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Abstract

Citizen science provides a valuable approach for tracking plastic pollution; however, its
effectiveness is often limited by methodological inconsistencies, concerns about data quality,
and a persistent gap between data collection and policy implementation. This systematic
review addresses the key question: What constitutes a comprehensive set of best practices
for addressing these issues and enhancing the scientific and societal impact of citizen
science in monitoring plastic pollution from source to sea? Analyzing 84 studies, from beach
cleanups to microplastic sampling, this review synthesizes best practices and identifies
remaining gaps. It presents a structured framework designed to enhance data quality and
volunteer participation. Key challenges include the ‘microplastic analytical bottleneck,’
the “digital divide,” and notable geographical and demographic disparities that hinder
the integration of policies. While citizen science is effective for large-scale data collection,
its main challenge is translating data into actionable policies. The main contribution of
this review is a series of practical recommendations aimed at improving methodological
consistency, ensuring fair volunteer participation, and facilitating the transition from citizen
data to evidence-based environmental management, thereby enhancing the effectiveness
and impact of citizen science.

Keywords: public engagement; plastic pollution data quality; environmental monitoring;
policy integration

1. Introduction

Plastic pollution is widely recognized as one of the most urgent environmental crises
of the 21st century, with large amounts of macro- and microplastics accumulating in marine
and freshwater ecosystems worldwide [1-4]. The scale of the issue is alarming. To put
this into perspective, recent studies estimate that while only 9-10% of plastic produced
has been recycled and 10-11% incinerated, roughly 80% has been disposed of in landfills
or dispersed directly into the environment [5]. Plastics degrade slowly over centuries,
persisting for centuries and breaking into meso-, micro- and nanoplastics. Their resistance
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to degradation, combined with river transport, makes them a major source of coastal and
marine pollution [6,7]. For instance, a recent study identified the Zeta, Moraca, and Bojana
rivers as significant sources of microplastics to the Montenegrin coast in the Adriatic Sea [8].
This crisis threatens biodiversity, ecosystem services, and possibly human health, making
it a key focus of global frameworks such as the United Nations Sustainable Development
Goal 14 and the upcoming legally binding UN treaty on plastic pollution [9-12].

The effects of plastic debris are widespread and varied. Plastics are classified by
size, ranging from megaplastic (>50 cm) to microplastics (MPs, <5 mm) and nanoplastics
(<1 um) [13,14]. Due to their small size, MPs are particularly harmful. In aquatic systems,
the most abundant forms are often fibers and fragments made of common polymers, such
as polyethylene (PE) and polypropylene (PP) [8]. They are ingested by a vast range of
organisms, including zooplankton, bivalves, fish, turtles, and marine mammals, often
mistaken for food [15]. While ingestion can cause physical damage or other physiological
disturbances, MPs also serve as carriers for other pollutants and microorganisms [16]. Their
high surface area-to-volume ratio and hydrophobic character allow them to absorb and
concentrate heavy metals and persistent organic pollutants, which can then be released
into the tissues of organisms, bioaccumulating along the food chain [17,18].

Effectively addressing this complex issue requires comprehensive, frequent, and
widespread monitoring across different regions. However, traditional scientific methods,
while necessary, encounter practical limitations due to high costs, logistical challenges, and
limited spatial reach, which makes it hard to manage a pollutant as active and widespread
as plastic [19]. In addition, achieving comprehensive monitoring at fine spatial and tem-
poral scales, as required for tracking marine litter dynamics, often exceeds the capacity of
conventional field research methods [20]. In response, citizen science (CS) has become a
valuable complementary approach for environmental monitoring.

Citizen science is defined as the active involvement of the public in scientific research,
with citizens contributing their knowledge, effort, or resources alongside professional
scientists [21,22]. These projects vary from contributory projects, where volunteers collect
data through activities such as beach cleanups and water sampling, to more collaborative
models in which citizens help design, interpret, and share research findings [23]. Such
programs produce valuable large datasets and also raise environmental awareness, encour-
aging pro-environmental behavior. A notable example is the 2019 Danish project, where
57,000 students conducted the country’s first national plastic waste survey, generating es-
sential data while also exploring participants” perceptions and intentions related to plastic
use [24]. The initiative demonstrated how CS projects can produce valuable data, drive
behavioral change, and increase environmental awareness. Similarly, marine ecosystem
monitoring efforts, like SeagrassSpotter and Seagrass-Watch, demonstrate how citizen sci-
ence can facilitate the collection of Big Data by involving numerous volunteers to monitor
seagrass habitats across various countries [25]. These initiatives demonstrate how citizen
science can meet the requirements of Big Data (volume, velocity, and variety) even in
challenging areas, such as marine and coastal zones.

Despite its potential, the widespread use of citizen science faces several challenges,
including variations in methods, concerns about data quality, spatial and demographic
participation biases, and a tendency to incorporate findings into official policy frame-
works [26,27]. To improve its effectiveness, it is essential to understand best practices,
identify gaps, and explore future opportunities. While existing reviews have summarized
trends (e.g., [27,28]), this paper provides a concise and critical synthesis of the full project
lifecycle (methodology, gaps, and policy) into an actionable framework for future work.
Specifically, it offers the first comprehensive source-to-sea overview of citizen science
methods for tracking plastic pollution. This review aims to identify and categorize method-



Water 2025, 17, 2668

3o0f42

ologies used in citizen science projects for monitoring macro- and microplastic pollution
in marine and freshwater environments. It also compiles and evaluates best practices for
designing, implementing, managing data, and communicating these initiatives to enhance
their scientific accuracy and societal impact. Furthermore, the review analyzes current
research literature to identify key geographical, thematic, and methodological gaps that
need further exploration. It concludes with evidence-based recommendations to improve
the effectiveness, scalability, and policy relevance of citizen science efforts in tackling plastic
pollution.

This review analyzes the strengths, weaknesses, and opportunities of existing citizen
science experiences for monitoring plastic pollution. The aim is to provide insights to
inform future research, support project development, and enhance policy integration, ulti-
mately contributing to more effective global initiatives to tackle this critical environmental
challenge. The following sections will detail specific methodologies, highlight established
best practices, examine current challenges, and conclude with actionable recommendations.

While traditional citizen science efforts have mainly focused on marine litter, this
review adopts a source-to-sea perspective. It examines how citizen science techniques
are employed to track plastics from their sources, including rivers, urban runoff points,
industrial zones, and watersheds, through freshwater and terrestrial systems, ultimately
reaching coastal and marine areas. Although there is no dedicated section on “source
monitoring,” the source-to-sea approach is present throughout the methodology analysis.
This comprehensive strategy improves our understanding of plastic pollution pathways
and supports the development of effective interventions at every stage of the pollution
cycle.

2. Materials and Methods

This review combines current insights on citizen science approaches for monitoring
plastic pollution, highlights effective strategies, and identifies research gaps. A systematic
approach was used to identify and select relevant literature to achieve these goals.

Literature Research Strategy

The database utilized for the literature search was Scopus, chosen for its extensive
coverage of peer-reviewed literature across diverse scientific disciplines, including environ-
mental science. Its strong indexing of keywords and abstracts enhances its appropriateness
for targeted inquiries.

The initial search string employed was: “plastic” and “citizen science” as keywords.
This extensive search returned 206 documents, including different types such as articles
(165), conference papers (14), reviews (14), book chapters (7), books (3), notes (2), and a
single short survey.

To improve the search and target citizen science applications related to plastic pollution
more precisely, the search was refined to include only publications where the terms “citizen”
and “science” appeared together in the abstract and were indexed with either “Citizen
Science” or “Plastic” as standardized keywords.

In the final selection step, results were filtered to include only those within environ-
mental sciences, agriculture and biological sciences, or earth sciences. This resulted in a
final dataset of 126 documents, consisting of 119 scientific articles and 7 review papers.
We employed Web of Science (WoS) using the same keywords as in our main Scopus
search. Although the number of papers was fewer, the overlap confirmed the dataset’s
thoroughness and consistency, increasing confidence in its representativeness.

The number of publications has increased over the past decade, peaking in 2022 and
2023 with 25 documents each. This trend continues strongly into 2024 (20) and 2025 (10).



Water 2025, 17, 2668

4 of 42

Most research is concentrated in the fields of Environmental Science (122 documents),
Agricultural and Biological Sciences (52), and Earth and Planetary Sciences (46), which
highlights a significant focus on environmental and ecological issues. Important sources
of publication include journals Marine Pollution Bulletin (32 documents), Science of the
Total Environment (15), and Sustainability (8), along with other key outlets such as Water
(Figure 1a).
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Figure 1. Distribution of the 84 peer-reviewed studies included in this review: (a) subject categories
of publications (percentage), and (b) geographical distribution of research efforts by region.

The geographical distribution of the research papers is varied (Figure 1b), with the
most significant contributions from the United Kingdom (26), Italy (19), and the United
States (18). The main authors include Thiel, M. (10 documents), Knickmeier, K. (7), and
Syberg, K. (6), suggesting a dedicated group of researchers involved in this field.

Furthermore, review papers were excluded, and their abstracts were carefully ex-
amined. Specifically, review papers that limited their scope to general summaries were
excluded from the main analysis, whereas reviews that contributed significant method-
ological insights were retained and used in synthesizing best practices and identifying
gaps. The main inclusion criterion required that the paper include significant informa-
tion relevant to the review’s objectives, especially regarding citizen science methods for
monitoring plastic pollution, including their implementation, strengths, weaknesses, or
potential improvements.

A total of eighty-four research papers were selected for this review. The studies,
published between 2013 and 2025, demonstrate a significant increase in publications starting
in 2019 and cover a wide geographic area, with major contributions from countries such as
the United Kingdom, Italy, and the United States, as well as many others worldwide. The
journals with the most frequent publications are Marine Pollution Bulletin and Science of
Total Environment.

For all 84 chosen papers, data were systematically collected regarding:

- The citizen science methodologies used for monitoring macro- and/or microplastics.
- The environmental context (e.g., marine, freshwater, coastal, riverine).

- Reported strengths and weaknesses of the methodologies.

- Aspects of scalability.

- Quality assurance and quality control (QA /QC) measures employed.

- Technological integrations and their effectiveness.
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- Challenges, biases, and gaps found in existing practices.
- Suggested solutions or directions for future research.

The information collected was organized into thematic tables (Tables 1-3), focusing on
key methodologies and main features; best practices; gaps; and opportunities. This review
primarily synthesizes insights from the analysis of the selected literature to produce a
structured overview and critical assessment that directly aligns with the review’s objectives.

3. Citizen Science Methodologies for Plastic Pollution Monitoring

Citizen science projects use a wide range of methodologies to monitor plastic pollu-
tion in both marine and freshwater environments. These methods aim to address both
macroplastics and microplastics, and their selection often depends on the study environ-
ment, available resources, and the expertise of participating volunteers. Table 1 summarizes
key methodologies, their main features, and representative examples from the literature.

3.1. Macroplastic Monitoring Methods

Citizen science initiatives to track macroplastics (>5 mm) are varied but generally
fall into a few common methodological approaches. These methods are popular because
macroplastics are visible and simpler for volunteers to identify and categorize. According
to the reviewed literature, these approaches can be organized into the following groups:

e  Shoreline surveys and clean-ups (more than 10 studies): The most common method
involves volunteers collecting and recording litter along specified transects, often
following international protocols like OSPAR or MSFD [29]. Items such as bottles,
bags, and fishing gear are categorized with data cards or apps. These efforts produce
valuable datasets and also help remove pollutants, with the results already supporting
policy assessments and management [30,31].

e  Visual Estimation Methods (more than 10 studies): Volunteers assess litter density
by direct observation, typically using standardized scales like items per 100 m [32].
Although less detailed than itemized surveys, this approach delivers quick insights
across large areas and helps prioritize cleanup efforts.

o  Technology-driven approaches (5-10 studies): Smartphone apps allow citizens to
report litter sightings using photos, GPS data, and standard classifications [33-35].
These tools expand geographic coverage and enable nearly immediate reporting,
although challenges related to inclusivity persist.

e  Specialized monitoring that generally requires more specialized training or equipment:

O  Fishing for Litter (between 5 and 10 studies): This initiative engages fishers to
collect marine litter items as bycatch during regular fishing operations. The litter
is then brought ashore for recording and analysis, providing insights into the
types and quantities of debris on the seafloor, which is typically inaccessible via
shoreline surveys [36].

O Underwater Surveys (more than 5 studies): Volunteer divers assess litter on the
seabed in marine environments through visual census methods or photo and
video documentation, providing data on litter accumulation in benthic ecosys-
tems [37].

O Policy and planning-driven strategies (around 5 to 10 studies) involve citizens
and stakeholders more actively in the decision-making and planning processes
related to marine litter [24,38,39]. These approaches promote collaboration among
citizens, researchers, policymakers, local businesses, and other relevant groups.
Participants engage in co-creating knowledge through workshops, interviews,
or mapping exercises, identify local pollution sources and impacts, and develop
management strategies like recycling initiatives or campaigns to reduce specific
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litter types [29,38]. For instance, citizen-collected beach cleanup and brand audit
data have been used to evaluate the impact of single-use plastic policies [40].

