dominated by cultivated areas, even if the water basin and the waste generation are much bigger. At the Portoviejo basin, land use is
dominated by arable land and plantations, while constructed areas are limited to scarce urban areas (Nguyen et al., 2017) (Figure 1). Waste gener-
ated in the basin might have lower mobility via river systems than in areas with larger constructed land. This raises a hypothesis that litter might
be accumulating instead in the soil. According to our sampling data, the Portoviejo River transported annually at least three orders of magnitude
less plastics than rivers in the top global 50 for annual plastic emission to the oceans which varied from 2.2 x 103 to 1 x 10° t per year according
to estimates by Meijer et al. (2021), but it can reach a similar magnitude if looking at the presented mismanaged waste predictions (up to 2.3 x
103 t year~1 in the lower retention scenario). However, the model by Meijer et al. (2021) includes environmental factors related to waste mobiliza-
tion (e.g., precipitation and wind), slope, and river discharge, which are not accounted for in the model by Ita-Nagy et al. (2022) used here. On the
other hand, Meijer et al. (2021) do not include any South American rivers in their model calibration or validation. Besides, the sampling point in this
study is situated around 25 km from the Portoviejo river mouth (Figure 1), so actual emissions to the Pacific Ocean are likely to differ. Likewise,
current models might be overestimating river waste exports as discussed by Weiss et al. (2021). Both observational data from South America and

watershed-specific features might be decisive for improving the overall accuracy of global estimates.

5 | CONCLUSIONS

Overall, 2 years of monitoring anthropogenic litter in the Portoviejo River suggest direct deposition of domestic waste into the Portoviejo water
basin as a major factor contributing to waste runoff. Both local climate and socio-economic factors influenced riverine anthropogenic waste, espe-
cially in water basins where waste management is faulty. Despite current limitations with the Azure system data collection, the barrier prevented
13.8 t of anthropogenic waste from reaching the ocean. In contrast, our model for predicting mismanaged waste reaching the Azure system in the
Portoviejo River estimated an average of 445.4 t of plastic per year. This discrepancy might be explained by the limited information on factors
affecting waste transport in the region, which would prevent the model from giving accurate estimates. These factors include geographical fea-

tures, possible barriers to waste transport along the river course that were unaccounted for, and illegal incineration of domestic waste. Our findings
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highlight the urgent need for more observational data from systematic field sampling strategies and the need for applied systems that can measure
anthropogenic litter continuously, including during high rainfall events which can be critical days in terms of waste mobilization. Modeling tools can
expand on sampling capacities by combining influencing factors to estimate riverine waste runoff. Both approaches can be used to inform action
and help prioritize mitigation measures by providing reliable data on riverine waste to guide mitigation measures in the Global South.
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