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ARTICLE INFO ABSTRACT
Keywords: There is limited empirical evidence showing the impacts of marine plastic pollution on ecosystem services or on
Marine litter human health and well-being in Global South countries. We aimed to estimate these impacts in the tropical

Marine pollution
Marine debris
Natural capital

archipelago of Indonesia, one of the top emitters of marine plastics globally, through an iterative Delphi survey,
with an expert panel (n = 42) consisting of equal numbers of Indonesian scientists, policymakers, and practi-
Southeast Asia tioners. After two rounds of the survey, the analysis of interquartile ranges indicated that the experts reached a
Global plastics treaty consensus in their predictions. The experts agreed that, over the next 10 years, plastics would be mainly accu-
Planetary health mulated in the coastal area of Java, the most densely populated island, and mostly in mangrove ecosystems.
While all ecosystem services were harmed by plastic pollution, the most vulnerable services were food provi-
sioning, genetic materials, nursery habitat, and recreation supplied by the highly vulnerable coastal ecosystems
of, in descending order, mangrove, coral reef, seagrass, and sandy beach. These impacts on ecosystem services
influenced different dimensions of human health and well-being and were dependent on the ecosystem types, as
indicated in several statistically significant positive correlations (Spearman’s rank), including those between the
decline of mangrove ecosystem services and reduced household income, and between the decrease of coral reef
ecosystem services and both deteriorating mental health and reduced household income. Overall, this study
provides the first indication of Indonesian coastal ecosystems and ecosystem services to be prioritized for
mitigation and monitoring efforts. The focus on impacts on human health and well-being also incentivizes
ongoing efforts by policymakers, industry and commerce, the third sector, and the public in the country to
address the contribution to global marine plastic pollution.

1. Introduction markets worldwide (Ren et al., 2020). Global production of plastics
reached 368 million metric tons in 2019 and is predicted to double by

1.1. Marine plastic pollution: sources and impacts 2039 (Lebreton and Andrady, 2019; Walker, 2021). Currently, about
40% of plastics are produced for short-lived single-use applications,

The versatility, durability, and competitive production cost of plas- chiefly as packaging, to be disposed of immediately after their use
tics have made these materials ubiquitous in consumer and industrial (Charles and Kimman, 2023). However, the used plastics often end up as

* Corresponding author. Sustainability Research Cluster and Department of Biotechnology, Universitas Esa Unggul, Jakarta, 11510, Indonesia.
E-mail addresses: radisti.ayu@esaunggul.ac.id, radisti_ayu@outlook.com (R.A. Praptiwi).

https://doi.org/10.1016/j.ocecoaman.2024.107423
Received 24 May 2024; Received in revised form 6 October 2024; Accepted 7 October 2024

Available online 15 October 2024
0964-5691/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:radisti.ayu@esaunggul.ac.id
mailto:radisti_ayu@outlook.com
www.sciencedirect.com/science/journal/09645691
https://www.elsevier.com/locate/ocecoaman
https://doi.org/10.1016/j.ocecoaman.2024.107423
https://doi.org/10.1016/j.ocecoaman.2024.107423

C. Maharja et al.

wastes that enter the natural environment due to high production vol-
ume and inadequate end-of-life management, characterized by insuffi-
cient infrastructures, ineffective recovery techniques, and expensive
recycling processes (Forrest et al., 2019; Ajibade et al., 2021).

Existing studies have indicated that a substantial amount of dis-
carded plastics, ranging from 0.8 to 30 million metric tonnes, is released
into the marine environment annually (Jambeck et al., 2015; Borrelle
et al.,, 2020; Lau et al., 2020; Meijer et al., 2021). About 20% of the
influx of plastics into the sea are estimated to be direct discharges from
marine sources, such as fisheries and aquacultures, while the remaining
80% are generated inland (Li et al., 2016) and transported mainly
through rivers (Lebreton et al., 2017; Schmidt et al., 2017). Although
approximately 65% of plastics ever produced historically have positive
buoyancy in seawater (Geyer et al., 2017), most plastics entering the sea
from these marine and terrestrial sources will likely undergo a process of
surface fouling (Povoa et al., 2021) and degradation to microplastics,
eventually causing them to be suspended in the water column or to sink
into the seabed (Law, 2017; Pabortsava and Lampitt, 2020). Further-
more, recent modeling studies (Chenillat et al., 2021; Onink et al., 2021)
suggest that as much as 93% of plastics released into the Earth’s oceans
are either beached or stranded in coastal ecosystems due to the com-
bined effect of fouling, and regional oceanographic and meteorological
conditions.

Despite the restricted transport in the sea, the accumulation of
plastics in coastal areas can cause a variety of adverse social-ecological
impacts. Studies have found that animal species feeding in coastal wa-
ters ingest higher quantities of plastics than other species feeding further
away from the coast (Schuyler et al., 2013; Akhbarizadeh et al., 2018;
Santos et al., 2021; Li et al., 2022). Once ingested, these plastics can
damage digestive organs, potentially leading to mortality (Gall and
Thompson, 2015), or act as vectors for toxic heavy metals and harmful
organic pollutants (Rochman, 2015; Menendez-Pedriza and Jaumot,
2020). Besides these impacts, plastics accumulated in coastal areas have
been found to be colonized by invasive species (Kiessling et al., 2015;
Arias-Andrés et al., 2018), to carry pathogenic microorganisms (Curren
and Leong, 2019; Rodrigues et al., 2019), to cause physical harms due to
entanglement (Hgiberg et al., 2022), and to smother coastal sedimentary
habitats leading to reduced gas exchange and respiratory failure of
various benthic organisms (Green et al., 2015, 2016). In addition to
these ecological impacts, plastic accumulation in coastal areas can lead
to negative consequences for human societies, for instance through
declining tourism and leisure activities (Hayati et al., 2020), economic
loss to the fisheries sector (Antonelis et al., 2011), and disruption to
maritime transportation (Mcllgorm et al., 2011). These societal impacts
may also extend into direct human health impacts, through, for instance,
the ingestion of plastic particles from contaminated seafood
(Danopoulos et al., 2020), with the consumed plastics potentially
interfering with human’s blood circulation system (Leslie et al., 2022).

Despite the emerging evidence, the majority of available research on
marine plastic pollution still focuses on measuring the presence of
plastics in marine biota and their distribution in a particular ecosystem,
mainly on beaches (Villarrubia-Gomez et al., 2018; Haarr et al., 2022).
As a result, there is only limited knowledge of the impacts of plastic
pollution on the structure and function of coastal and marine ecosystems
and the human societies that rely on them (Wang et al., 2023a; Yose
et al., 2023). Through the processes inherent in them, these ecosystems
produce a myriad of ecosystem services, crucial for human health and
well-being (Barbier et al., 2011). Globally, the accumulation of plastics
in these ecosystems has a high potential to cause a decline in the supply
of ecosystem services, such as recreation opportunities and the provision
of food, leading to substantial economic losses, ranging from USD 500 to
USD 2500 billion annually (Beaumont et al., 2019). As such, it has been
commented that future research on marine plastic pollution should
attempt to gather knowledge on its impacts at the ascending analytical
levels of ecosystem functions or processes, the ecosystem services they
generate, and the resultant link to human health and well-being
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(Ladewig et al., 2021), all of which will differ according to the
ecosystem types, such as mangrove or coral reef (Green, 2020). This
research should also prioritize maritime areas with large influxes of
marine plastics, such as Southeast Asia, where fewer studies have been
performed compared to other regions with smaller influxes such as the
North Atlantic and Pacific (Haarr et al., 2022).

Our study focused on Indonesia, the Earth’s largest archipelagic
country located in Southeast Asia, with its coastline spanning 81,000 km
and 160 million people living in coastal areas (Adyasari et al., 2021). As
indicated in modeling studies, the country is the second biggest emitter
of plastics into the Earth’s oceans after China (Jambeck et al., 2015;
Meijer et al., 2021). Despite the rapid increase in its population and
economic development, solid waste management in the country is still
not adequately implemented, serving only about 47% of its population,
mainly in urban areas (Lestari and Trihadiningrum, 2019). As a result, a
large quantity of plastic waste is released into coastal waters from
Indonesian islands, ranging from 0.2 to 1.73 million metric tonnes
annually, based on estimates from current global models (Arifin et al.,
2023). Most of these plastic leakages into the Indonesian seas remain
within the country’s exclusive economic zone (Onink et al., 2021),
mainly stranded in coastal waters or washed ashore into the coastlines
due to the region’s intricate bathymetry and topography (Dobler et al.,
2022).