3.2. Microplastic Monitoring Methods

Monitoring microplastics (<5 mm) requires more complex methods, as detection and
confirmation necessitate specialized analysis. Despite these challenges, citizen science has
played a significant role in various environmental systems, often through hybrid models in
which volunteers collect samples for laboratory testing.

Citizen science methods for monitoring microplastics include:

e  Water Sampling (surface and subsurface, 5-10 studies): Volunteers collect water sam-
ples with pre-cleaned bottles, Niskin bottles, or simple low-cost tools. Protocols, such
as the Microplastics Sampling and Processing Guidebook [41,42], specify the collection
depth, volume, and filtration methods. Projects such as ANDROMEDA have shown
that standardized instructions can enhance comparability [43].

e Trawl-based Techniques (Surface Trawls, 5 to 10 studies): Low-cost nets such as
the LADI and AVANI trawls are used from small vessels, whale-watching tours,
or paddleboards, allowing for collection in various environments [44—47]. Their
versatility makes these tools accessible to volunteers and effective for capturing meso-
and microplastics.

o  Sediment Sampling (Beaches, Riverbanks, Estuaries, less than 5 studies): Volunteers
utilize quadrats and pre-cleaned tools to gather sand or riverbank sediment samples
for analysis at central laboratories [48-50]. Initiatives like COLLECT and Microplastic
Detectives have trained students and local communities to use standardized tech-
niques, generating data valuable for freshwater and coastal environments [49,51].
Additionally, citizen-led monitoring of nurdles on beaches has resulted in datasets
that inform policy decisions [52].

e Air Sampling (emerging, rare): Although still in early development, projects such as
HOME:s [53] have tested passive samplers and low-cost microscopes to detect airborne
microplastics both indoors and outdoors. This demonstrates the opportunity for
citizen participation in a field usually limited to laboratory environments.

3.3. Scalability of Citizen Science Approaches

Citizen science strategies for monitoring plastic pollution are scalable, allowing data
collection both locally and globally. Standardized protocols, such as beach clean-ups and
shoreline surveys, are designed to be reproducible in different geographic contexts. For
example, the OSPAR and EU Marine Strategy Framework Directive (MSFD) protocols have
been adopted by many countries, enhancing coordinated monitoring and enabling data
comparability across borders [29].

Large-scale initiatives demonstrate how scalability can enhance citizen science [54-57].
The “Plastic Pirates” initiative involved school groups across Germany and several Euro-
pean countries in collecting data on river litter, resulting in a consolidated dataset from
multiple source regions [54,55]. Similarly, the “Cientificos de la Basura” program in Chile
has involved thousands of students and educators in coastal and river litter surveys,
creating comprehensive datasets that support both national and international research [56].

National campaigns highlight scalability. In Denmark, the “Mass Experiment” in-
volved over 57,000 students in a survey on plastic waste, resulting in the first nationwide
dataset on environmental plastic pollution and increasing public awareness [24]. Addition-
ally, a decade-long citizen science project studied 736 beaches in the UK, building one of
Europe’s largest datasets on coastal plastic pollution [58]. Citizen-collected beach cleanup
data is becoming more significant for national reporting within international frameworks
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such as SDG indicators [59], in addition to official datasets. Such long-term and widespread
efforts can even indicate a reduction in beach litter over time in specific regions [60].

Digital tools further enhance scalability, as mobile apps and online platforms improve
data entry consistency, optimize geolocation, and enable the real-time sharing and aggrega-
tion of observations over large areas [33,34]. These technologies support the involvement of
extensive and varied volunteer networks in effectively monitoring plastic pollution across
diverse coastlines and river systems.

Additionally, citizen science initiatives often collaborate with schools, community
groups, and local officials to broaden their impact and promote ongoing participation.
This strategy increases both the quantity and diversity of data collected while fostering a
sense of responsibility and care among participants. Therefore, the flexibility, replicability,
and community-focused nature of citizen science make it a highly scalable method for
monitoring plastic pollution, capable of producing valuable datasets from local to global
levels.

3.4. Data Quality Assurance and Quality Control (QA/QC)

Maintaining high data quality is crucial for the credibility and scientific significance
of citizen science projects that focus on monitoring plastic pollution. Quality assurance
and quality control (QA /QC) protocols are incorporated into the project design and imple-
mentation; however, their application can differ between macroplastic and microplastic
monitoring, depending on the characteristics of the materials and the complexity of the
analyses involved.

3.4.1. Macroplastic Monitoring

For macroplastics, quality assurance and control (QA /QC) focus on standardization,
volunteer training, and field data validation. Many large projects utilize globally recognized
protocols, such as those established by OSPAR or the EU Marine Strategy Framework Direc-
tive (MSFD), to ensure consistency across various sites and periods [29]. Volunteers usually
receive detailed instructions, training materials, and data sheets or mobile applications to
assist in identifying and categorizing litter [33,34].

For instance, the “Plastic Pirates” initiative in Germany and other European nations
provides school groups with field kits and protocols for consistent data collection along
rivers and coastlines [55]. Similarly, a study in Chile demonstrated the reliability of citizen-
collected data on small plastic debris by conducting detailed laboratory recounts to validate
results produced by students [61]. In the UK, ongoing beach litter surveys include regular
expert assessments and re-evaluations to improve volunteer accuracy [58]. Monitoring litter
in urban and river settings, like the “Clean Rivers” project [62], frequently modifies proto-
cols to ensure accessibility and safety while maintaining standardized data formats and
routine cross-verifications. In urban areas, app-based reporting [33] uses geotagged images
and validation processes to minimize data entry errors and enable expert assessment.

Photo documentation is increasingly used for verification, allowing specialists to assess
and validate field identifications remotely [56]. Specific programs, like the UK’s extensive
beach litter surveys, integrate regular audits or expert re-surveys to enhance volunteer
accuracy [58]. Furthermore, digital platforms provide integrated validation processes, such
as required fields and error-checking, to reduce data entry errors.

3.4.2. Microplastic Monitoring

Monitoring microplastics presents significant QA /QC challenges due to the small
size and diversity of particles, as well as complex processing and analysis requirements.
While citizen scientists can collect water, sediment, or sand samples using standardized
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protocols, extracting and identifying microplastics typically requires laboratory methods
and expertise [46,51].

To address this problem, many projects use a hybrid approach: volunteers collect
and label field samples, which are then sent to accredited laboratories for processing and
polymer identification using advanced techniques like FTIR or Raman spectroscopy [50,63].
Field blanks and control samples are regularly employed to detect contamination, and
chain-of-custody documentation guarantees sample integrity [21,48]. The “Clean Rivers”
project uses this model in freshwater, where volunteers collect river and stream samples,
which are processed centrally to maintain quality standards [62]. Furthermore, urban
microplastic monitoring often involves sampling sediment or stormwater at parks or near
industrial areas. In these cases, QA /QC may involve duplicate sampling, negative controls,
and strict contamination prevention protocols, due to higher contamination risks in densely
populated areas.

Therefore, while macroplastic citizen science depends on standardized protocols, vol-
unteer training, and digital validation to ensure data quality, monitoring microplastics
necessitates additional laboratory QA /QC and expert supervision. Utilizing photo docu-
mentation, digital tools, and hybrid approaches enhances the accuracy and utility of data
for both micro and macro plastics.

3.5. Technological Integration

Technological innovation drives citizen science efforts in tracking plastic pollution.
Digital tools, mobile applications, remote sensing, and advanced laboratory techniques
have significantly enhanced the amount and quality of data collected by volunteers, thereby
broadening participation and involvement.

First, the widespread use of smartphones has led to the development of specialized
apps that simplify data collection, standardize procedures, and enable real-time information
sharing. Initiatives like Plastic Pirates utilize mobile apps to support volunteers with survey
instructions, automate location tracking, and facilitate the uploading of geotagged images
for expert review [33,55]. These applications typically feature integrated quality assurance
and quality control features, such as required data fields, dropdown menus for litter
classification, and error detection algorithms, which reduce reporting inconsistencies. In
urban areas, these apps enable the rapid identification of litter hotspots, while volunteers in
coastal regions can record and share observations from even the most remote beaches [34].

In addition to ground-based data collection, some projects utilize remote sensing
and drones to monitor plastic pollution in large or inaccessible areas, such as estuar-
ies and riverbanks. Drones capture high-resolution images of floating or stranded litter,
supporting initial assessments and long-term monitoring efforts. Artificial intelligence
(AI) and machine learning algorithms are increasingly used to analyze volunteer pho-
tographs, automate litter identification and classification, and improve data consistency
and scalability [34].

It should be noted that technological integration is essential for microplastic moni-
toring. Volunteers collect water, sediment, or sand samples in the field, which are then
analyzed using advanced laboratory equipment as previously mentioned. Samples are
labeled with barcodes or QR codes and are examined using Fourier-transform infrared
(FTIR) or Raman spectroscopy to identify polymer types [50,63]. Digital laboratory man-
agement systems facilitate secure connections between sample metadata and analytical
results, making it easy to access data for further scientific research and reporting. This
integrated approach enables the collection of samples from diverse environments, ensuring
that data quality meets established scientific standards.
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Digital platforms are vital for training and engaging volunteers. Many initiatives
provide online tutorials, interactive guides, and virtual workshops, allowing participants to
follow protocols and utilize technological tools effectively. Additionally, online dashboards
and interactive maps deliver real-time feedback, highlight collective achievements, and
promote a sense of community and shared objectives. These communication tools are
key to maintaining long-term engagement and sharing project results with the public and
policymakers.

The level and nature of technological integration often vary depending on the environ-
ment. Coastal and urban projects often rely on mobile applications and digital reporting,
which facilitate broad participation and quick data collection. Conversely, riverine and
remote marine areas may benefit more from drones, remote sensing technologies, or hybrid
sampling methods that combine field data collection with centralized laboratory analysis.
For microplastics, laboratory technologies are essential to ensure data accuracy across all
environmental contexts, while monitoring macroplastics is most effectively performed
through real-time digital reports and photographic documentation.

As a result, our review suggests that carefully integrating technology into citizen
science projects has transformed plastic pollution monitoring by increasing participation,
enhancing data quality, and enabling more efficient communication. Continuous innovation
and efforts to improve accessibility will be essential for expanding these tools across
different settings and project sizes.
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Table 1. Key methodologies, their main features, and representative examples from the literature.

Brief Description and Targets

Key Reported

Common QA—QC

Technological Integrations

Methodology (Macro—Micro) Key Reported Strengths Limitations—Weaknesses Scalability Approaches and Effectiveness Key References
. . . . Data can have biases 1 .
Beach/Shoreline Litter Sys‘tematlc collection and counting Cost—e_ffectlve for large (opportunistic sampling, Data Yahdano_n (national Global Earth Challenge
of litter on beaches, coastlines, and areas, increases public - L statistical services, experts),
Surveys and Cleanups . . O volunteer effort/skill variation), . . . Platform, TIDES database, )
. riverbanks, focusing on participation and . Replicable, extensive standardized data cards N ! [29,31,32,36,39,40,
(Standardized Protocols . . data quality issues P Clean Swell, Marine Debris )
. macroplastics, mesoplastics, and awareness, and can X coverage. (ICC), training for X . 52-54,56-73]
like ICC, OSPAR, MSFD eneral litter. SDG 14.1.1b contribtite to national SDG (non-standardized protocols), volunteers. and photo Tracker, Litterati, AMDI
TG10) rgnonitorin ' o reportin and data classification verificatior’l P Database, Rydde.
& P 8 differences. ’
Rapid and cost-effective for Depends on training: potential Training workshops, photo
. . . Citizen scientists assess pollution extensive areas, it helps pendson | & P . . verification, .
Visual Estimation Method . . L for subjectivity and errors, Highly scalable with . Mobile apps, QGIS, drones
. and categorize macro-debris along  prioritize cleanups, . N ; double-checking data, [32]
(Coastal Debris) 100 m coast transects monitors trends. and especially at low pollution levels;  trained volunteers. standardized survey width and Al (proposed).
. informs the pubiic uncertainties in estimation. and reference photoys '
. Enhances knowledge and
Participatory approach to engage resources for policymakin, Expert consultations,
diverse stakeholders in developing s poticym & Variable participation; potential ~ Applicable at P N .
. e o facilitates contextualized . . . snowball sampling, In-person or virtual
Stakeholder Analysis (SA)  marine litter monitoring plans and decisions, promotes broad underrepresentation of some subnational /national uestionnaires, and workshops, regional meetings [38]
policies. Target policy /strategy for . ons,p sectors (e.g., private). levels. q g . s, 1eg &
s inclusion, and empowers interest-power matrix.
marine litter.
stakeholders.
Flshgrs COH?Ct marine hyter. (often . Not the most effective for overall ~ Implemented in Reh?s' on f1sher
plastic) during regular fishing Enhances ecosystem quality, N N X . participation and accurate . .
1. . R . . S 7 reduction, as it faces challenges various seas; A . Surveys or questionnaires for
Fishing for Litter (FFL) activities (passive) or dedicated potential income for fishers, . A . X . reporting; requires legal, . . [36]
trips (active). Targets marine litter and raises awareness with motivation, costs, time,and  incorporated into institutional technological public perception.
i ) T8 ’ hazardous material risks. national policies. s
(macroplastics) in the sea. support
Low-cost, lightweight trawl towed ~ Cost-effective; samples User-friendly, .
. . . Volunteer training, sample
from small craft for sampling inaccessible areas; enhances GPS . encourages . .
. ; - S app accuracy; volunteer L O8 . handling protocols, visual Smartphone app for =
Paddle Trawl/Surf Trawl floating micro, meso, and spatial-temporal resolution; . participation with e O . . . . [45]
o . . skill dependency. . ; classification, and chemical ~ geolocation and social media.
macroplastics in nearshore surface  public engagement; various recreational
waters comparable data. gear. ID (FTIR) of subsets.
Custom-built, smaller manta trawl sCoastti—aelfiichs; 21'1hances I;/f[fi; Scl: zi)zl?ei?iirtloz\gx?tga rSrE)iieaot{ion Feasible for broader Enzymatic digestion; hot
Mini-Manta Trawl for surface water microplastic cgm lements ;51 a/tional risks, and are be,s t suited for coverage with needle test; FTIR for Custom-built trawl. [47]
sampling from small boats. plen r . motivated volunteers. polymer confirmation.
monitoring. larger microplastics.
. Cost-effective for remote .
Sieve—based Collection Water samples collected using regions; involves diverse Distinguishing Feasible for targeted Professional guidance; lab . )
L metal sieves, then filtered for X studies in remote X . Sieves, FTIR. [42]
(Arctic) microplastic analysis volunteers; data from synthetic—natural polymers. regions analysis (microscopy, FTIR).
’ under-sampled areas. :
Schoolchildren use custom nets Large-scale data collection; %ﬁgf;?;zaﬁgiﬁ%gs&:;s if Standardized protocols,
Riverine Net Sampling (e.g., 1000 pm mesh) to collect identifies hotspots; pro! PN Nationwide/Europe- training; photo verification;  Interactive maps; smartphone )
which may result in missing the [54,55,74]
(e.g., Plastic Pirates) floating meso/microplastics in educational value; smallest microplastics and wide. data normalization; FTIR apps (suggested). 24,95,
rivers. comparable data with QC. introducing observer bias. for polymer ID.
?/olun‘geers cpllect }11L Erab s}allmples Watershed-scale assessment  Microfibers ubiquity makes Applicable for Training: field /procedural
Grab Samples (Riverine) romriver sites, which are then identifi tial /t 1 ttribution hard; airb large-scale ri blanks; mi ; Standardized collection kit [51,75]
rab Samples (Riverine filtered and analyzed for identifies spatial/ tempora source attribution hard; airborne arge-scale river anks; microscopy; andardized collection kits. Wi
Y variations. contamination risk. studies. FTIR—Raman.

microplastics. Targets microfibers.
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Table 1. Cont.

Brief Description and Targets

Key Reported

Common QA—QC

Technological Integrations

Methodology (Macro—Micro) Key Reported Strengths Limitations—Weaknesses Scalability Approaches and Effectiveness Key References
Collects sediment from beaches,
estuaries, and riverbeds; processes  Quantifies microplastics in Labor-intensive; sample Global application is Triplicate/blank samples; . .
. . - . - - . e . S p ) - Stereo microscope, sieves,
Sediment Sampling and in the lab (drying, sieving, sediments; identifies heterogeneity; contamination possible, but lab cleaning protocols; Nile Red density separation units. and [47-49,55,63,67]
Analysis (Microplastics) separation, digestion) to extract hotspots; data on particle risk; difficulty with some particle ~ analysis is a bottleneck  staining; microscopy; anal t?calri’nstruments ’ e
and analyze microplastics. Targets ~ characteristics. types/sizes. for CS. FTIR/Raman. y ’
microplastics.
Citizens use smartphone apps (e.g.,
Marine Debris Tracker, Litterati, Rapid, large-scale data Data quality (accuracy, bias, Photo verification; expert
Jetsam, Pirika, PlastOPol, collection; increased public image quality), participant Highly scalable via validation; automated Mobile apps with GPS, Al
App-Based Litter CrowdWater to photograph, engagement and awareness;  recruitment/retention, data smartphone use; QA /QC; user registration; (YOLOV}SD I:])EfﬁcientDet,- 40d0) [13,33,34,43,69,76—
Reporting and Analysis geotag, and categorize litter, hotspot identification; concentration, unsupervised platforms aggregate training; data filtering; GIS ma in r81]
sometimes using Al They target global database potential; sampling issues, and app data. standardized categories; ppIng.
various litter types in multiple cost-effective. barriers. image quality guidance.
environments.
Volunteers conduct timed searches  Specific data on nurdle Nationwide/ regional Training materials and ID Nurdle Patrol
Nurdle Patrols/Pellet (e.g., 10 min) on shorelines, pollution helps identify Nurdle identification challenges, coverage (Gulf gf guides; standardized website/database;
P collecting and counting plastic sources, establishes volunteer motivation, and rag collection time; data ’ [50,52]
Monitoring . . PN Mexico, Germany). oo . smartphone app
pellets (nurdles). Targets policy-relevant baselines, quantifying survey area. . submission forms/apps; SN,
. . . Replicable. . (implied /development).
microplastic pellets. and raises awareness. online maps.
Recreational divers collect and . T
. Diver safety; limited by .
. record seafloor litter data (e.g., Accesses underwater areas; .- e . Standardized data .
Underwater Litter Surveys . . . N conditions/accessibility; Large-scale via global e Data platforms (e.g., Project
. Dive Against Debris). Targets data on seafloor litter; high o . sheets/protocols; training; [37,82]
(Diver-based) ; : - observer bias; data collection programs. . AWARE map).
macrolitter on the seafloor in engagement from divers. photo documentation.
marine environments challenges underwater.
Analyzing public social media Cost-effective opportunistic ~ Variable data quality I
. . - . R - : Scalable by monitoring
Social Media Data Mining  posts (images, text) for marine litter ~ data, especially for (non-standardized, . . e i
N . . T . . . .. e multiple platforms; Expert verification; specific . .
Not considered in this interactions with megafauna. data-poor regions, early misidentification); incomplete Social media platforms. [83]
. . o : . . s . automated search keywords/hashtags.
review Targets evidence of litter impacts warnings, and public information; ethical concerns; terms
on wildlife. awareness. underestimation. ’
Critical analysis of existing CS Provides a comprehensive
literature to identify trends, best overview, identifying key Relies on the quality and Can influence global Systematic review
Review & Synthesis practices, gaps, and make learnings and future availability of published primary & b ; Not applicable directly as a [24,41,53,58,62,77,
. . A - o . - research agendas and methodologies; stakeholder )
Studies recommendations. Targets broader ~ directions, and informs the studies; potential for publication P - . field method. 84,85]
. . . . policy discussions. consultations.
understanding and improvement strategic development of bias.
of CS for plastic pollution. Cs.
Involves various stakeholders Increases knowledge base,
(public, academia, NGOs, resources, and buy-in for . c e
- . . Requires significant . . .
government, private sector) in solutions. Leads to more coordination and facilitation. It Applicable from local Workshops, interviews,
Stakeholder Engagement co-designing monitoring programs,  contextualized, locally can be time-consumin. ' to international levels. surveys, focus groups. Use Online platforms for
838 interpreting data, and developing relevant, and innovative & Essential for initiatives  of tools like interest-power collaboration and information  [29,36,39,84,86]

and Participatory Planning

management strategies for plastic
pollution. More than just data
collection, it aims for collaborative
governance and policy influence.

strategies. Empowers
communities. Can improve
data quality and policy
uptake.

Ensuring equitable
representation of all stakeholder
groups can be a challenging task.

like the UN Plastic
Treaty.

matrices. Delphi method.
Participatory modeling.

sharing.
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pollution. Broader than data communities. Can improve oups can be a challenging task Treaty. Participatory modeling.

collection, it aims at collaborative data quality and policy group ) ’

governance and policy impact. uptake.

Using citizen science activities like Enhances ocean and

cleanups, story writing, and “Mass  environmental literacy. . . ..

Experir&ent” t}(]) e duca%e Empowers youth to bg]come Measuring long-term behavioral Pre—and post-activity

s change is complex. Self-reported questionnaires/surveys.

participants, often youth, about agents of change through d bi pyingion lable th litati lvsis of a1 F .

plastic pollution and evaluate intergenerational learning ata can be biased. “Ceiling Scalable through Qualitative analysis o Mobile apps for activity
Educational Interventions X Rt . . . . effects” in populations already integration into school outputs (e.g., stories). delivery and data collection. ) .

. . changes in their knowledge, Able to identify public . - . [24,87-91]

and Perception Studies attitudes, and behaviors. Aims to ercentions and highly aware. Ensuring systems and Control groups (less Online platforms for

increase awareness, understan ding glism};cep tions to engagement beyond data large-scale campaigns. ~ common). Standardized resources.

and pro-environméntal actions ' customize educational COHe'CtIOI’\. Rqulres careful scales for psychological

related to (mainly macro) plastic programs. Promotes curriculum design. constructs.

pollution. stewardship.

Combining citizen science data . .

. X Validates and improves . o . . . .

(e.g., litter locations, reported tags) models. Provides Requires expertise in citizen Potential for Comparison of model Lagrangian particle tracking
Intesration of CS with with other data sources (e.g., roun d.—truth for remote science and modeling /remote large-scale out Ets with CS models, GIS, remote sensing
A dv%nce d oceanographic models, remote fensin Enhances sensing. Citizen science data environmental obsFe)rvations Statistical data (e.g., Sentinel—2), and [92-94]
Modeling/Sensin sensing) to understand pollution ‘o dic;gi.ve capabilities for may need substantial processing ~ modeling when CS validation of.combine d machine learning for image

8 8 dynamics, sources, and pathways. f dentifyin af:) cumulation tobe model-ready. Uncertainties  data is robust and datasets analysis combined with CS
Targets a broader understanding of ying can propagate into models. widespread. ’ input.

plastic distribution and fate.

Zones or sources.
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4. Best Practices in Citizen Science for Plastic Pollution Monitoring

Successful citizen science projects for monitoring plastic pollution depend on solid
methodologies and effective management principles. Literature reviews highlight best
practices throughout these initiatives, from design and planning to data dissemination
and policy engagement (Table 2). Following these practices improves data accuracy and
enhances the impact, including public awareness, education, community empowerment,
and policy relevance. This section summarizes best practices in three key areas: (i) project
design and planning, (ii) volunteer recruitment, training, and engagement, and (iii) data
collection, management, and quality assurance.

4.1. Project Design and Planning

Effective project design and careful planning are essential for the success of any citizen
science initiative, particularly in monitoring plastic pollution. This phase establishes a
strategic direction, anticipates potential challenges, and ensures credible scientific results
and a meaningful societal impact.

4.1.1. Set Clear Scientific and Societal Goals

A key best practice highlighted in the literature is to establish clear, specific, and
measurable objectives at the beginning of any citizen science project [84,95]. These ob-
jectives should include clear scientific research questions and specified societal impacts.
Scientific goals set the research focus, guiding methodological choices and data analysis ap-
proaches. For instance, they may involve assessing baseline pollution levels in unexamined
areas [49,56], identifying pollution hotspots and tracing their sources [55,96], evaluating
the success of specific mitigation strategies or policy initiatives [54,64,97], or improving the
understanding of the distribution and types of specific pollutants, such as microplastics or
nurdles [45,52].

Conversely, societal objectives often emphasize broader impacts, such as increasing
public awareness and understanding of plastic pollution, as well as enhancing environ-
mental literacy and scientific skills [89,90]. They also aim to promote community changes
and eco-friendly behaviors [87], while providing actionable data to support policy deci-
sions [53,67]. Aligning these goals with policy frameworks, including national environ-
mental strategies and the UN Sustainable Development Goals (especially SDG 14.1.1b on
marine debris), is crucial for ensuring policy relevance [29,59]. A participatory goal-setting
approach is considered best practice, as it ensures that stakeholders, especially local com-
munities, have their concerns addressed [38]. Clear scientific and societal objectives are
essential; they act as a roadmap for all project stages, from selecting methodology and de-
veloping training materials to engaging volunteers, analyzing data, and evaluating project
success. Well-defined objectives improve resource efficiency and effectively communicate
the project’s purpose to sponsors, partners, and participants.

Most studies (more than two-thirds) emphasize the significance of clear goal setting,
indicating it as a nearly universal principle in citizen science projects. However, some
researchers warn that setting overly ambitious societal goals without sufficient resources
can undermine scientific rigor. Overall, projects that effectively balance scientific credibility
with community relevance tend to have the most substantial long-term impacts.

4.1.2. Use Standard Frameworks Protocols

A best practice for enhancing the reliability and usefulness of citizen science data is
to utilize established scientific frameworks and standardized protocols [62]. Initiatives
should either adopt or modify well-known guidelines rather than creating methods in
isolation. For example, many practical marine litter monitoring projects follow protocols
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from the International Coastal Cleanup (ICC), which provides a widely used data card and
methodology [29,57,67], the OSPAR Commission for the North-East Atlantic [31,58], the
EU Marine Strategy Framework Directive (MSFD) Technical Group on Marine Litter [65],
or the comprehensive UNEP/GESAMP guidelines for marine litter monitoring [29].