The coastal areas of Indonesia where plastics accumulate are loca-
tions of high biodiversity, hosted within the world’s largest expanse of
mangrove, coral reef, and seagrass ecosystems (Burke et al., 2011; Giri
et al.,, 2011; Unsworth et al., 2018). The ecosystem services from these
natural environments are vital for the health and well-being of the
predominantly coastal population of the country (Maharja et al., 2023a),
many of whom form small-scale fishing communities and rely directly
on coastal and marine ecosystems for their livelihoods (Teh and Pauly,
2018). Such reliance translates into significant economic value of the
ecosystem services, which, for instance, can reach as high as USD 1
billion for the country’s reef fisheries (Bartelet et al., 2024). Thus, the
accumulation of plastics in the coastal and marine areas of Indonesia can
negatively impact not only the country’s maritime biodiversity but also
both the Indonesian economy and the health and well-being of its
residents.

Nonetheless, research on marine plastic pollution in Indonesia has
only emerged and grown steadily from the year of 2013, predominantly
emphasizing the most-densely populated island of Java (Vriend et al.,
2021) and typically focusing only on the measurement and character-
ization of plastics stranded on the country’s beaches (Purba et al., 2019).
As such, there is a lack of empirical evidence on the social-ecological
consequences of marine plastic pollution in Indonesia, particularly in
relation to its impacts on ecosystem services (Omeyer et al., 2022). This
is despite the growing awareness of the issue of marine plastic pollution
amongst the general public of Indonesia and their demand for further
research on the topic to inform mitigation efforts (Tyllianakis and Fer-
rini, 2021).

1.2. Research aim, questions, objectives, and strategy

This paper aims to estimate the impacts of marine plastic pollution
on ecosystem services and human health and well-being in Indonesia,
guided by the following research questions (RQs).

e RQ1: What geographical patterns of marine plastic accumulation will
take place in Indonesia for the next 10 years?

e RQ2: How will plastic accumulation in Indonesian coastal waters
influence ecosystem services provided by specific types of coastal
ecosystems?

e RQ3: How will the accumulation of plastics in specific coastal eco-
systems influence specific human health and well-being dimensions?

Considering the paucity of empirical studies performed on these
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topics, our research strategy was to engage Indonesian expert stake-
holders in an exploratory study, through a process of iterative survey (a
Delphi process), as further detailed in Section 2. The exploratory logic of
our study necessitated that our focus was on identifying further areas
where empirical evidence would be needed, instead of confirmatory
testing of hypotheses (Nilsen et al., 2020). As such the following ob-
jectives were set out instead in our study: a) identifying Indonesian
geographical regions and coastal and marine ecosystems where most
plastics are perceived to accumulate over the next 10 years; b) pre-
dicting the impacts of the accumulation of these marine plastics on
ecosystem services; and c) assessing how plastic accumulation in various
coastal and marine ecosystems may influence multiple dimensions of
human health and well-being. Our study thus acts as one of the first
attempts to indicate the ecosystem service and human health and
well-being consequences of marine plastic pollution in different types of
tropical coastal ecosystems, using the ecologically diverse but largely
polluted context of Indonesia. The results obtained can be used to inform
future research studies, management measures, and mitigation efforts
by revealing, through the consensus of experts, the Indonesian coastal
ecosystems and associated ecosystem services that have to be prioritized
in such undertakings.

2. Methodology
2.1. The Delphi process

The Delphi method is a technique applied to distill expert knowledge
on a topic, typically using an iterative process based on a structured
questionnaire (Diamond et al., 2014; Sourani and Sohail, 2014). The
process of Delphi generally seeks a consensus on the queried topic from a
group of experts in a data-scarce or highly uncertain situation (Hallowell
and Gambatese, 2010). The Delphi process commonly involves anony-
mous and remote participation from the experts, hence its capability to
transcend geographical boundaries and reduce biases arising from group
dynamics, such as groupthink and domineering opinions, found in
more-direct group elicitation techniques (McMillan et al., 2016; Hum-
phrey-Murto et al., 2016). The method has been widely applied in a
range of disciplines, including the health and social sciences (Beiderbeck
et al., 2021), with increasing uses in ecosystem service studies, for
instance in assessing environmental management impacts (Lecegui
et al., 2022), measuring the risk of environmental changes (Armstrong
et al., 2019), and mapping marine ecosystem services (Belgrano et al.,
2021).

The application and reporting of the Delphi process in this study
followed existing best-practice guidelines (Belton et al., 2019; Diamond
et al., 2014), stipulating the detailed documentation and descriptions of
all key steps, including expert recruitment, statistical analyses, the
number of survey iterations, and the completion time of each iteration.
The transparent reporting of these details is essential to enable the
evaluation of the trustworthiness of a Delphi study according to the two
relevant criteria of credibility and dependability (McPherson et al.,
2018). Such criteria are salient for a Delphi study since the process
intrinsically relies on the judgments provided by the participating ex-
perts, who can produce biased results due to subjectivity and unin-
formed deliberations (Krueger et al., 2012). However, the iterative and
anonymous nature of the Delphi process mitigates this risk of bias by
providing opportunity for reflexive and careful ruminations about the
issues being appraised (Donohoe 2011), with experimental studies
demonstrating the content and face validity of Delphi results (Morgan
et al., 2007; Huang et al., 2008; Sharkey and Sharples, 2001). None-
theless, there is an inherent limitation on the use of Delphi to analyze
complex systems characterized by emergent properties, such as
ecosystem services and human well-being (Brueckner-Irwin et al.,
2019). Accurate predictions on the behaviors of such systems have been
argued to be impossible, due to the nonlinear and stochastic interactions
amongst system elements (Bennett et al., 2016). As commented by
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Benitez-Capistros et al. (2014), the use of the Delphi process to study
complex systems can only produce indications of the system elements
and attributes that future studies can focus on, particularly in relation to
the type of empirical data needed to validate the Delphi results. These
considerations on the limitations of the Delphi process and the future
studies our results suggest are further discussed in Section 4.3 (Limita-
tions and further studies).

A recent systematic review reveals that the iterative survey applied
in Delphi is normally set for two rounds (Niederberger and Spranger,
2020), as adding more rounds does not lead to a substantial increase or
decrease in the consolidation of the group opinions (Belton et al., 2019).
The iterative nature of Delphi enables the participating experts to con-
sult the results of the first round, provided as an anonymized summary
report for each expert, and to reconsider their answers if they deem
necessary (Sourani and Sohail, 2014). This approach ensures that each
expert can provide an appraisal informed by the judgment of fellow
experts, which has been demonstrated to enhance the validity and
reliability of estimates obtained through the Delphi process (Hasson and
Keeney 2011).

This study applied a two-round Delphi process comprising five stages
(Fig. 1), following the recommendation of Mukherjee et al. (2015). The
first stage consisted of two concurrent processes of selecting the panel of
experts (described in section 2.2) and structuring the questionnaire
(described in Section 2.3). In the second stage, the questionnaire was
made available to the experts for the first round of the Delphi survey (on
October 18, 2022). The experts were given eight weeks, following
Keeney et al. (2006), to fill out the questionnaire using Google Forms for
those with internet connections or via telephone interviews for those
without. The questionnaire answers from the first round were then
analyzed in the next stage for central tendency (mean and median) and
dispersion (standard deviation), which were then summarized in an
anonymized report. The fourth stage began with the distribution of the
report and the same questionnaire to the panel of experts (on March 23,
2023) who were instructed to evaluate the report and review the an-
swers they gave in the first round. The duration for this stage was also
eight weeks, with the experts eventually deciding to revise or maintain

Selection of Structuring the
Stage 1 ) .
experts questionnaire
[ |
Round 1 of Delphi
Stage 2 survey
Stage 3 Data analysis &
summary report
Distribution of report and Round 2
Stage 4 <
of Delphi survey
Stage 5 Consensus, stablllty,. and statistical
analysis

Fig. 1. The five-stage Delphi process applied in this study, including two
rounds of survey.
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the answers they already provided in the first round. The last stage
consisted of the analysis of the second round of questionnaire results,
including consensus and stability measurements, and further statistical
analysis (described in Section 2.4). Ethics approval for this study was
obtained from the Research Ethics Committee of Universitas Esa Unggul
(No. 0922-06.014/DPKE-KEP/FINAL-EA/UEU/VI/2022 approved on
June 14, 2022), with confirmations of informed consent provided by
each expert before they participated in the Delphi surveys. Ethics
approval and consent to participate are based on ensuring participant’s
anonymity and thus prevent publication of particular types of identi-
fying data, including names and organizational affiliations of the
experts.

2.2. Selection of experts

In a Delphi study, an expert is defined as an individual who, through
their experiences, has gathered specialized knowledge related to the
issue being investigated (Sourani and Sohail, 2014). The panel of experts
in a Delphi study should consist of at least 15 individuals (McMillan
et al., 2016) from two or three groups of heterogeneous expertise types
(Avella, 2016) to ensure that the estimates generated through the Delphi
process reflect the variety of expert perspectives, enhancing the accu-
racy and plausibility of Delphi results (Bolger and Wright, 2011;
Spickermann et al., 2014). A Delphi study recruits its panel of experts
purposively based on pre-determined criteria of expertise and their
availability and willingness to participate in the Delphi process
(Devaney and Henchion, 2018).

The experts involved in this study consisted of scientists, policy-
makers, and practitioners, with specific expertise criteria for each group.
For scientists, the expertise criteria included records of relevant peer-
reviewed publications in international or Indonesian scientific journals
(a minimum of one as the first author), presentations at scientific con-
ferences (a minimum of one), and their faculty roles or departmental
positions (as a tenured faculty member). For policymakers, the criteria
included years of experience (at least three years), and employment in
Indonesian government bodies identified in a previous study to be
responsible for overseeing the decentralized and polycentric governance
of coastal and marine areas, including legislators, regional planning
agents, and various ministerial representatives (Fortnam et al., 2022).
For practitioners, the criteria consisted of years of experience (at least
three years) and leading roles in community, private, or
non-governmental organizations working on marine conservation or the
mitigation of marine plastic pollution in Indonesia. Based on these
criteria, a list of experts encompassing the coastal geography of Indo-
nesian regions, as delineated according to the Indonesian government
(The Ministry of National Development Planning/National Develop-
ment Planning Agency, 2020), was prepared with an equal distribution
amongst the three expert groups. Each category of expert was

Table 1
The types and sources of knowledge for each category of experts participating in
this study.

Category of Knowledge types and sources

experts

Scientists Scientific knowledge gathered through first-hand experience in
performing research studies in marine natural and social
sciences.

Policymakers Substantive and regulatory knowledge based on day-to-day

engagement with political processes to set targets and mobilize
resources for issues related to marine conservation and marine
pollution mitigation.

Practice-based knowledge gathered from community
engagement and empowerment activities, and from
implementation of local interventions to address marine
conservation and pollution issues, including through the
establishment of marine protected areas, beach clean-ups, and
waste bank initiatives.

Practitioners
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characterized with a particular type of knowledge accrued through
pertinent professional experiences (Table 1). The experts were contacted
individually to explain the purpose of this study and request their
participation. All of the 42 contacted experts (Fig. 2) agreed to partici-
pate voluntarily in the Delphi process conducted in this study (100%
response rate).

2.3. Questionnaire format

The questionnaire used in this study (Appendix A) was formulated
and developed through a co-design workshop and consultation held in
Indonesia on May 23rd, 2022 involving research scientists from the
fields of systems thinking, marine ecology, environmental psychology,
economics, environmental economics, oceanography, and social-
ecology. The questionnaire was further refined by consulting existing
literature on questionnaire development and quantitative studies on
ecosystem services and human well-being (e.g., Dick et al., 2018; Lindert
et al., 2015; Oosterveld et al., 2019). The resulting questionnaire was
structured to contain five sections asking the experts to provide their
answers related to: 1. the future 10-year trend of marine plastic accu-
mulation in existing Indonesian geographical regions (Fig. 2) and coastal
and marine ecosystems (five-point Likert scale of —2 = large decrease to
2 = large increase), 2. the impacts of plastic accumulation in the eco-
systems on ecosystem services (five-point Likert scale of —2 = large
decrease to 2 = large increase), 3. the impacts of plastic accumulation in
each ecosystem on human health and well-being dimensions (five-point
Likert scale of —2 = large decrease to 2 = large increase), 4. The
expertise profile (five-point Likert scale of 1 = not-at-all aware to 5 =
high expertise), and 5. the background demographic profile of the expert
(age, gender, level of education, and years of experience). The ques-
tionnaire was preceded with a background section detailing the defini-
tions of each specific ecosystem service and human health and
well-being dimension, and providing a visual representation of each
coastal and marine ecosystem where plastics may accumulate. The
participating experts could also provide comments relating to their an-
swers in a text box provided at the end of the questionnaire.

The category of ecosystem services and the coastal and marine eco-
systems that provide them were adapted from a study by Hattam et al.
(2021), which assessed and mapped the potential of these ecosystems in
supplying ecosystem services in Southeast Asia, where Indonesia is
located. The coastal and marine ecosystems consisted of mangrove,
sandy beach, seagrass, coral reef, subtidal sediment, and pelagic sea,
with the ecosystem services they supply comprising provisioning
ecosystem services (food provisioning, energy supply, and genetic ma-
terials), regulating ecosystem services (waste assimilation, erosion
control, flood protection, nursery habitat, and climate regulation), and
cultural ecosystem services (recreation, traditional ceremonial prac-
tices, creative activities, and knowledge-based activities). The multiple
human health and well-being dimensions were derived from a typology
created by the OECD (2020), consisting of physical health, mental
health, household income, housing conditions, education, social con-
nections, governance participation, and community empowerment.

The questionnaire and the data collection process were piloted with
ten scientists, policymakers, and practitioners who did not form the
actual panel of experts. We sought feedback on the questionnaire
structure and its items, the wording, and the user-friendliness of the data
collection process. There were no major difficulties found during the
pilot testing with only minor changes in wording to ensure clarity.
Overall, the questionnaire could be completed in about 30 min, as
optimal for a Delphi survey (Okoli and Pawlowski, 2004).

2.4. Data analyses
The level of consensus on the questionnaire answers provided by the

experts after round two of the survey was measured using interquartile
range (IQR), with IQR <1 for each of the five-unit Likert scale items
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Fig. 2. The locations of each expert in Indonesia participating in the Delphi study, distributed to encompass the country’s geographical regions.

indicating that consensus was achieved (von der Gracht, 2012). The
stability of the answers provided was measured using Wilcoxon’s
matched-pairs signed-rank test, with p > 0.05 indicating the stability of
responses (Beiderbeck et al., 2021). All estimates provided by the ex-
perts were averaged and reported as mean impact scores, with the
five-unit Likert scales treated as interval data (Ameyaw et al., 2016).

The obtained data from round two of the survey were also tested for
normality using Shapiro-Wilk tests. As the data were not normally
distributed, non-parametric Kruskal-Wallis tests were performed to
compare the differences across the Indonesian geographical regions,
across the type of ecosystems, across the category of ecosystem services,
and across the human health and well-being dimensions. Pairwise
comparisons were then performed using Mann-Whitney U tests to
identify which specific regions, ecosystems, ecosystem services, and
health and well-being dimensions significantly differed, adjusted for
post-hoc Bonferroni corrections. The vulnerability of each ecosystem
towards plastic pollution was approximated and represented in a
vulnerability matrix by calculating vulnerability scores (Matthews et al.,
2014; Ricaurte et al., 2017), obtained by multiplying the ecosystem
service potential scores of each ecosystem (Hattam et al., 2021) with the
mean impact scores of the statistically significant ecosystem services and
the predicted plastic accumulation trend in each ecosystem obtained in
this study. Lastly, Spearman’s rank correlations were used to analyze the
relations between the mean impact scores for each specific ecosystem
service and each dimension of human health and well-being, with sig-
nificant results reported at p < 0.05 and correlation coefficients (rs)
categorized as weak (0 < rg < +0.3), moderate (+0.4 < rs < £0.6), and
strong (£0.7 < rg < £1) (Dancey and Reidy, 2007). The statistical an-
alyses performed in this study were conducted using Stata 18.0.