The advantages of this methodology are considerable. Firstly, it utilizes existing scien-
tific expertise and methodologies, thereby conserving time and resources while maintaining
scientific rigor. Secondly, it enhances data comparability across various projects, regions,
and periods [21], which is crucial for comprehensive datasets that reveal broader trends
in plastic pollution. Such comparability is essential for global assessments and for track-
ing progress towards international objectives [59]. Thirdly, using established frameworks
enhances the credibility and acceptance of citizen science data among scientists and policy-
makers. While the adoption of existing protocols is generally advisable, modifications may
be required to accommodate local environmental conditions (e.g., different beach types),
specific research questions (e.g., targeting particular litter categories), or the resources
available to citizen scientists [95]. It is essential to consider and document these adaptations
to preserve the fundamental aspects of the standardized protocol, thereby ensuring data
comparability and consistency. For instance, although the goal was to standardize data
collection, the “Plastic Pirates” project adapted methodologies to suit riverine environments
appropriate for schoolchildren [55].

This recommendation was the most frequently mentioned best practice in the reviewed
literature, highlighting its essential role in maintaining comparability and credibility. While
there is some discussion about the need for flexibility to adapt protocols to local settings, the
consensus is that any changes should be thoroughly documented to ensure interoperability.
Our evaluation indicates that standardized frameworks are the most broadly supported
and effective approach for creating datasets that guide policy.

4.1.3. Engage Stakeholders Early and Continuously (Co-Design Principle)

A key best practice for enhancing the relevance and sustainability of citizen science
projects is early, meaningful, and ongoing engagement of diverse stakeholders [38,84].
Some authors [86] report that this engagement should evolve from simple consultation to
co-design, involving stakeholders as active partners from the project’s beginning to the
dissemination of results.

Stakeholders may include end-users of the data, such as government agencies, inter-
national organizations, the scientific community, non-governmental organizations (NGOs),
educational institutions, and representatives from local communities, including volunteer
groups that are directly affected by the project. Initiating engagement early ensures that
the project’s scientific questions align with societal needs and policy priorities [29,38]. This
process integrates local ecological knowledge, cultural considerations, and community
concerns, thereby increasing the project’s relevance. Involving stakeholders during the
design phase helps identify logistical challenges, facilitates access to resources, builds trust,
and establishes pathways for data use. For example, some authors [29] emphasize the
importance of collaboration with National Statistical Offices. Continuous engagement
through workshops, updates, and collaborative analysis of results maintains momentum,
ensures alignment with changing needs, and promotes long-term support for monitoring
initiatives [84].

While fewer studies directly focus on co-design compared to standardized protocols,
those that do often highlight greater project relevance, improved trust, and higher chances
of policy adoption. Nonetheless, some projects encounter difficulties because ongoing
stakeholder engagement requires significant resources. We believe this approach is espe-
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cially important for ensuring long-term sustainability and embedding into governance
frameworks.

4.1.4. Plan Proactively for Data Quality, Management, and Ethical Considerations

From the initial design phase, projects should proactively address data quality as-
surance and control (QA /QC) to ensure the credibility of the collected information [95].
This process involves selecting methodologies relevant to the research questions, the type
of plastic monitored (macro, meso, or micro), and the environment, while also consider-
ing the skills and limitations of volunteers [51]. It is crucial to establish clear definitions
for litter categories and use consistent measurement units. Effective sampling strategies,
such as transect design, site selection, or zonal sampling (as discussed by [68]), must be
implemented to minimize bias, alongside practical training and validation procedures. For
specialized monitoring, like microplastics, planning contamination prevention protocols is
essential, as previously noted [42,48].

Planning for data management is equally important, as it includes storage, security,
and sharing strategies. Following the FAIR (Findable, Accessible, Interoperable, Reusable)
data principles is ideal for improving the long-term value and usability of the data [49,77].
Additionally, ethical considerations are crucial in project design, such as ensuring volunteer
safety, obtaining informed consent, protecting data privacy (especially in app-based data
collection), and promoting inclusivity and equitable participation [77,84,98]. Therefore,
thoroughly addressing these elements during the planning phase establishes a strong
foundation for a successful, impactful, and responsible citizen science project.

Although QA /QC is less emphasized than training or protocol use, about one-third
of studies highlight its importance, especially for microplastic monitoring. Literature
shows neglecting QA /QC undermines credibility, yet only a few projects fully apply FAIR
principles. We believe investing more in these initial planning stages is among the most
critical needs for future initiatives.

4.2. Volunteer Recruitment, Training and Engagement

The success of citizen science projects in monitoring plastic pollution is intrinsically
linked to the effective recruitment, thorough training, and sustained engagement of volun-
teers. These individuals play a crucial role in data collection. Implementing practices to
support them, ensure their well-being, and sustain motivation is essential for achieving
high-quality scientific results and broader societal impacts.

4.2.1. Comprehensive Training

Different authors [84,95] suggest that a key part of effective citizen science is providing
thorough, transparent, and accessible training specifically designed for the tasks volunteers
must complete, while also taking into account their prior knowledge. This training should
extend beyond simple procedural instructions by integrating the scientific context and
objectives of the project to highlight the importance of volunteers” contributions and
explain how the data will be used. Clear guidance should be provided on methods for litter
identification, including distinguishing between human-made and natural items, accurate
categorization typically based on standardized lists such as ICC or OSPAR, and consistent
measurement or counting techniques [29,32].

For instance, the “Plastic Pirates” initiative provides schoolchildren with compre-
hensive educational materials and instructions [55], while the Cientificos de la Basura
project used virtual training for beach leaders to ensure standardized data collection across
multiple teams [56]. In projects involving potential hazards or specialized sampling, such
as microplastic collection, training must rigorously address safety protocols and measures
to prevent contamination [41,42,49]. As suggested by [89], practical training provides
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essential skills, builds volunteer confidence, and improves scientific literacy, making it vital
for ensuring data accuracy and reliability. The piloting of training materials and techniques,
as recommended by [95], can verify their effectiveness before wider implementation.

Training was consistently identified as a significant predictor of data quality across
nearly all volunteer-focused studies. However, a few studies mentioned that the effects
of training decline over time unless refresher sessions are provided. Overall, the evidence
suggests that comprehensive and repeated training should be regarded as one of the most
effective and cost-efficient best practices.

4.2.2. Standardized and User-Friendly Protocols for Volunteers

While the comprehensive standardization of protocols improves overall data quality,
as discussed in Section 4.3, it is considered best practice from an engagement perspective
that these protocols to be simple, well-documented, and presented with clear visual aids
to ensure that volunteers understand and consistently follow them [95]. Protocols should
be designed to minimize ambiguity and be easy to follow for individuals with diverse
scientific backgrounds or varying experience levels. Implementing clear data sheets or
intuitive application interfaces that include predefined categories and image guides for litter
types, as observed in various applications like Marine Debris Tracker [13], can significantly
improve consistent data recording. The COLLECT project demonstrated the effective use
of standardized methodologies by making them accessible and easy to understand [49]. As
recommended by the authors [62], pilot testing protocols with targeted volunteer groups is
essential to refine them for clarity and practicality, thereby enhancing adherence and data
quality.

Many studies (about half) highlighted the importance of both scientific rigor and user
accessibility. The main disagreements centered on balancing the simplification of protocol
with the preservation of scientific detail. We believe that user-friendly designs that retain
key standardization offer the optimal compromise.

4.2.3. Strategies for Ongoing Engagement, Motivation, and Community Building

Maintaining volunteer motivation and ensuring long-term participation, especially
concerning ongoing monitoring projects or tasks that require repetitive efforts, necessi-
tates dynamic and continuous engagement strategies [33,84]. Some authors suggest that,
establishing effective two-way communication channels, such as newsletters, dedicated
social media groups, project websites, forums, or regular virtual and in-person meetings,
is essential for keeping volunteers informed, addressing their questions, and fostering
a responsive environment [86]. A fundamental best practice involves providing regular
and meaningful feedback on their contributions. This includes sharing how their data is
being used, presenting preliminary findings, for example, through visualized results on
interactive maps as demonstrated in “Plastic Pirates” [55], and highlighting the project’s
achievements and impacts [56]. This feedback loop reinforces the importance of their
participation and cultivates a sense of ownership and accomplishment.

Recognizing and appreciating volunteers’ contributions through various means, such
as certificates, public acknowledgments, inclusion in reports when appropriate, and cel-
ebrating milestones, is essential [84]. Moreover, encouraging a sense of community and
shared purpose among volunteers through collaborative activities or interactive platforms
can greatly enhance motivation and retention [87]. Understanding and addressing the
diverse motivations of volunteers, which include environmental activism, a desire to con-
tribute to scientific discovery, opportunities to acquire new skills, social interaction, or
simply enjoying the outdoors, enables projects to adapt their engagement and recruitment
strategies more effectively, as suggested by some authors [62].
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Long-term engagement, although less often highlighted than training or protocols, is
essential for project continuity. Some studies have reported a rapid decline in volunteer
participation in repetitive monitoring tasks, while others have found that strong feedback
loops can reduce attrition. We believe that sustained engagement strategies are essential
for project longevity but require ongoing innovation.

4.2.4. Prioritization of Safety, Ethical Conduct, and Inclusivity

A fundamental best practice in any citizen science initiative is always to prioritize
volunteers’ safety and ethical behavior. This involves conducting thorough risk assess-
ments for all fieldwork and providing clear, detailed safety guidelines and briefings for
volunteers, especially in potentially hazardous environments like coastlines, riverbanks,
or when on watercraft [55]. Ensuring access to essential safety equipment (e.g., gloves for
cleanup activities, appropriate gear for specific sampling) and offering guidance on hazard
avoidance is crucial.

Ethical considerations are complex and include obtaining informed consent from all
participants regarding their involvement, the type of data collected (especially if personal
information, such as location, is collected via applications), and how their data will be used,
stored, and disseminated [77]. Ensuring data privacy and security is essential.

Additionally, projects should prioritize inclusivity and equity in their recruitment and
engagement strategies. This involves intentionally reaching out to and supporting diverse
communities and individuals, such as those from underrepresented groups, with different
levels of digital literacy, and from various cultural backgrounds. It is important to make
sure participation is accessible, welcoming, and respectful for everyone, as recommended
by different authors [84,98]. This could involve providing resources in multiple languages,
providing simple participation methods, and collaborating with community leaders to
build trust and encourage participation.

Citizen science projects can cultivate a dedicated, skilled, and motivated volunteer
base by strategically investing in various aspects of volunteer recruitment, comprehensive
training, and continuous, thoughtful engagement. This approach significantly enhances
the quality and quantity of scientific data collected for plastic pollution monitoring. It
maximizes educational, societal, and stewardship outcomes, empowering individuals and
communities in the global effort to address this urgent environmental challenge.

Ethical and inclusivity considerations appeared in roughly a quarter of the studies,
indicating they are less consistently reported but are gaining recognition as vital. Although
pursuing inclusivity can be resource-heavy, projects that deliberately expand participation
can diversify datasets and boost social impact. We view this area as relatively under-
developed, yet with great potential for enhancing the legitimacy and equity of citizen
science.

4.3. Data Collection, Management and Quality Assurance

Rigorous data collection practices, systematic data management, and comprehensive
quality assurance and control (QA /QC) measures fundamentally enhance the scientific
value and policy relevance of citizen science data in the monitoring of plastic pollution. The
integration of these best practices is essential for generating credible, reliable, and usable
information.

A key element of high-quality citizen science is the consistent use of standardized
data collection protocols [95]. This typically involves using or adapting internationally
recognized guidelines, such as those from the International Coastal Cleanup (ICC), OSPAR,
or the EU Marine Strategy Framework Directive (MSFD), to ensure consistent methods and
improve data comparability across different projects and regions [29,58,65].
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The OSPAR protocols on plastic pollution build on guidelines to reduce marine litter
by preventing plastic waste from entering the ocean. They support the Convention for the
Protection of the Marine Environment of the North-East Atlantic, focusing on reducing land-
and sea-based sources, promoting cleanup, and raising public awareness. Similarly, the
EU Marine Strategy Framework Directive (MSFD) sets binding measures to achieve Good
Environmental Status (GES) in EU waters. Under Descriptor 10, it requires member states to
monitor and reduce marine litter, including plastics, via regional cooperation. It emphasizes
source reduction, better waste management, prevention policies, and measurable targets.
Both frameworks promote prevention, monitoring, policy integration, and stakeholder
engagement, supporting sustainable marine ecosystems and reducing plastic pollution.

Standardization involves using clearly defined litter categories (typically based on
material, item type, and potential source) and uniform measurement units (e.g., items per
meter, items per square meter, weight per unit area). This helps with accurate quantifica-
tion, density calculations, and trend analysis [32,59]. Mobile applications, as illustrated
previously, often significantly contribute to enforcing these standards by offering struc-
tured data entry forms with predefined lists and visual aids [13]. Providing comprehensive
training for volunteers in these standardized procedures, as demonstrated in projects such
as “Plastic Pirates” [55] and COLLECT [49], is crucial for the successful implementation of
these procedures.