The future 10-year trend of marine plastic accumulation was also
visually spatialized using ArcGIS according to the estimates provided by
the participating experts. As the estimates represented the predicted
accumulation trend in the coastal areas of Indonesia, the produced maps

were color-coded by assigning the predicted estimates as specific values
to the pixels surrounding Indonesian islands. The maps produced were
also overlaid with secondary data on the population density and gross
domestic product (GDP) of each region (Badan Pusat Statistik, 2023,
2024), two known correlates of plastic emissions into the natural envi-
ronment (Amadei et al., 2022; Mai et al., 2023).

3. Results
3.1. Expert profile

The panel of experts consisted of 42 individuals, equally distributed
amongst the three groups of scientists, policymakers, and practitioners.
Descriptive statistics on the profile of experts (Table 2) revealed that
they were composed mainly of men (69.05%), with half of the partici-
pating experts (50%) having, at least, a master’s degree level of edu-
cation. The experts had an average of 8.26 (+5.19) years of experience
in their professions, with a mean age of 40.23 (+6.2) years old. In regard
to the experts, the averaged self-ratings provided by them, and aggre-
gated for each Indonesian region only for the experts located there,
indicated that their expertise applied to the whole of Indonesia, with
moderate expertise (scoring around 3 on the Likert scale) for each
particular region, and that they were more than moderately aware of the
issues of marine plastic pollution and coastal and marine ecosystem
services. However, their expertise was mainly concentrated on the
ecosystems of mangrove, sandy beach, seagrass, and coral reef, with
their awareness of pelagic sea and subtidal sediment ecosystems scoring
slightly below three (moderately aware). Such a relatively lower
awareness in regard to the ecosystems of pelagic sea and subtidal sedi-
ment reflects the existing global knowledge gaps (Campagne et al.,
2023). The first round of the survey involved all of the experts, with one
participant dropping out in the second round, achieving a 98%
completion rate. On the whole, the experts reached consensus for all
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Table 2
The profile of experts participating in the Delphi
survey.
n (%)
Gender
Woman 13 (30.95)
Man 29 (69.05)
Level of education
College 2 (4.76)
Bachelor 19 (45.24)
Masters 16 (38.10)
Doctorate 5(11.90)
Mean
(SD)
Years of experience 8.26
(5.19)
Age 40.23
(6.2)
Level of awareness”
About marine plastic pollution 3.45
(0.59)
About coastal & marine ecosystem 3.48
services. (0.67)
Level of awareness regarding different types of
ecosystems”
Mangrove 3.70
(0.70)
Sandy beach 3.40
(0.70)
Seagrass 3.38
(0.80)
Coral reef 3.50
(0.80)
Pelagic sea 2.81
(0.77)
Subtidal sediment 2.98
(0.89)

Level of expertise for each Indonesian
geographical region”

Java 3.14
(0.97)
Bali 2.94
(0.12)
NTB & NTT 2.98
(0.65)
Sumatra 3.00
(0.89)
Kalimantan 2.93
(1.02)
Sulawesi 3.03
(1.03)
Papua & Maluku 3.02
(0.77)

? Note for measures on the level of awareness
and expertise: 1 = not at all aware; 2 = slightly
aware; 3 = moderately aware; 4 = very aware; 5
= high expertise.

items in the questionnaire (IQR <1) after round two of the surveys, as
also indicated in the stability of answers (p > 0.05) provided in the
questionnaire (Appendix B).

3.2. Marine plastic accumulation trend in Indonesia

We conducted Kruskal-Wallis tests to determine if the future 10-year
trend of plastic accumulation, as estimated by the experts, significantly
differed across the Indonesian geographical regions and across coastal
and marine ecosystems in the country. The differences across the
Indonesian geographical regions were statistically significant, H (6, n =
278) = 11.35, p = 0.005, with a similar result obtained for differences
across Indonesian coastal and marine ecosystems, H (5, n = 241) = 8.35,
p =0.03. Pairwise Mann-Whitney U tests (Table C.1 and C.2 in Appendix
C) showed that the differences were mainly observed when comparing
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the coastal area of Java with other geographical regions (p < 0.002, after
Bonferroni correction) and when comparing mangrove ecosystem with
pelagic sea, seagrass, and subtidal sediment ecosystems (p < 0.003, after
Bonferroni correction). Visual representations of the estimates (Fig. 3)
revealed that, on average, the experts predicted the coastal area of Java
and mangrove ecosystem in the country to be the locations with the
highest level of plastic accumulation over the next 10 years, with the
coastal area of Kalimantan and the pelagic sea ecosystem accumulating
the least amount of marine plastics. Nevertheless, the estimates pro-
vided by the experts ranged between 1 (moderate increase) and 2 (large
increase) on the Likert scale, thus predicting a more than moderate in-
crease in the accumulation of marine plastics across the whole of
Indonesian regions and coastal and marine ecosystems over the next
decade. Spatial visualization of these estimates indicates strong overlaps
between areas with projected high levels of marine plastic accumulation
and geographical regions with high GDPs and population densities
(Fig. 4).

3.3. The impacts of marine plastic accumulation on ecosystem services
and human health and well-being in Indonesia

Kruskal-Wallis test results (Table C.3 in Appendix C) revealed sta-
tistically significant differences (p < 0.05) in the impacts of plastic
accumulation on several ecosystem services, consisting of food provi-
sioning, genetic materials, erosion control, flood protection, nursery
habitat, and recreation, and some human health and well being di-
mensions, consisting of physical health, mental health, household in-
come, and housing conditions. Pairwise comparisons using Mann-
Whitney U test (Table C.4 in Appendix C) showed that these differ-
ences were found mainly for the ecosystems of mangrove, coral reef,
seagrass meadow, and sandy beach. As indicated by the mean impact
scores for the statistically significant ecosystem services and health and
well-being dimensions (Fig. 5), marine plastics were estimated to cause
higher negative impacts when accumulated in these ecosystems.
Nevertheless, all of the ecosystem services were negatively impacted by
plastic accumulation across the different types of ecosystems. The
highest reductions in ecosystem services were estimated for recreation
from sandy beach, nursery habitat from seagrass, nursery habitat from
mangrove, and recreation from coral reef. Furthermore, for human
health and well-being dimensions, the expert panel saw plastic accu-
mulation to have the greatest negative impact on household income,
specifically due to plastic accumulation in coral reef ecosystem. Yet, the
accumulation of plastic in other ecosystems was still perceived to lead to
negative health and well-being consequences, but to a lesser extent
(scoring between —0.05 and —1.01).

However, each of these ecosystems has different capacities for sup-
plying ecosystem services due to the particular biotic structures and the
ecological processes inherent in each. Thus, each ecosystem has specific
capacity for resilience and degree of vulnerability in response to the risk
of ecosystem service reduction caused by anthropogenic stressors
(Doney et al., 2020). Calculating the vulnerability scores of the statis-
tically significant ecosystem services and summarizing them in a
vulnerability matrix (detailed in Section 2.4), revealed that the ecosys-
tems and the ecosystem services they provided had different vulnera-
bilities to plastic pollution (Fig. 6). The ecosystem services most
vulnerable to plastic pollution consisted of food provisioning (from
mangrove forests), genetic materials (from seagrass meadows and coral
reefs), nursery habitat (from mangrove forests, seagrass meadows and
coral reefs), and recreation (from mangrove forests, sandy beach, and
coral reefs). Based on the number of ecosystem services with higher
vulnerability scores (the darker shaded cells in Fig. 6), it can be seen
that, in descending order, highly vulnerable ecosystems consisted of
mangrove, coral reef, seagrass, and sandy beach. These ecosystems were
generally more vulnerable to plastic pollution than the ecosystems of
pelagic sea and subtidal sediment.

Measurement of Spearman’s rank correlations for the mean impact
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Fig. 3. The predicted future 10-year trends of marine plastic accumulation, based on expert judgments and consensus after two rounds of surveys, in Indonesian
geographical regions (as a bar chart in 3a and as a boxplot in 3b), and Indonesian coastal and marine ecosystems (as a bar chart in 3c and as a boxplot in 3d) (scale
ranged from —2 = large decrease, —1 = moderate decrease, 0 = no change, 1 = moderate increase, 2 = large increase); error bars represent standard errors.

scores of plastic accumulation, as estimated by the participating experts,
revealed that the decline of ecosystem services was associated with a
decrease in all human health and well-being dimensions (Appendix D).
It is important to note that these findings are correlational, hence any
causal inferences must not be made, particularly in the context of
complex social-ecological interactions between ecosystem services and
human well-being. Nonetheless, the patterns of correlation were espe-
cially pronounced when focusing on ecosystem services and human
health and well-being dimensions with statistically significant mean
impact scores (Fig. 7). The decline of mangrove ecosystem services due
to plastic accumulation, as estimated by the experts, had weak to
moderate positive correlations with reduced household income (rs €
0.34-0.54, p < 0.05), while plastic-induced decrease of coral reef
ecosystem services had moderate positive correlations with deterio-
rating mental health (rs € 0.41-0.55, p < 0.05) and weak to moderate
positive correlations with reduced household income (rs € 0.36-0.55, p
< 0.05). In general, plastic accumulation in coastal and marine eco-
systems was associated with reduced household income mainly through
the decline in food provisioning from these ecosystems (weak to mod-
erate positive correlations of rg € 0.33-0.62, p < 0.05). Furthermore, the
adverse impacts of plastic accumulation on physical health would be
mostly associated with the decrease of food provisioning from coral reef
(moderate positive correlation of ry = 0.6, p < 0.001), while deterio-
rating mental health was mainly associated with reduced ecosystem
service of recreation supplied by all ecosystems apart from pelagic sea
and seagrass (moderate positive correlation of rg € 0.34-0.51, p < 0.05).
The influence of plastic accumulation on housing condition was most
strongly associated with impacts on several ecosystem services from
sandy beach (genetic materials, nursery habitat, and recreation), as
indicated by the highly significant correlations (moderate positive cor-
relations of rs € 0.54-0.56, p < 0.001). Lastly, the declining supply of the
ecosystem service of erosion control from seagrass was correlated with a
general decrease across the health and well-being dimensions (moderate

positive correlations of rs € 0.46-0.52, p < 0.05).
4. Discussion
4.1. The predicted impacts of marine plastic pollution in Indonesia

This study assessed the impacts of marine plastic pollution on
ecosystem services and human health and well-being through an itera-
tive Delphi survey, focusing on the tropical archipelago of Indonesia.
After two rounds of the survey, the panel of experts reached a consensus
in the estimates they provided, indicating the Indonesian regions and
ecosystems where marine plastics will likely accumulate over the next
decade and the impacts of the accumulation. Existing systematic reviews
demonstrate that, despite a growing body of research documenting
plastic accumulation in coastal and marine ecosystems in Indonesia,
there is a lack of empirical evidence on its impacts on ecosystem services
and human health and well-being (Purba et al., 2019; Vriend et al.,
2021). Thus, the results of this Delphi study provide the first indication
of these impacts that can inform policymaking, further research, and
mitigation efforts related to the issue of marine plastic pollution in
Indonesia, with relevance for the wider region of Southeast Asia and
other tropical countries in the Global South, which share similar
social-ecological characteristics and challenges.

The panel of experts in this study agreed that the coastal area of Java
would receive the highest amount of accumulating marine plastics over
the next 10 years in Indonesia. The island of Java is the most densely
populated Indonesian region with the fastest population growth and
economic development (Adyasari et al., 2021). Increasing population,
living standards, and gross domestic product (GDP) of a region have
been linked to the proliferation of plastic waste emissions into the nat-
ural environment (Barboza et al., 2018; Sur et al., 2018; Isobe and
Iwasaki 2022). Hence, the island of Java is also the likely source of
plastics accumulating in the coastal waters surrounding the island, as
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Fig. 5. Mean impact scores (and standard deviations) of plastic accumulation on ecosystem services and dimensions of human health and well-being associated with
specific coastal and marine ecosystems (—2 = large decrease, —1 = moderate decrease, 0 = no change, 1 = moderate increase, 2 = large increase), based on

expert judgments.

Ecosystems
Ecosystem Services Sandy 3 Subtidal
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Erosion Control -2.70 -1.74 -2.56 -2.14 0 -0.84
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Fig. 6. Plastic pollution vulnerability matrix of the statistically significant ecosystem services provided by a variety of coastal and marine ecosystems.

also confirmed both by a recent study on plastic dispersion modeling in
Indonesian waters (Kisnarti et al., 2024) and by the indications of pos-
itive correlational patterns between marine plastic accumulation and
regional GDPs and population densities in the spatial visualization of our
findings (Fig. 4). A recent modeling study (Lau et al., 2020) has pro-
jected a 2.6-fold increase in the amount of plastics that can accumulate
in the Indonesian marine environment by 2040 if the rapid population
and economic growth are not accompanied by policy changes and
intensive investments in waste management infrastructure. Most of
these plastics will likely enter the marine environment from rivers
located on the island of Java (Lebreton et al., 2017; Meijer et al., 2021)
and will then settle in the low-energy coastal waters surrounding the
island (Enders et al., 2019; Harris et al., 2021b). Thus, as indicated by
the results of this study and other existing research, the coastal area of

Java is the region with the highest risk of continuing marine plastic
pollution in Indonesia.

While existing marine plastic monitoring studies have focused their
efforts on the coastal area of Java, they were mainly concentrated on
measuring and characterizing stranded litter on beaches (Purba et al.,
2019; Vriend et al., 2021). Yet, as agreed by the panel of experts in this
study, mangrove ecosystem in Indonesia will see the highest accumu-
lation of marine plastics over the next 10 years. Mangrove ecosystems
existing outside Indonesia contain a higher amount of trapped plastics
than other coastal and marine ecosystems (Zhou et al., 2020; Ouyang
et al., 2022; Garcés-Ordonez et al., 2023; Wang et al., 2023b). Such high
accumulation of plastics in mangrove is primarily caused both by the
proximity of the global mangrove ecosystem to river estuaries trans-
porting plastics from inland areas (Harris et al, 2021b) and by
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Fig. 7. Spearman’s rank correlations between ecosystem services and human health and well-being dimensions (color-shaded cells are statistically significant
correlations at *p < 0.05 and **p < 0.001), based on the estimates provided by the participating experts.

mangrove root structures, consisting of prop and aerial roots, that act as
filters retaining the transported plastics and enabling their deposition in
sediment due to reduced water flow (Martin et al., 2020; Duan et al.,
2021b; Okuku et al., 2023). Existing monitoring studies performed in
mangrove forests in Indonesia indicated that substantial quantities of
plastic items are trapped both in the surface water and the sediment of
Indonesian mangroves (Yona et al., 2019; Suyadi and Manullang, 2020;
Winarni et al., 2022). However, further studies are still required to
ascertain the rate and pattern of plastic accumulation in mangrove
ecosystems across Indonesia (Luo et al., 2021), especially considering

10

that the country harbors the largest and most biodiverse mangrove
forests globally (Arifanti et al., 2022).