Collecting detailed and organized metadata is considered a best practice essential for
interpreting, validating, and maintaining the long-term usability of citizen science data. Key
metadata usually includes precise geolocation of the survey or sample (often automatically
recorded via GPS-enabled devices or apps), the date and time of data collection, details of
the survey effort (such as the number of volunteers, survey duration, and area covered),
prevailing environmental conditions (like weather, tide state, and sea state), and any
deviations from standard protocols [45,58]. Some authors [59] highlight that insufficient
metadata can significantly limit the usefulness of collected litter data, potentially leading to
its exclusion from analyses or official reports. Technological tools, especially mobile apps,
greatly help in the systematic and often automated collection of this critical contextual
information.

Furthermore, effective Quality Control (QC) is a continuous process integrated
throughout the entire project lifecycle, not just a single step. It begins with comprehen-
sive volunteer training (Section 4.2) and the adoption of clear, pilot-tested protocols, as
reported by [95]. Some authors [32,56] suggest that photographic documentation of sur-
veyed areas, litter items, or samples during data collection is a crucial quality control tool,
enabling project coordinators and experts to verify findings remotely. In studies focusing
on microplastics, careful use of control samples, including field and procedural blanks,
is essential for detecting and preventing potential contamination [48,51]. Additionally,
implementing data cleaning and filtering routines after collection assists in identifying
and correcting outliers, inconsistencies, or incomplete records [59,60]. Moreover, involving
experienced “super-users” or trained facilitators can enhance QC by providing on-site
guidance or managing more complex verification tasks [99].

In addition, data validation procedures are essential for maintaining the scientific
integrity of citizen science data. This might include expert assessments of data samples or
submitted images [56], comparisons with information from professional surveys or official
monitoring systems [21], and verification against established scientific protocols [29]. For
data intended for official use, such as SDG reporting, collaborating with national statistical
offices or relevant government agencies for formal validation is a key best practice as
outlined by various authors [29,59]. Effective data management involves utilizing cen-
tralized databases or platforms (e.g., TIDES, EMODnet, AMDI Database, Global Earth



Water 2025, 17, 2668

19 of 42

Challenge Platform, Rydde) that support standardized data entry, secure storage, and
facilitate analysis and sharing [29,77]. Additionally, following the FAIR (Findable, Ac-
cessible, Interoperable, Reusable) data principles is increasingly viewed as essential for
enhancing the long-term value and usefulness of collected data [49,77]. Finally, transparent
communication of methodologies, quality assurance, and control processes, as well as
any identified limitations in the data, is essential when sharing results. The effective use
of data visualization tools, such as interactive maps or dashboards on online platforms,
increases the clarity and accessibility of findings for both volunteers and broader audiences,
thereby closing the feedback loop and demonstrating the project’s impact, as noted by
some authors [55,81].

Almost all reviewed studies highlighted the importance of standardized data col-
lection, though fewer provided detailed descriptions of systematic quality control (QC)
processes. Some projects questioned whether citizen science can entirely meet professional
standards for quality assurance and quality control (QA/QC), while others demonstrated
effective hybrid verification systems. We suggest that investing in metadata collection and
transparent validation methods is essential for enhancing trust in citizen science outcomes.

4.4. Fostering Educational, Behavioral, and Societal Impacts

As previously mentioned, citizen science generates valuable data and serves as an
effective educational tool, raising awareness and encouraging social mobilization. Well-
designed projects go beyond data collection, providing experiences that inspire environ-
mental responsibility, improve scientific literacy, and empower communities to address
plastic pollution.

Indeed, engaging directly with plastic pollution in local areas provides participants,
especially students, with experiential knowledge that often exceeds abstract classroom
instruction [89]. This direct involvement enhances environmental awareness and under-
standing of the problem’s sources, extent, and effects, serving as a crucial step toward
changing behavior [87]. Furthermore, this engagement encourages positive shifts in atti-
tudes and values, strengthening personal responsibility and connection to nature. Some
authors [88] further propose that as participants improve their scientific skills and observe
how their data contributes to a larger goal, they develop self-efficacy, defined as a be-
lief in their ability to effect change, which serves as a significant predictor of sustained
environmental action. Together, these elements (knowledge, attitude, and self-efficacy)
catalyze noticeable shifts in behavior, such as reducing single-use plastics and increasing
involvement in community advocacy and clean-up initiatives [90,91].

The social impacts of these initiatives can extend beyond individual participants to
affect entire communities. The case study from Ghana provides a clear illustration of
this [29]. The project promoted active stakeholder involvement by integrating citizen
science into national monitoring systems, effectively bringing together local communities,
civil organizations, universities, and government agencies. This teamwork not only built
local capacity through training but also empowered communities by providing them with
the necessary tools and information for effective environmental management.

Significantly, the successful validation and inclusion of this citizen-generated data into
official Sustainable Development Goal (SDG) reporting increased its credibility, allowing
it to directly inform national policies, including Ghana’s Integrated Coastal and Marine
Management Policy and the upcoming National Plastics Management Policy [29]. This
demonstrates an essential best practice: citizen science serves as both a monitoring tool and
a driver of social mobilization and evidence-based governance initiatives.

Moreover, citizen science projects are vital for promoting intergenerational learning
(IGL), where children share knowledge and environmental values with adults, as discussed
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by [90]. Through participation in initiatives like “Plastic Pirates” [55] or the marine debris
curricula outlined by [90], schoolchildren often act as information transmitters, sharing
their newfound knowledge and environmental concerns with their families, which in turn
influences their behaviors at home. Additionally, global collaborations, such as the COL-
LECT project, which involves students from Africa and Malaysia [49], provide platforms
for wide knowledge transfer and capacity building. By sharing standardized methods and
best practices, the educational impact of these projects is significantly enhanced, making
it easier to replicate and adapt successful models in different regions and increase their
global influence.

About half of the studies highlighted social and educational impacts, but their mea-
surement methods varied significantly, and some showed limited long-term behavioral
changes. Although self-reported results can be biased, evidence suggests that projects com-
bining data collection with education generally produce greater societal benefits. We noted
this dual function, which serves both scientific and educational aims, as a key strength of
citizen science, even though it is still under-evaluated.
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Table 2. Gaps and opportunities in citizen science for plastic pollution monitoring.

Category (Project Phase)

Best Practice Statement

Evidence of Enhancing Scientific
Validity

Evidence of Enhancing Broader Impact

Key References

Integrate CS data with national SDG reporting

Standardization and official data

Policy relevance, national reporting,

Project Design and Planning integration address data gaps for SDG international comparability, model for [29]
frameworks. . .
indicators (14.1.1b). other countries.
Involve diverse stakeholders (government, En}.u'mces the pool Of. knowlef:lge, Collaborative governance empowers
. . . . ) . R facilitates contextualized decisions, and A .
Project Design and Planning academia, CSOs, private sector) in planning validates findings through national stakeholders, innovative management [29,38]
and validation. o 8 & strategies, and policy development.
statistical services.
Utilize or adapt standardized monitoring Ensures data comparability, allows for SDG reporting, understanding
Project Design and Planning protocols (e.g., ICC, UNEP/GESAMP global/national assessments, and global/national trends, and informing [29,57]
guidelines). facilitates data validation. policy.
Define clear project goals and objectives, Ensures research focus, allows Stakeholder engagement. policy impact
Project Design and Planning including specific scientific questions and their  evaluation of project success, and aligns 838 + POUCY IIPACL 179,38 54,90,95]

potential societal impact.

CS activities with larger scientific goals

and SDG alignment.

Volunteer Training And Engagement

Ensure that volunteers are well-trained,
understand data protocols, and remain engaged
to ensure project success and data accuracy.

Define clear scientific questions and goals for
the project. Develop standardized protocols are
in place, potentially based on established
frameworks (e.g., ODP-MSP, GEO-TAG, MSFD
TG10, ICC, EMODnet).

Ensures focused researchevaluates
project success, aligns CS activities with
scientific goals, provides comparable
data, and ensures scientific relevance.

Facilitates policy relevance, SDG
reporting, public engagement, and
educational benefits.

[29,53-55,79,95]

Volunteer Training And Engagement

Provide thorough training, clear instructions,
and ongoing support to volunteers to ensure
accurate data collection and sustained

Improves data accuracy and reliability,
increases volunteer retention, reduces

Enhances scientific literacy, fosters
environmental stewardship, empowers

[29,32,40,45,52,54,55,59,63,

engagement. Use engaging and accessible observer bias, and ensures adherence to communities, increases participation, 67,84,86,98,100]
educational materials. Maintain continuous protocol. and knowledge co-production.
communication.
Employ cost-effective methods suitable for Broad spatial and temporal coverage, Hieh public particivation
Data Collection large-scale volunteer participation (e.g., beach  rapid assessment, and the ability to ghp particip e [29,32,64]
. L awareness-raising, cost-efficiency.
cleanups, visual estimation). detect trends.
Train citizen scientists adequately for the Enhances the scientific literacy of
Data Collection chosen methodology (e.g., visual estimation, Improves data accuracy and reliability. y [32,44]

species identification).

volunteers.

Data Collection

Use standardized data collection tools (e.g.,
data cards, mobile apps) and well-defined
categorization schemes (e.g., ICC, MSFD TG10,
OSPAR).

Ensures consistency and comparability
across studies/regions, facilitates data
aggregation.

Enables large-scale data analysis, global
reporting, and informed policymaking.

[29,40,50,53-58,63,65]

Data Collection (Microplastics)

Utilize cost-effective and accessible sampling
tools (e.g., paddle trawls for nearshore
microplastics) specifically designed for citizen
scientist use.

Sampling hard-to-reach areas, data
comparable to traditional methods,
enhances spatial /temporal resolution.

Fosters citizen engagement, public
awareness, and user-friendly.

[45,101,102]




Water 2025, 17, 2668

22 of 42

Table 2. Cont.

Category (Project Phase)

Best Practice Statement

Evidence of Enhancing Scientific
Validity

Evidence of Enhancing Broader Impact

Key References

Data Quality Assurance/Control (QA/QC)

Implement data validation processes,
potentially involving expert review or
comparison with official data sources.

Verification by national statistical offices,
data filtering, and adjustments for
survey effort.

Increased credibility for policy use,
contributes to national statistics.

[29,59,75]

Data Quality Assurance/Control (QA/QC)

Utilize standardized data collection tools (e.g.,
data cards, mobile apps) and classification
systems.

Consistency in data, enables aggregation
and comparison (e.g., TIDES database).

Facilitates large-scale data analysis and
global reporting.

[29,35,53,57,80,103]

Data Quality Assurance/Control (QA/QC) |

Implement multi-stage validation processes,
including expert review, photo verification,
and comparison with official / professional data
or guidelines. Data filtering.

Increases data reliability, credibility for
policy use, and reduces bias. Verification,
outlier detection.

Contributes to national statistics and
supports evidence-based
decision-making.

[29,32,50,54,55,59,75]

Data Management and Sharing

Use common databases (e.g., TIDES,
EMODnet, AMDI, Rydde) and open data
platforms for data collection, storage, and
access. Promote FAIR data principles.

Facilitates data integration from multiple
sources, allowing for broader analysis,
transparency, and reusability.

Supports SDG reporting, global policy
initiatives (e.g., the UN Plastic Treaty),
cross-border collaborations, and
scientific advancements.

[29,31,49,53,77]

Technological Integration

Leverage mobile apps for data collection, Al
for image analysis, and GIS for mapping and
spatial analysis. Develop user-friendly digital
tools.

Enhances data collection efficiency,
accuracy, and spatial /temporal coverage.
Increases engagement and streamlines
submission.

Scalability, wider reach, real-time data
availability, improved user experience,
and data visualization.

[13,33-35,43,45,77,79,104]

Design projects to actively engage the public

(Indirectly by increasing data quantity

Increased public participation,

Engagement and Awareness - and quality through motivated behavioral change (implied), and [36,45,53,64]
and enhance environmental awareness. . !
volunteers) support for conservation actions.
Provides evidence for policy . . .
. . . . . . Enables evidence-based policymaking,
Policy Relevance and Application Design CS projects with clear pathways to effectiveness (e.g,, FFL, plastic reduction collaborative governance, and public [29,36,38,52,64]

inform policy and management decisions.

measures), supports SDG reporting, and
informs strategic planning.

support for measures.

Policy and Management Relevance

Design projects to inform policy, management
actions, and international agreements (e.g., UN
Plastic Treaty, SDG reporting). Collaborate
with policymakers.

Provides evidence for policy
effectiveness, identifies pollution sources
and hotspots for targeted action, and
supports national/international
reporting.

Facilitates evidence-based decisions-
developseffective mitigation strategies,
and supports advocacy.

[29,38,40,52-54,86,97]

Ensure ethical data handling, privacy, and

Enhances fairness and equity in scientific

Broader societal impact, more

Ethical Considerations and Inclusivity promote diverse, inclusive participation, L . representative data, and empowerment [77,85,98]
: . - participation. Builds trust. . .
including marginalized groups. of diverse communities
Develop and test novel, cost-effective sampling ~ Allows sampling in new Increases accessibility of research

Methodology Adaptation and Innovation methods suitable for citizen science (e.g., environments/contexts, with data y ! [45,102]

paddle trawl).

comparable to traditional methods.

broadens participation.
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Table 2. Cont.