In terms of the impacted ecosystem services, this study also found
that mangrove ecosystems throughout Indonesia could be considered
the most vulnerable to marine plastic pollution compared to other
ecosystem types. This finding is consistent with emerging evidence from
studies with coastal communities in both Indonesia and other Global
South countries, documenting a perceived sharp increase of plastic
accumulation in mangrove ecosystems (Hamza et al., 2020; Massiseng
et al., 2022; Requiron et al., 2023; Sumeldan et al., 2021). Coastal
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communities in these countries also linked plastic pollution in man-
groves with the decline of provisioning ecosystem services they relied on
for their livelihoods (McMullen et al., 2023; Requiron et al., 2023).

Recent field and laboratory studies indicate several possible mech-
anisms through which accumulating plastics may lead to the decreased
supply of mangrove ecosystem services. Plastics accumulated in
mangrove ecosystems can reduce tree growth, survival, and primary
production by clogging root pores and covering leaves, which disrupt
photosynthesis, potentially leading to mortalities (De et al., 2023). Such
adverse impacts were confirmed by a recent field experiment in
Indonesia demonstrating that plastics covering mangrove roots caused
loss of leaves and tree deaths (van Bijsterveldt et al., 2021). The accu-
mulated plastics can also block water currents and obstruct local hy-
drodynamic flows, preventing propagule settlement and regeneration of
mangrove plants (Luo et al., 2022). This hydrodynamic obstruction can
be compounded by the smothering of mangrove sediments by plastics,
which can prevent the growth of tree saplings (Smith, 2012; Selvam
et al., 2021) and smother microorganisms essential for nitrification
(Chen et al., 2022), thus interfering with the nutrient cycles. Laboratory
experiments indicated that these adverse effects arising from the phys-
ical entanglement of mangroves with plastics can be further exacerbated
by the potential uptake of plastic particles by mangrove root systems
(Ding et al., 2022; Maity and Pramanick, 2020). These penetrative
plastic particles can potentially interfere with the biochemical systems
of mangrove plants by causing the disruption of energy distribution
within the trees and the alteration of leaf ionome (Chai et al., 2023).
Furthermore, accumulated plastics can be ingested by fauna inhabiting
mangrove ecosystems, such as juvenile fish (Naidoo et al., 2020) and
crabs (Not et al., 2020), which can lead to physical morbidity and
reduced growth (Watts et al., 2015; Naidoo and Glassom, 2019; Sultan
etal., 2023). However, a systematic review by Luo et al. (2021) revealed
the lack of robust empirical evidence establishing causal links between
plastic pollution and declining mangrove ecosystem services. These
causal links can only be established through further ecotoxicological
experiments and long-term monitoring studies equipped with stan-
dardized environmental risk models (Ouyang et al., 2022).

Decreasing supply of mangrove ecosystem services can have broader
ramifications at the level of human well-being. This study found that the
well-being impacts could include reduced household income. The
Indonesian mangrove ecosystem directly supports the livelihood of the
largest concentration of mangrove fishers in the world, estimated to
consist of 893,000 people (zu Ermgassen et al., 2020). Furthermore, as
much as half of the earnings of a typical fisher household in Indonesia
are obtained from selling products obtained from mangrove (Malik
et al., 2015). As such, the economic conditions of many people in
Indonesia are dependent on the integrity of mangrove ecosystem of the
country. It has been shown that a 1% decrease in mangrove coverage can
lead to a 10% decrease in the annual income of fisher households in
Indonesia (Yamamoto, 2023). Such vulnerability indicates that plastic
accumulation in Indonesian mangrove ecosystems is a source of enor-
mous economic risk to the country through the potential adverse im-
pacts on mangrove integrity and ecosystem services.

The results of this study also suggest that direct economic conse-
quences of marine plastic pollution in Indonesia may not be limited only
to those associated with declining mangrove ecosystem services, but
also those linked to the reduction of coral reef ecosystem services and a
general decrease of food provisioning from a variety of coastal and
marine ecosystems. The Indonesian fishery sector is constituted mainly
of small-scale fishers (Teh and Pauly, 2018), directly employing
approximately three million people (Sari et al., 2021), who rely not only
on mangrove, but also on other nearshore ecosystems, such as coral reef
and seagrass, for their fishing grounds (Teh et al., 2013; Jones et al.,
2022). Existing systematic reviews observe that there are very limited
data documenting the impacts of plastic pollution on the structures and
functions of these nearshore tropical ecosystems, hence significant
knowledge gaps on their ecosystem service impacts (Huang et al., 2021;
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Li et al., 2023). However, recent field experiments and monitoring
studies on coral reef ecosystems and laboratory experiments on several
seagrass species indicate that plastics may generate adverse ecological
impacts by increasing the risk of coral diseases (Lamb et al., 2018),
causing significant loss of coral tissues (Ballesteros et al., 2018),
inducing coral bleaching and tissue death (Mueller et al., 2022), pre-
venting seagrass growth (Menicagli et al., 2021), and reducing seagrass
photosynthesis (Molin et al., 2023) and biomass (Menicagli et al., 2022).
Available monitoring results in Indonesia indicate that nearshore coral
reef and seagrass ecosystems may act as sinks for marine plastics (Putra
et al., 2021; Utami et al., 2021). Thus, further studies to understand the
economic and food security risks of marine plastic pollution are crucial,
particularly due to the potential decline of ecosystem services from these
nearshore ecosystems.

Our expert elicitation study also found that the impacts of marine
plastic accumulation may extend beyond the ecological aspects of the
affected ecosystems and the material well-being dimensions of the
people relying on them. Indeed, the results of our study revealed that the
decrease in coral reef ecosystem services due to plastic accumulation
could be linked to deteriorating mental health. Furthermore, the adverse
mental health impacts of plastic accumulation were also correlated with
areduced supply of recreation ecosystem service from coral reef and also
from other coastal ecosystems, including sandy beach. Although the link
between the health of coral reef ecosystem and mental health is not fully
elucidated yet, cross-sectional surveys in Australia indicated that coral
reef degradation was associated with a feeling of grief amongst the
adjacent coastal communities (Marshall et al., 2019) and that healthy
coral reef ecosystems were perceived to be more important for quality of
life than local economic conditions (Larson et al., 2015). In the Indo-
nesian context, recreational activities performed in coral reef and other
coastal ecosystems have been associated with good mental health con-
ditions of local coastal communities (Maharja et al., 2023b). The supply
and quality of recreation ecosystem service provided by these ecosys-
tems can be compromised by marine plastic accumulation, potentially
leading to reduced enjoyment and psychological benefits (Wyles et al.,
2016; Hayati et al., 2020). As indicated in this study and the existing
evidence, marine plastic accumulation may elicit non-material negative
impacts through its effects on mental health. However, uncertainties
remain on the specific mechanisms, pathologies, and geographies of the
mental health impacts of marine plastic pollution (Yose et al., 2023).

4.2. Policy and management implications

The estimates provided by the experts in this study indicate that the
accumulation of plastics in coastal and marine ecosystems in Indonesia
may cause the decline of ecosystem services, potentially leading to
multifaceted negative impacts on human health and well-being. The
experts were also in agreement regarding the Indonesian geographical
regions and ecosystems that would receive the highest amount of marine
plastic accumulation, with further data analysis conducted in this study
indicating the ecosystems most vulnerable to the negative impacts of
plastic accumulation. The findings suggest that monitoring, mitigation,
and policymaking efforts on marine plastic pollution in Indonesia should
take into account the potential vulnerability of the ecosystems of
mangrove, coral reef, seagrass, and sandy beach, with a particular
emphasis on the coastal area of Java, and the negative impacts on their
ecosystem services and the health and well-being of people benefiting
from them.

Although further studies are needed to validate our findings (as
detailed in Section 4.3), the experts in our study still predicted that once
plastics reach various coastal ecosystems, the materials can accumulate
and produce complex social-ecological consequences that would be
difficult to disentangle. Such findings indicate that measures preventing
plastics from entering coastal and marine environments should be
prioritized over clean-up mitigations. These clean-up operations are not
only expensive (Welden, 2020) and have low efficacies (Sugianto et al.,
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2023), but also rely on techniques and technologies that have consid-
erable environmental footprints (Mankaa and Traverso, 2023) and can
cause further ecological damages (Ballesteros et al., 2018; Spencer et al.,
2023; Watts et al., 2017). Instead, preventive measures must reach
beyond the downstream to encompass the whole lifecycle of plastic
(Gilindogdu et al., 2024). Various case studies have indicated that other
downstream measures, including the provision of waste management
and recycling infrastructures, are not sufficient for reducing the leakages
of plastics into the sea (e.g., Borongan and NaRanong, 2022; Harris
et al., 2021a), highlighting the necessity of targeting the upstream
productions of plastics to prevent the social-ecological harms of marine
plastic pollution (Grabiel et al., 2022).

Nevertheless, efforts to implement preventive measures at the up-
stream level have been hindered by the complex landscape of marine
plastic governance. Although various policies, laws, and regulations
exist at multiple jurisdiction levels, all of these have been fragmented
and dominated by soft-laws that are not legally binding (Bertolazzi et al.,
2024; Kamaruddin et al., 2022; Stofen-O'Brien et al., 2022), further
compounded by the lack of funding mechanisms (Fauziah et al., 2021)
and siloed approaches of the governing institutions (Maruf et al., 2024).
As a result, despite the copious amounts of pertinent policies, laws, and
regulations, none of these have been effective in mitigating marine
plastic pollution (Arifin et al., 2023; Fadeeva and Van Berkel, 2021;
Serra-Gongalves et al., 2023).

Within this context, the impending Global Plastics Treaty and its
further evolution into a COP (Conference of the Parties) can bypass these
complexities through a unified, coordinated, and legally-binding
approach to the governance of marine plastics (Aanesen et al., 2024).
Negotiations on the Treaty must also acknowledge that human societies
and ecological systems of the Global South would bear most of the ex-
ternalities arising out of plastic production and uses (Karasik et al.,
2023), as the findings in our study also suggest. Ultimately, these global
efforts to mitigate the impacts of marine plastic pollution must engage a
holistic range of stakeholders, involving the government, scientists, in-
dustry sectors, consumers, and the voices of communities directly
impacted by plastic pollution (Lampitt et al., 2023). Only then solutions
to the systemic problem of marine plastic pollution can be effectively
devised and implemented to help ensure the sustainable future of eco-
systems and human societies.

4.3. Limitations and further studies

The results of this study were obtained through a Delphi process,
which produced a collection of estimates provided by the participating
experts. Thus, the results were representative only of the purposively
selected experts and were not generalizable to all scientists, policy-
makers, and practitioners in Indonesia or another assembled panel of
experts consisting of different individuals. Such limitations also signify
that the results obtained, for instance, those suggesting that the eco-
systems of pelagic sea and subtidal sediment as the least vulnerable,
might be an artifact of the expert composition, as indicated in the lower
expertise they had regarding these two ecosystems - hence more studies
on these ecosystems are needed.

Furthermore, our study also applied post-hoc Bonferroni corrections
for statistical pairwise comparisons, which incurred trade-offs in terms
of reduced probabilities for Type I errors and increased probabilities for
Type II errors (Francis and Thunell, 2021). The increased risk of false
negatives can have negative ethical implications, a salient issue in
certain fields of study, such as medicine and epidemiology (Perneger,
1998). However, as argued in several studies (Khorozyan, 2021; Psal-
topoulos et al., 2017; Witzig et al., 2020), the realm of environmental
management and policymaking demands that decisions be based on
knowledge with a low risk of false positives due to the pragmatic, albeit
utilitarian, imperative for optimum allocation of limited resources. As
such, our findings still represent valuable initial evidence that can
inform policy, practice, and further research, particularly as it is one of
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the first to analyze the potential impacts of marine plastic pollution on
ecosystem services and human health and well-being using expertise
from a range of expert specialists.

Our study also did not ask the participating experts to provide
particular estimates in relation to different plastic particle sizes, mainly
to reduce cognitive burdens, hence improving the reliability of estimates
provided through the iterative Delphi survey, as also demonstrated in
experimental studies by Boulkedid et al. (2011) and Gnatzy et al. (2011).
However, different sizes of plastic particles may pose specific risks to
ecosystem services and human health and well-being (Landrigan et al.,
2023). In the Earth’s oceans, plastics with the radius size above 25 mm,
termed as macroplastics, undergo fragmentation into smaller particles of
mesoplastics (radius size between 5 and 25 mm), microplastics (radius
size below 5 mm), and nanoplastics (radius size below 1 pm) (Agamuthu
et al.,, 2019). The fragmentation of macroplastics in the marine envi-
ronment is generally driven by the weathering of plastic materials due to
solar radiation, biodegradation, and mechanical processes caused by
abrasive contacts with sea waves and sand particles (Andrady et al.,
2022; Duan et al., 2021a). Although future studies should consider the
pertinent level of granularity for the identification of specific
social-ecological impacts of marine plastic pollution, our Delphi study
still indicates the general negative attributes of such impacts, particu-
larly since the concentrations of smaller plastic particles in oceanic
compartments have been positively correlated with the presence of
macroplastics (Bohdan, 2022).

Further studies should attempt to evidence the findings obtained in
this study, for instance through conducting surveys or qualitative studies
to understand the human health and well-being impacts of marine
plastic pollution, which would be site-specific, and by performing field
experiments and laboratory studies to elucidate the mechanisms by
which marine plastics can affect the supply of ecosystem services. These
studies are urgently required in coastal and marine areas with severe
accumulations of marine plastics and high supplies, demands, and uses
of ecosystem services. These more focused empirical studies involve
greater resources and investment, and our study helps to highlight
which ecosystem services and well-being dimensions to prioritize.
Further monitoring studies describing the occurrence, distribution, and
accumulation rate of marine plastics in coastal and marine ecosystems in
Indonesia also remain essential, as field monitoring data are still lacking
in the country, particularly those that include analysis of the meteoro-
logical and oceanographic factors influencing the hydrodynamic
dispersion and distribution of marine plastics (Eriksen et al., 2023).
Further research on the dynamics of marine plastic pollution will also
have to include considerations on ecosystem types and their benthic
communities, as also underlined by the emerging evidence on pelagic
sargassum as a potential vector for the accumulation of plastic particles
(Graham, 202.3). In general, holistic knowledge of the sources, sinks, and
impacts of marine plastics is still scarce both in Indonesia and globally,
hindering policy responses and the formulation of best practices
(Ladewig et al., 2021; Landrigan et al., 2023), thus this study acts as a
crucial initial step to advance both the science and the solutions for
marine plastic pollution.

Efforts to mitigate plastic pollution must also acknowledge that the
risks associated with plastics interact with other stressors, such as
climate change, organic pollution, overfishing, and urbanization, pro-
ducing cumulative impacts that threaten the flourishing of humans and
the functioning of oceans (Fleming et al., 2024). Research studies have
revealed that the combination of marine plastics and rising sea tem-
perature may increase the frequency, extent, and duration of harmful
algal blooms (Ben-Haddad et al., 2024; do Prado Leite et al., 2022;
Karalija et al., 2022), and intensify the rate of ocean acidification
(Manno et al., 2022; Romera-Castillo et al., 2023). However, consider-
able uncertainties still predominate in the existing evidence on the
interacting effects of cumulative marine stressors, particularly in rela-
tion to potential feedback mechanisms, non-linearities, thresholds for
regime shifts, and the scale of the impacts, which can be gradual, abrupt,
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chronic, or acute (Defeo and Elliott, 2021; Gill et al., 2023; Simeoni
et al., 2023; Trégarot et al., 2024). Further studies could address the
potentially synergistic impacts of marine plastic pollution with other
stressors by using complex systems methodologies (Alava et al., 2023) to
enable cumulative impact assessment as a basis for decision-making for
the sustainable use and equitable protection of coastal and marine
ecosystems (Foley et al., 2017; Ota et al., 2022).