Category (Project Phase)

Best Practice Statement

Evidence of Enhancing Scientific
Validity

Evidence of Enhancing Broader Impact

Key References

Methodological Rigor and Adaptation

Employ rigorous sampling designs like zonal
sampling, transects, or control sites, adapting
methods to local contexts while maintaining
standardization.

Increases robustness of findings, allows
for detailed spatial /temporal analysis,
and improves comparability if core
elements are standardized.

More reliable scientific outputs, better
understanding of pollution dynamics.

[47,50,51,55,56,68,105]

Community Engagement and Feedback

Foster ongoing communication, give feedback
to volunteers, and build a sense of community
and ownership. Involve participants in
different stages of the project.

Increases motivation, retention, and data
quality. Leads to the co-creation of
knowledge.

Builds trust, empowers communities,
fosters environmental stewardship, and
enhances project sustainability.

[84,86,87,89-91,95,98,100]

Collaboration and Networking

Promote collaborations between research
institutions, CSOs, government agencies,
schools, and international bodies.

Leverages expertise and resources,
enhances data harmonization, and
increases project impact and reach.

Strengthens the CS community, supports
larger-scale initiatives (e.g., global
treaties), facilitates knowledge sharing

[21,29,49,84,86,98]
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5. Persistent Challenges, Biases, and Research Gaps in Citizen Science for
Plastic Pollution

While citizen science has become an important tool for monitoring plastic pollution, the
existing literature highlights significant and persistent gaps, challenges, and potential biases
that need to be recognized and addressed (Figure 2, Table 3). These barriers affect every
stage of the project, including design methods, data collection, volunteer participation, and
the use of the data. A thorough assessment of these challenges is crucial for enhancing the
quality, reliability, and impact of future citizen science efforts, as well as for understanding
the limitations of current methods and datasets.

Geographical gaps and opportunities

A G
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Figure 2. Identified Gaps and Opportunities in Citizen Science for Plastic Pollution.

The gaps identified across the 84 studies include:

Methodological issues, like inconsistent protocols and interoperability problems.
Data quality challenges due to volunteer differences and analytical limitations.
Imbalances in geography and demographics in study participation.
Technological barriers affecting accessibility and scalability.

Limited integration of citizen science data into policy frameworks.

This review constitutes the evidence-based foundation for the subsequent sections,
which examine methodological, social, and policy challenges associated with utilizing
citizen science to monitor plastic pollution.

5.1. Challenges in Data Quality and Methodological Standardization

Maintaining consistent, high-quality data is one of the biggest ongoing challenges in
citizen science efforts to monitor plastic pollution. Variations in observer skills, survey dura-
tions, and effort levels often complicate the comparison of data across different sites [58,60].
For example, volunteers might unintentionally focus more on large, colorful, or easily
identifiable items, while missing smaller, transparent, or weathered debris, which can cause



Water 2025, 17, 2668

25 of 42

a systematic undercount [58]. Even experienced “super-users” find it hard to distinguish
certain categories, like rope or soft plastics, which hampers source identification [60]. These
issues add noise to the data, potentially hiding true environmental changes if not properly
addressed through careful planning and validation [84,95].

Variability in volunteer training and protocol standardization had a significant impact
on the quality of the data. Projects without standardized transect areas or harmonized item
lists generated less comparable datasets. In contrast, initiatives that implemented updated
ICC, OSPAR, or UNEP guidelines demonstrated notable enhancements in reliability and
reproducibility [12,29].

In addition to individual performance challenges, the absence of standardization
across projects remains a barrier to data interoperability [84]. Different sampling techniques,
survey schedules, and classification systems limit the integration of data. Additionally,
fragmented platforms and mobile applications create isolated silos [31,77]. These problems
hinder regional and global comparisons, making it more difficult to align citizen science
results with formal monitoring and policy frameworks, such as EPR regulations or SDG
indicators [29,97].

Across the reviewed studies, this challenge was the most commonly reported, ap-
pearing in over half of the cases. Some authors believe that variability is unavoidable in
volunteer-based monitoring, while others emphasize that using harmonized protocols can
greatly reduce these issues. We believe that achieving comparability and interoperability is
the most urgent methodological challenge. Projects that follow established international
frameworks are best positioned to address this.

5.2. Biases

Citizen science methodologies inherently have limitations and potential biases. Studies
involving institutional validation, such as Ghana’s incorporation of citizen science beach
litter data into SDG Indicator 14.1.1b, verified by the Ghana Statistical Service, demonstrate
that external QA /QC procedures significantly enhance the validity and policy relevance
of citizen science data [29]. Most land- and shore-based surveys concentrate solely on
visible litter, which may not accurately represent the overall plastic contamination. This
limited perspective can significantly underestimate the total plastic burden, as debris that
is buried, submerged, or entangled is frequently overlooked, as mentioned by different
authors [68,96].

Another concern is site selection bias, as surveys often occur in easily accessible
locations, such as public beaches or parks, which may not represent broader environments
or critical pollution hotspots [84]. This convenience sampling method distorts the data,
often resulting in an overrepresentation of recreational litter while underrepresenting
pollution from less frequented sites, including industrial coastlines, fishing zones, or areas
affected by illegal dumping [33,84]. Although specific protocols, such as COASST, attempt
to broaden search areas by incorporating wrack and wood lines [68], these methodologies
are not consistently applied, leading to discrepancies and gaps within the data. In some
projects, opportunistic or convenience sampling was frequently used, which limited the
representativeness and increased site-specific biases. As a result, the findings of these
studies should be viewed as exploratory baselines [61]. In contrast, conclusions drawn
from standardized, quality-controlled monitoring efforts offer more robust evidence to
guide best practices and policy decisions [29].

Biases were mentioned in at least one-third of the studies, though not always consis-
tently. There is debate over whether biases critically undermine the usefulness of citizen
science. Some believe that biases render data unsuitable for regulation, while others sug-
gest that they can be mitigated through robust sampling and validation. We consider
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site-selection bias and the underestimation of hidden plastics as the most significant limita-
tions, as they directly impact the ecological representativeness of the datasets.

5.3. Volunteer Engagement and Project Sustainability

Maintaining volunteer engagement in citizen science projects focused on plastic pollu-
tion remains a constant challenge. Despite widespread public concern about marine litter,
this concern does not always lead to sustained participation. Tasks that are repetitive or
require significant effort, like microplastic sorting, can cause fatigue [95]. Additionally,
when volunteers perceive little action from authorities or industries, they may feel their ef-
forts are ineffective, leading to discouragement [100]. Emotional factors such as frustration,
pessimism, or eco-anxiety also diminish motivation and make retention more difficult [85].
Resource and funding limitations pose a significant threat to long-term sustainability. Many
projects depend on short-term grants that do not guarantee continuity, making it challeng-
ing to develop ongoing, long-term monitoring programs essential for robust trend analysis
and policy evaluation [84,97]. Limited human resources exacerbate the situation: small
teams or individuals often handle coordination, data validation, and dissemination, even
as datasets expand [33,77]. In microplastic research, the high laboratory processing costs
remain a bottleneck, highlighting the importance of hybrid approaches where volunteers
handle collection and expert labs perform analysis [47,50,95]. These expenses also restrict
the number of samples that can be processed, lowering data density and limits the spatial
and temporal resolution of citizen science monitoring.

Beyond resources and fatigue, continued participation relies on reciprocity and ac-
knowledgment. When volunteers receive clear feedback on how their input is utilized,
whether in scientific publications, management decisions, or policy development, they tend
to stay engaged [84,98]. Conversely, if data are stored on inaccessible platforms or have
little visible impact, enthusiasm tends to diminish. Co-designed strategies that consider
volunteers as knowledge partners rather than mere data gatherers can enhance their sense
of ownership. Additionally, recognition methods like authorship, certification, or inclusion
in local decision-making can promote sustained commitment [86].

Approximately one-third of the reviewed papers focused on volunteer motivation
and sustainability, particularly in projects involving repetitive tasks. While most agree that
feedback and recognition are effective in retaining volunteers, their consistent implemen-
tation varies greatly. We believe that tackling funding insecurity and securing long-term
institutional support are just as crucial as motivating volunteers, as both are essential for
the long-term success of projects.

5.4. Methodological and Technological Constraints

Besides representational bias, citizen science projects face significant technical and
technological challenges that limit accuracy and scalability. In microplastic research, the
methods used are especially vulnerable to contamination from airborne fibers or sampling
instruments, making it challenging to address this issue outside of controlled lab set-
tings [42,47]. Additionally, water trawling surveys are influenced by the mesh size of nets,
which determines the smallest particles that can be captured and may lead to the systematic
exclusion of smaller microplastics, complicating comparisons between studies [45,47].

Riverine environments add even more complexity. In freshwater environments, dy-
namic factors such as changing flow rates, water levels, and turbidity make it challenging
to obtain accurate snapshots of litter loads, as concentrations can vary rapidly and unpre-
dictably [72,96]. Additionally, methodologies that depend on volunteers to identify the
origin of litter visually introduce a subjective element, as it can be difficult to accurately
determine if an object came from nearby or was carried from far away, or to definitively
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link it to specific activities like tourism or fishing, as observed by [70]. It is essential to
report these methodological details so that limitations can be recognized and taken into
account when analyzing the data.

Citizen science methods for microplastics face ongoing analytical challenges. Risks
of contamination during sampling, mesh-size limits of trawls, and difficulties in poly-
mer identification lead to trade-offs between scale and accuracy, even in well-designed
projects [42,45,47]. Hybrid strategies, where volunteers collect samples and experts an-
alyze them in laboratories, can reduce some problems but are still resource- and time-
demanding [50,63]. Natural fibers are often mistaken for plastics, thereby inflating reported
amounts [42], while small or degraded particles frequently go undetected without the
use of advanced spectroscopy [63] (see Figure 3). These methodological challenges limit
the comparability between studies and impede the potential for long-term citizen science
monitoring.

Volunteer collection Sample processing Laboratory Analysis
(fllterlng sieving) (FTIR, Raman, Microscopy)
A

Contamination risk Mesh-size limits Pczlglarnﬁ; I\Z g;/fnﬁtggtlltées
(airbone fibers, handllng) (exclusion of small particles) degraded particles))

Data Bottleneck:

limited comparability
high resource demand

Figure 3. The Microplastic Analytical Bottleneck: Challenges in sampling, processing, and analysis,
like contamination, size limits, misidentification, and reliance on advanced equipment, create a data
bottleneck that limits comparability, scalability, and usability in citizen science.

Digital platforms have expanded participation but also created new forms of exclusion.
Although mobile apps make reporting easier, issues such as technical glitches, limited
offline options, and dependence on smartphones exclude those without reliable connectivity
or access to smartphones [33,77]. This can reinforce demographic biases and reduce overall
inclusivity. Moreover, relying solely on digital reporting may alienate participants less
familiar with technology, emphasizing the importance of offering alternative, non-digital
submission methods [33].

Beyond mere participation, ongoing governance issues continue to hinder techno-
logical adoption. Issues related to ownership, privacy, and consent are often inconsistent
across different projects, especially concerning geolocation data [77]. Therefore, transparent
communication and well-defined governance frameworks are essential to retain trust. With-
out these safeguards, technological advancements risk reducing engagement, particularly
among communities that are already underrepresented in global monitoring initiatives.

Approximately one-quarter of the studies identified these technical challenges, primar-
ily related to the monitoring of microplastics. While hybrid methods are widely recognized
for enhancing accuracy, their high costs and resource needs remain obstacles. Digital tools
increased participation but raised concerns about excluding some users. We believe that
creating affordable, standardized hybrid techniques paired with inclusive digital platforms
offers the best chance to address these issues effectively.
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5.5. Geographical and Demographical Gaps

Citizen science has significantly expanded the geographic scope of monitoring plastic
pollution; however, notable geographic and demographic disparities still exist, limiting
the global representativeness and inclusivity of the results. Many citizen science studies
on plastic pollution mainly focus on Europe and North America, resulting in a signifi-
cant bias that neglects regions in the Global South, including Africa, South America, and
Asia. These areas face serious challenges related to plastic pollution and waste manage-
ment [31,33,49,58,105]. Initiatives such as COLLECT have aimed to bridge these gaps by
involving citizen scientists from underrepresented African countries and Malaysia, using
multilingual resources to improve accessibility and data collection [27,49,85]. Such initia-
tives are essential for building a more equitable global dataset, as the current dominance of
wealthy countries skews our understanding of plastic pollution distribution and impedes
effective worldwide mitigation strategies [106-108].

As mentioned, environmental coverage remains inconsistent, focusing on easily acces-
sible coastal beaches, while other essential ecosystems receive significantly less attention.
Freshwater systems, which serve as primary pathways for terrestrial plastics entering ma-
rine environments, are rarely monitored, despite initiatives like “Plastic Pirates” and “Clean
Rivers” beginning to address this gap [55,62,96]. Similarly, the water column, seafloor,
and urban hotspots are still underexplored because of logistical challenges and limited
resources [33,37,45,82]. Demographic inclusivity remains a challenge. Participants often
come from socioeconomically privileged and digitally literate backgrounds, leading to the
underrepresentation of marginalized communities [85,95]. Reliance on smartphones and
online platforms further exacerbates the digital divide, excluding those without proper
access to devices or the internet [33,77,84]. Additional obstacles, such as language barriers,
cultural communication styles, and distrust toward institutions, further exacerbate this
gap [86]. As a result, datasets may miss traditional knowledge and diverse perspectives,
weakening the fairness and social legitimacy of environmental policies.

The persistent underrepresentation of the Global South in citizen science projects
addressing plastic pollution arises from various structural challenges. Limited funding
and research infrastructure impede the development of ongoing monitoring efforts, while
digital disparities and language biases in protocols and publications restrict participation.
Moreover, global frameworks and journals are often dominated by institutions from the
Global North, thereby marginalizing locally relevant approaches and reducing the visi-
bility of contributions from the Global South. Case studies highlight both challenges and
solutions. For instance, the COLLECT initiative [49] demonstrates that low-cost, co-created
methods and community-led data systems are essential for sustaining engagement, as
they align with local capacities and governance. Similarly, integrating citizen science data
into Ghana’s SDG 14.1.1b reporting demonstrates how linking grassroots monitoring with
national statistics can enhance data credibility and policy influence [29]. Moving forward,
narrowing the participation gap requires more than outreach; it necessitates investing
in capacity building and training, translating protocols and apps into local languages,
fostering South-South collaborations to share suitable methods, and establishing mecha-
nisms to ensure that citizen science results inform local and national management actions.
These measures can enhance representation and ensure that the source-to-sea perspective
accurately reflects the diversity of global pollution contexts. In addition, proactive outreach
and collaborative project design with diverse communities are essential to tackling these
issues, as demonstrated by partnerships with frontline sanitation workers to foster inclusive
participation and improve equitable environmental management [98].

Geographical imbalances were among the most commonly recognized gaps, appearing
in nearly half of the studies. There is a broad consensus on the need to expand coverage



Water 2025, 17, 2668

29 of 42

in the Global South and in less-studied areas, such as rivers and the seafloor. However,
only a few initiatives, such as COLLECT, offer practical solutions. We believe that investing
in capacity building, multilingual resources, and South-South collaborations is essential
for tackling this inequality. Without these efforts, global citizen science could potentially
reinforce existing knowledge gaps instead of bridging them.

5.6. Challenges in Policy Integration and Impact Assessment

Although citizen science produces large datasets, decision-makers often discuss the
scientific credibility and policy relevance of citizen science data, requiring established
quality assurance and control measures before trusting the information collected by vol-
unteers [84]. Misalignments between citizen science categories and regulatory definitions
further complicate their use in governance. For example, mismatched litter classifications
hindered the evaluation of Canadian Extended Producer Responsibility schemes [97]. More
broadly, adapting volunteer-collected data to meet legal frameworks or international re-
porting requirements, such as the Sustainable Development Goals (SDGs), usually requires
significant top-down coordination and evidence of policy readiness [29,59].

Additionally, the processes for integrating citizen-generated data into governance
frameworks are still underdeveloped. Without ongoing collaboration and co-design with
policymakers, these valuable datasets may be excluded from official decision-making
processes [86]. Significant examples from Ghana and Australia underscore the importance
of establishing long-term partnerships with organizations, such as national statistical offices,
to integrate citizen science into an integral part of environmental monitoring [29,59].

Beyond technical alignment, institutional pathways for adoption are insufficiently
developed. Absent co-design and ongoing collaboration among researchers, NGOs, and
policymakers, citizen science datasets face the risk of exclusion from decision-making
processes [86]. Integrating projects into existing governance frameworks—such as national
statistical offices or protected-area management plans—seems to be a vital condition for
guaranteeing long-term policy relevance.

At the same time, assessing the social impacts of citizen science remains methodolog-
ically difficult. While many projects aim to increase awareness or promote behavioral
change, most evaluations depend on short-term, self-reported surveys that can be bi-
ased [85,88]. Evidence of lasting changes in environmental behavior or empowerment
is limited; for example, studies of Danish schoolchildren showed minimal long-term ef-
fects on risk perception despite active participation [86]. Without strong social impact
evaluation frameworks, a key benefit of citizen science may be undervalued in policy
discussions [87,90].

For example, in Ghana, citizen science beach litter data, verified by the Ghana Statis-
tical Service, was incorporated into SDG 14.1.1b reporting, showing how aligning with
national frameworks helps grassroots data inform global indicators [29]. In Australia,
citizen science marine debris surveys are integrated into marine park management through
partnerships with NGOs, universities, and government agencies, which have established
common data standards to ensure regulatory compatibility [59]. These cases demonstrate
that transforming citizen science data into policy necessitates not only data collection but
also validation, standardization, and stakeholder collaboration to ensure credibility and
adoption. To effectively implement policies and evaluate their impact, it is essential to en-
sure transparent data validation, conformity with legal standards, established governance
frameworks, and thorough evaluation of societal outcomes. Implementing these measures
maximizes the effectiveness of citizen science in fighting plastic pollution and enhancing
environmental governance across various sectors.
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This issue has been less frequently addressed in studies compared to methodological
challenges, but it remains essential for unlocking the full potential of citizen science. While
it is widely agreed that validation and alignment with official frameworks enhance credi-
bility, there is ongoing debate about whether citizen science can fully meet all regulatory
standards. We identify this as a crucial strategic gap: without effective policy integration,
even top-tier data might have limited practical influence. The most effective strategies
involve closer collaboration with policymakers in co-design and thorough assessment of
societal impacts.
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Table 3. Gaps and opportunities in citizen science for plastic pollution.

Gap/Challenge—Bias Area

Concise Description of the Issue

Impact on Global Potential and Policy
Relevance

Potential Research Directions—Proposed
Solutions

Key References

Data Quality and Reliability

Variability in volunteer effort, skill, and
motivation; observer bias (e.g., in visual
estimations, identifying small/transparent items,
distinguishing sources); errors in identification,
categorization, and counting; inconsistent data
collection due to varying protocols or adherence.

Undermines data credibility and
scientific rigor; hinders comparability
across studies/regions; affects reliability
for robust trend analysis, SDG reporting,
and policy decisions; may lead to
underestimation or overestimation of
pollution levels and types.

Rigorous training, clear protocols, photo
verification, expert validation (e.g., by national
statistical services), data filtering algorithms,
standardized data sheets/apps (e.g., Clean
Swell, Litterati, Marine Debris Tracker),
inter-calibration exercises, automated QA /QC
in apps, use of “super-users”, comparing with
professional data, providing feedback to
volunteers.

[31,33,52,55,58,60,63,66—
69,84,95,99,100]

Standardization and
Interoperability

Lack of standardized protocols for data collection
(e.g., survey length, item categorization), units of
measurement, and data reporting formats.
Difficulty comparing or aggregating data from
diverse CS projects and with official monitoring
programs.

Limits large-scale analyses, trend
assessments, SDG reporting efficacy, and
policy integration. Prevents robust
evaluation of mitigation strategy
effectiveness across different contexts.
Affects data harmonization and
reusability.

Develop/promote of common core protocols
(e.g., MSFD, OSPAR, ICC guidelines); create
data dictionaries/ontologies; use interoperable
platforms and open standards (FAIR
principles); data harmonization efforts;
condense categories for comparison; establish
minimum data standards.

[21,29,31,34,54,65,66,77,84,95,
97]

Volunteer Engagement, Motivation
and Retention

Difficulty in recruiting participants, maintaining
motivation, and ensuring long—term retention,
especially for repetitive tasks or projects
requiring significant commitment. Volunteer
fatigue and high dropout rates.

Inconsistent data collection; limited
coverage; incomplete datasets; projects
failing to achieve long-term scientific or
monitoring goals; potential for sampling
bias if certain groups are less engaged.

Communicate project goals and societal
impact; provide regular feedback and share
results; foster a sense of community and
ownership; offer diverse and flexible
engagement strategies (digital/in-person);
make tasks engaging (gamification, story
writing); understand and cater to volunteer
motivations (activism, learning, social
interaction); co-design projects.

[24,33,52,84,95]

Methodological Limitations and
Biases

Inherent limitations of specific methods (e.g.,
visual surveys missing buried /small items, nets
not capturing all particle sizes, app data biased
by user behavior). Site selection bias
(convenience sampling, focus on
accessible/popular areas). Effort variability.
Challenges in accurate source attribution and
quantifying rapidly changing litter loads.

Can result in an incomplete or skewed
understanding of the extent,
composition, sources, and fate of
pollution. Limits the generalizability of
findings and the accuracy of impact
assessments. Underestimation of total
litter or specific types.

Combine multiple methods (triangulation);
develop/refine protocols for specific targets
and environments; implement random or
stratified sampling designs; rigorous volunteer
training; cross-validation with other data
sources (e.g., professional surveys, remote
sensing); detailed source categorization
protocols; normalization for effort.

[32,33,36,40,47,52,55,61,63,68,
69,96,99]

Technological Challenges and
Digital Divide

Issues with app usability, design flaws,
registration barriers, accessibility across different
devices/OS, and offline functionality. GPS
inaccuracies. Reliance on participant-owned
technology (smartphones) can exclude certain
demographics. Data privacy concerns.
Low-quality image submissions are affecting Al
model performance.

Limits participation and data

quantity /quality; introduces data errors;
hinders scalability and broader adoption;
raises ethical issues on data ownership
and use; can create or exacerbate digital
inequalities.

User-centered app design and testing; enable
offline access; offer non-digital data submission
options; ensure clear data privacy policies;
provide image quality guidance for Al;
collaborate with platform providers for UX
improvements; consider open-source tools.

[33,34,43,77,79,81,104]
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Table 3. Cont.

Gap/Challenge—Bias Area

Concise Description of the Issue

Impact on Global Potential and Policy
Relevance

Potential Research Directions—Proposed
Solutions

Key References

Policy Uptake and Impact
Realization

Difficulty translating CS data into policy due to
gaps between data generation and use, with CS
data often seen as uncredible for official
reporting or policy evaluation and not always
meeting legal or regulatory needs.

Reduces the potential of CS to contribute
to tangible environmental improvements
and policy changes, as well as delays in
addressing pollution. Additionally, data
may not align with the specific
information needs of decision-makers
(e.g., EPR evaluations).

Co-design projects with policymakers and
end-users from the outset; align data collection
with policy needs (e.g., SDG indicators, specific
directives); ensure robust QA /QC and
transparent methodologies; clearly
communicate results, limitations, and policy
relevance; advocate for formal inclusion of CS
data in monitoring frameworks; develop
specific data frameworks for policy assessment.

[29,36,52,86,95,97,109,110]

Geographical and Ecosystem
Coverage Gaps

Significant underrepresentation of specific
geographical regions (e.g., Global South, remote
areas), and various ecosystems (e.g., deep sea,
freshwater systems like smaller streams, urban
drains, specific habitats within urban areas).
Focus often on easily accessible beaches.

Leads to an incomplete and potentially
biased understanding of plastic
pollution at the global and regional
levels. Policy responses may not address
critical but understudied sources,
pathways, or accumulation zones.

Strategically target under-sampled
regions/ecosystems; adapt or develop
methodologies suitable for challenging
environments (e.g,, low-cost trawls, remote
sensing integration); foster international
collaborations and capacity building; engage
local communities in remote areas.

[42,45,49,52,54,68,82,84,96,100,
105]

Funding, Resources and Project
Sustainability

CS projects often face challenges in securing
sustainable, long-term funding, which impacts
the continuity of monitoring, coordination,
training, data management, analysis, and
dissemination. Limited resources for advanced
tools or personnel.

Prevents long-term monitoring and
trend analysis, resulting in the loss of
valuable longitudinal datasets. Projects
may end prematurely, limiting scientific
output and policy impact, and hindering
the development and maintenance of
infrastructure.

Diversify funding sources (government grants,
private foundations, corporate sponsorship,
crowdfunding); build strong institutional
partnerships; advocate for integration of CS
into statutory monitoring programs; develop
low-cost, sustainable methodologies and
open-source tools; and social enterprise
models.

[38,84,95,98]

Participant Demographics and
Inclusivity

CS projects may predominantly attract
participants from specific demographics (e.g.,
higher education levels, particular age groups),
potentially excluding marginalized communities,
those with less digital literacy, or those from
diverse cultural and socio-economic
backgrounds.

This can lead to skewed perceptions of
public concern and priorities, as
solutions may not be representative or
equitable. It also limits the diversity of
knowledge and perspectives
incorporated, and data may not
accurately reflect the experiences of all
affected populations.

Implement targeted outreach and recruitment
strategies for underrepresented groups;
co-design projects to be culturally relevant and
accessible; offer various modes of participation
(low-tech/no-tech options); provide
multilingual resources and support;
collaborate with community leaders and
trusted organizations (e.g., frontline sanitation
workers).

[62,84-86,98]

Evaluation of Broader Impacts
(Social, Educational, Behavioral)

Difficulty in rigorously and systematically
assessing the broader impacts of citizen science
projects, such as changes in environmental
awareness, attitudes, pro—environmental
behaviors, scientific literacy, empowerment,
social capital, and well-being.

Underestimation of the full value and
societal benefits of Citizen Science makes
it harder to justify funding/support.
Missed opportunities to optimize
projects for these outcomes and
understand mechanisms of change.

Develop and apply robust, mixed-methods
evaluation frameworks; conduct longitudinal
studies with pre- and post-assessments and
control groups where feasible; collaborate with
social scientists; utilize standardized scales for
psychological and behavioral constructs; and
assess changes in scientific literacy and civic
engagement.

[24,85,87-90,95]
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Table 3. Cont.

Gap/Challenge—Bias Area

Concise Description of the Issue

Impact on Global Potential and Policy
Relevance

Potential Research Directions—Proposed
Solutions

Key References

Microplastic Analysis and
Identification

Laboratory analysis of microplastics (<1 mm) is
complex, costly, and time-consuming, requiring
specialized equipment and expertise. It is highly
prone to contamination, challenging for citizen
science-led or large-scale citizen science data
processing.

Limits the scale, frequency, and
accessibility of reliable microplastic
monitoring by citizen science. Data is
often restricted to larger, visible
microplastics or relies on visual
identification, which can be inaccurate.
High potential for variability and
contamination affects data reliability and
comparability.

Develop and validate low-cost, field-friendly
screening/identification methods (e.g., Nile
Red staining); establish tiered approaches (CS
for sample collection, expert labs for detailed
analysis); conduct inter-laboratory
comparisons and proficiency testing; provide
rigorous training on contamination prevention;
simplify protocols; and utilize AI for
image-based identification.

[42,45,47-50,55,63]

Long-Term Monitoring,
Sustainability and Impact
Assessment

Difficulty in establishing long-term monitoring
programs to track plastic pollution, assess
intervention effectiveness (e.g., policy, cleanup),
and evaluate ecological or behavioral impacts.

Limits understanding of pollution
dynamics over extended periods, the
effectiveness of long-term interventions,
and adaptive management needs.
Hinders robust evaluation of progress
towards long-term environmental goals
and policy effectiveness.

Secure sustainable, long-term funding;
integrate citizen science into monitoring
frameworks; establish permanent monitoring
sites/networks; ensure consistent
methodologies over time; design projects with
longitudinal evaluation; develop clear
indicators for long-term impact.

[24,33,58,67,68,97,105]

Communication, Data
Visualization and Dissemination

Challenges in communicating complex scientific
findings from citizen science projects to diverse
audiences in an accessible, understandable, and
impactful manner. Difficulties in visualizing
large, heterogeneous datasets.

Citizen science data may be
underutilized or misunderstood,
reducing its potential impact. Risk of
misinterpretation by the media or the
public. Important findings may not
reach or resonate with key stakeholders
or communities.

Develop tailored communication strategies and
materials for different audiences; utilize
effective data visualization tools (interactive
maps, dashboards, infographics); create
compelling narratives and story maps; involve
communication experts; foster two-way dialog
and co-interpretation of results.

[13,56,77,84,86,95]
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6. Discussion

Citizen science has become an essential tool for monitoring plastic pollution, allowing
the collection of extensive datasets across broad spatial and temporal scales. Although it
cannot replace traditional scientific monitoring, it can serve as a significant complement to
it. Based on approximately 80 papers, this review demonstrates that the actual scientific
and policy significance of these initiatives relies on standardized methods and robust
quality assurance. Projects that follow internationally recognized frameworks, such as
OSPAR, MSFD, or ICC guidelines [29,65] are better positioned to generate comparable,
policy-relevant data. Methodological inconsistency remains a significant challenge [84],
especially in multinational projects, underscoring the need for unified data dictionaries
and standardized protocols that combine local flexibility with essential comparability.

Methodological inconsistency was the most common challenge across the studies, re-
ported in over half of the cases. While some researchers consider variability as unavoidable
in volunteer-based monitoring, others argue that standardized protocols can significantly
mitigate such issues. We believe that the most significant methodological obstacle is ensur-
ing comparability and interoperability, and projects adhering to international frameworks
are best positioned to overcome this. Additionally, several studies stress that citizen science
cannot entirely replace traditional long-term monitoring, especially in regulatory settings
requiring legally defensible data. Instead, it should be seen as a complementary, scalable
approach to extend coverage and increase public participation.

A primary theme is the ongoing effort to improve data accuracy and scientific rigor. A
tiered, proactive Quality Assurance/Quality Control (QA/QC) system is vital for main-
taining data credibility. This involves comprehensive training for volunteers, pilot testing,
providing user-friendly digital tools [95], mandatory photo documentation for expert
review [56], and systematic use of control samples, especially for microplastics [21,51].
Hybrid monitoring models, where citizen scientists focus on scalable sample collection
while professional laboratories perform complex analyses [50], offer a practical solution
for technically challenging monitoring, ensuring both scalability and scientific accuracy.
Evidence from various studies suggests that training consistently improves data quality,
although its impact tends to diminish over time unless refreshed. Therefore, repeated
training emerges as a cost-effective best practice. Likewise, approximately 25% of studies
reported using hybrid approaches, which are widely regarded as one of the most effective
strategies for combining inclusivity with analytical precision. This aligns with the vision
described in a review [111], which emphasizes the shift from basic data collection to the
production of high-quality, scientifically suitable data suitable for complex modeling and
management strategies. However, the high costs of laboratory analyses limit the number of
samples, reduce data density, and constrain spatial and temporal resolution. Sustainable
funding and cost-effective hybrid approaches are essential for maintaining robust and
representative data.

Furthermore, the rapid progress of technology has transformed citizen science by
enhancing scale, efficiency, and innovation. Smartphone applications, such as Marine
Debris Tracker, Litterati, ML2, and Pirika [13,34,69,80], have simplified data collection and
management. Meanwhile, advancements in Al and remote sensing integration are expected
to generate even greater improvements [34,81,92,112]. A recent review [113] reinforces this
perspective, positioning technological solutions as one of the three fundamental pillars
in addressing microplastic pollution in Malaysia. However, dependence on digital tools
introduces new challenges. The “digital divide” can systematically exclude less tech-savvy
or lower-income individuals [77,84], potentially skewing data and reducing inclusivity.
Usability issues, as seen with the Jetsam app [33], and concerns about data privacy and
ownership [77] further complicate the situation. Digital technologies were acknowledged
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in approximately 25% of studies for enhancing participation. However, their potential
to induce exclusion was also recognized. Developing affordable, standardized hybrid
methods with inclusive digital platforms is the most effective way to expand outreach and
mitigate increasing inequalities.

While citizen science efforts generate large datasets and public engagement, systematic
pathways to formal policy adoption remain limited. Greater co-design of monitoring
frameworks with policymakers, including consultations during early project phases and
explicit alignment with regulatory data requirements, would enhance the policy relevance
of citizen-generated data. Successful examples from Ghana and Australia suggest that
integrating citizen science into statutory monitoring and maintaining dialog with national
agencies builds credibility and facilitates the translation of observations into concrete
management actions.

Only a small number of studies explicitly focus on policy integration; however, without
these connections, even high-quality data may not have an impact. While it is widely agreed
that validation and alignment with official frameworks increase credibility, there is debate
about whether citizen science can fully meet all regulatory standards. We consider policy
integration as one of the most critical gaps. Enhanced co-design with policymakers and
thorough evaluation of societal outcomes seem to be the most effective solutions.

Therefore, to maximize benefits and reduce drawbacks, projects should focus on tools
that are user-friendly, multilingual, and capable of offline operation, while also providing
ways for non-digital participation. Transparent data governance and ethical practices are
essential for maintaining volunteers’ confidence and ensuring equitable participation [86].

Furthermore, as digital methods become increasingly common, it is crucial to ac-
knowledge the growing ethical debates surrounding data privacy, security, and fair access,
particularly in low-resource or marginalized communities. Current research indicates that
dependence on technology can increase privacy risks, particularly in areas where legal
protections and digital literacy are limited. Future citizen science projects should prioritize
robust, context-aware consent processes, adopt privacy-by-design principles, and ensure
participation is accessible to individuals without digital devices. At the same time, new
solutions such as blockchain and distributed ledger technology can provide ways to verify
data securely and track its origin transparently. Although these technologies are still in the
early stages of adoption for addressing plastic pollution, they deserve more attention as
tools to build trust and prepare citizen-generated data for policy use.

Despite the large amount of data produced, an ongoing gap remains between citizen
science outputs and their integration into environmental policy and management. The
reliability of the data and its “fitness-for-purpose” present significant challenges, as policy-
makers often require thorough quality assurance and quality control (QA/QC), as well as
compliance with legal and regulatory standards [84,97]. The effective integration of policies,
as demonstrated by Sustainable Development Goal (SDG) reporting in Ghana and Aus-
tralia, necessitates intentional, long-term collaboration among citizen science organizations,
national statistical offices, and environmental agencies [29,59].

The need for stakeholder analysis and the formal integration of citizen science into
international agreements, such as the UN Plastic Treaty [86], underscores the importance
of establishing institutional pathways from the beginning. Therefore, projects should
be designed with clear policy goals and collaborative structures to ensure that data is
both scientifically rigorous and directly relevant to decision-makers. Transitioning from
occasional data sharing to collaborative creation and sustained engagement with policy
stakeholders is crucial for realizing the full potential of citizen science.

Perhaps the most important aspect of citizen science is its human aspect. These
initiatives go beyond just collecting data; they act as catalysts for education, behavioral
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change, and community empowerment [87,90] (Figure 4). Engaging volunteers in practical
environmental monitoring enhances scientific literacy, raises awareness, and motivates
pro-environmental behaviors [89]. However, measuring these broader effects is challenging,
often relying on self-reported data that may be subject to bias [24,88]. Long-term and inter-
disciplinary studies are necessary to fully assess the educational and behavioral outcomes
of participation [62]. Keeping volunteers engaged requires investment in feedback mecha-
nisms, community development, and activities designed for varied motivations [62,84,87].
Usually, volunteers are already highly motivated and interested in the results, so it is
important that they receive feedback on their work. An appropriate acknowledgment is
also very appreciated.

Strategic design Effective volunteer
and co-creation engagment and
training
- Clear scientific EHES - Comprehensive and
and societal objectives /\ accessible training
- Stakeholder and policy - Continuous
co-design communication and
- Adoption of standartized feedback
protocol | - Community builiding and
- Ethical and inclusive motivation
framework
Reliable data
Leads to Produces
and
Impact \lmpact Rigorous data
generation and collection and
dissemination quality assurance
- Scientific publications ] - Standardized data and
and baselines metadata
- Policy relevant - Mutli layered QA/QC
evidence (SDGs) \_/ (e.g. photo validation)
- Educational outcomes E - Centralized and FAIR
. roduces

and behavioral change data management
- Enhanced public
awareness

Figure 4. Best practices in citizen science.

Promoting inclusion and equity through the co-creation of projects with marginalized
groups and addressing demographic gaps was mentioned in approximately one-quarter of
the studies, suggesting that this area is still underdeveloped but holds great promise. Such
measures not only diversify datasets but also strengthen the social legitimacy of citizen
science. We consider this area to be one of the most important frontiers for enhancing both
scientific robustness and ethical responsibility. Recognizing participants as valued partners
rather than merely “sensors” is essential for unlocking the full transformative potential of
citizen science.

Thus, recognizing participants as valued partners rather than merely “sensors” [111]
is essential for unlocking the full transformative potential of citizen science.

Finally, to address the persistent gaps identified, we propose the following recommen-
dations: (1) systematically focusing on underrepresented regions and ecosystems [49,55],
(2) advancing research on methodologies and evaluations, including the development
of low-cost, field-ready analytical tools [45], and (3) improving open data infrastructure
and sustainable funding models [77,84,86]. Implementing these strategies can help citizen
science become a strong, inclusive, and policy-relevant tool for addressing global plastic
pollution.
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7. Conclusions

This review systematically examines citizen science as a tool for monitoring plastic
pollution, revealing a rapidly evolving and promising field. Citizen scientists use diverse
and sophisticated methodologies, ranging from beach clean-ups to microplastic analyses.
These initiatives expand data collection beyond traditional researcher efforts. By engaging
the public, these projects generate essential data for science and policy, serving as catalysts
for environmental education, behavioral change, and community management.

Our review confirms that the success and credibility of these projects depend on ad-
hering to best practices, including meticulous project design with clear goals, standardized
protocols, robust data quality assurance, and strong partnerships among citizens, scientists,
and policymakers. The integration of technology, particularly mobile apps and data-sharing
platforms, has significantly enhanced the efficiency and impact of these efforts.

While advancements have been made, notable challenges persist. The lack of universal
standards hinders effective data comparison and synthesis. Variations in volunteer partici-
pation and methodological biases require continuous focus through training and validation.
Additionally, gaps in geographical and demographic representation often disconnect data
collection from successful policy integration. In specialized areas, such as microplastic
monitoring, the high resource demands of laboratory analysis limit reliability, underscoring
the need for a hybrid approach that combines citizen-led data collection with professional
analysis.

The future of citizen science in combating plastic pollution requires direct action.
Stakeholders must collaborate: project managers need rigorous QA /QC; researchers should
address gaps and develop accessible technologies; funders and policymakers must ensure
sustainable support and create data integration pathways. In transboundary contexts,
harmonization and collaboration are essential for success.
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