5. Conclusion

This study estimated the 10-year future trend of marine plastic
pollution in Indonesia and its impacts on ecosystem services and several
dimensions of human health and well-being. The estimates presented in
this study were obtained through a Delphi process involving an expert
panel consisting of 42 individuals, equally divided into the three
expertise groups of Indonesian scientists, policymakers, and practi-
tioners. The experts agreed that the coastal area of Java and mangrove
ecosystem existing in the country would receive the highest amount of
marine plastics over the next decade (RQ1). Our analysis further
revealed that the ecosystems had different levels of vulnerability, with
mangrove as the most vulnerable, followed by coral reef, seagrass, and
sandy beach (RQ2). The highly vulnerable ecosystem services consisted
of food provisioning, genetic materials, nursery habitat, and recreation
supplied by the aforementioned ecosystems (RQ2). The impacts of ma-
rine plastic pollution on ecosystem services were also associated with
the decline of several human health and well-being dimensions, with
adverse mental health impacts mostly associated with reduced supplies
of coral reef ecosystem services and recreational ecosystem services
from a variety of coastal and marine ecosystems (RQ3). Furthermore,
reduced household income had positive correlations with declining
mangrove and coral reef ecosystem services, and a general decline of
food provisioning from other coastal and marine ecosystems (RQ3).

Overall, the results of our study indicate that marine plastic pollution
can have wide-ranging multifaceted consequences, not only limited to
adverse ecological impacts but also extending to negative effects on
human health and well-being. Further empirical studies are required to
evidence these impacts and elucidate the causal mechanisms both at the
level of ecosystems and human societies. Nonetheless, the results of this
study provide one of the first indications for the prioritization of such
undertakings, especially in the Indonesian context.

CRediT authorship contribution statement

Carya Maharja: Writing — review & editing, Writing — original draft,
Methodology, Formal analysis, Data curation, Conceptualization. Rad-
isti A. Praptiwi: Writing — review & editing, Visualization, Supervision,
Project administration, Methodology, Funding acquisition, Data cura-
tion, Conceptualization. Sainal Sainal: Validation, Investigation, Data
curation. Prawesti Wulandari: Validation, Investigation. Matthew
Ashley: Writing — review & editing, Methodology. Kayleigh J. Wyles:
Writing — review & editing, Methodology. Joyashree Roy: Writing —
review & editing, Methodology. I Gede Hendrawan: Methodology.
Susan Jobling: Writing — review & editing, Funding acquisition. Mel-
anie C. Austen: Writing — review & editing, Supervision, Methodology,
Funding acquisition.

Funding

This work received funding from the Natural Environment Research
Council (grant number NE/V006428/1) for “PISCES: A Systems Analysis
Approach to Reduce Plastic Waste in Indonesian Societies” project.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence

13

Ocean and Coastal Management 258 (2024) 107423
the work reported in this paper.
Acknowledgments

The authors would like to thank the 42 experts who contributed their
time and efforts through their participation in this study. We would also
like to thank Fiona Culhane who helped us in developing the method-
ology for this study, and Dwi Cahyo J. Subroto and Andi Anugrah Putra
who assisted in the data collection process of the Delphi survey. We
would also like to acknowledge the valuable discussions we have had
within the transdisciplinary multi-sector PISCES team (https://www.pis
cespartnership.org/). Lastly, the comments and suggestions made by the
editor and the three anonymous peer reviewers were valuable for
enabling us to improve this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ocecoaman.2024.107423.

Data availability

Anonymized data from the Delphi surveys will be available publicly
in Figshare at [DOIL: 10.17633/rd.brunel.25690275], Repositori Ilmiah
Nasional (RIN), and UK Data Service following a one-year embargo from
the date of publication to allow for further analysis and its publications
by the research team. The links to the deposited anonymous data will be
made available after the embargo period (https://1drv.ms/f/s!
Ap5PBD9dJGg-aaxN9YecJHQVVDE?e=rEoKGD). The anonymized
data will also be made available upon request.

References

Aanesen, M., Ahi, J.C., Abate, T.G., Khan, F.R., de Vries, F.P., Kite-Powell, H.,
Beaumont, N.J., 2024. Insights from international environmental legislation and
protocols for the global plastic treaty. Sci. Rep. 14 (1), 2750. https://doi.org/
10.1038/541598-024-53099-9.

Adyasari, D., Pratama, M.A., Teguh, N.A., Sabdaningsih, A., Kusumaningtyas, M.A.,
Dimova, N., 2021. Anthropogenic impact on Indonesian coastal water and
ecosystems: current status and future opportunities. Mar. Pollut. Bull. 171, 112689.
https://doi.org/10.1016/j.marpolbul.2021.112689.

Agamuthu, P., Mehran, S.B., Norkhairah, A., Norkhairiyah, A., 2019. Marine debris: a
review of impacts and global initiatives. Waste Manag. Res. 37 (10), 987-1002.
https://doi.org/10.1177/0734242X19845041.

Ajibade, F.O., Adelodun, B., Lasisi, K.H., Fadare, 0.0., Ajibade, T.F., Nwogwu, N.A.,
Sulaymon, L.D., et al., 2021. Environmental pollution and their socioeconomic
impacts. In: Kumar, A., Singh, V.P., Singh, P., Misra, V.K. (Eds.), Microbe Mediated
Remediation of Environmental Contaminants, pp. 321-354. https://doi.org/
10.1016/b978-0-12-821199-1.00025-0.

Akhbarizadeh, R., Moore, F., Keshavarzi, B., 2018. Investigating a probable relationship
between microplastics and potentially toxic elements in fish muscles from northeast
of Persian Gulf. Environ. Pollut. 232, 154-163. https://doi.org/10.1016/j.
envpol.2017.09.028.

Alava, J.J., McMullen, K., Jones, J., Barragan-Paladines, M.J., Hobbs, C., Tirapé, A.,
Calle, P., Alarcén, D., et al., 2023. Multiple anthropogenic stressors in the Galapagos
Islands’ complex social-ecological system: interactions of marine pollution, fishing
pressure, and climate change with management recommendations. Integrated
Environ. Assess. Manag. 19 (4), 870-895. https://doi.org/10.1002/ieam.4661.

Amadei, A.M., Sanyé-Mengual, E., Sala, S., 2022. Modeling the EU plastic footprint:
exploring data sources and littering potential. Resour. Conserv. Recycl. 178, 106086.
https://doi.org/10.1016/j.resconrec.2021.106086.

Ameyaw, E.E., Hu, Y., Shan, M., Chan, A.P.C,, Le, Y., 2016. Application of Delphi method
in construction engineering and management research: a quantitative perspective.
J. Civ. Eng. Manag. 22, 991-1000. https://doi.org/10.3846/
13923730.2014.945953.

Andrady, A.L., 2022. Weathering and fragmentation of plastic debris in the ocean
environment. Mar. Pollut. Bull. 180, 113761. https://doi.org/10.1016/j.
marpolbul.2022.113761.

Antonelis, K., Huppert, D., Velasquez, D., June, J., 2011. Dungeness crab mortality due to
lost traps and a cost-benefit analysis of trap removal in Washington State waters of
the Salish Sea. N. Am. J. Fish. Manag. 31 (5), 880-893. https://doi.org/10.1080/
02755947.2011.590113.

Arias-Andrés, M., Kliimper, U., Rojas-Jimenez, K., Grossart, H., 2018. Microplastic
pollution increases gene exchange in aquatic ecosystems. Environ. Pollut. 237,
253-261. https://doi.org/10.1016/j.envpol.2018.02.058.


https://www.piscespartnership.org/
https://www.piscespartnership.org/
https://doi.org/10.1016/j.ocecoaman.2024.107423
https://doi.org/10.1016/j.ocecoaman.2024.107423
https://1drv.ms/f/s!Ap5PBD9dJGq-aaxN9YecJHQvVDE?e=rEoKGD
https://1drv.ms/f/s!Ap5PBD9dJGq-aaxN9YecJHQvVDE?e=rEoKGD
https://doi.org/10.1038/s41598-024-53099-9
https://doi.org/10.1038/s41598-024-53099-9
https://doi.org/10.1016/j.marpolbul.2021.112689
https://doi.org/10.1177/0734242X19845041
https://doi.org/10.1016/b978-0-12-821199-1.00025-0
https://doi.org/10.1016/b978-0-12-821199-1.00025-0
https://doi.org/10.1016/j.envpol.2017.09.028
https://doi.org/10.1016/j.envpol.2017.09.028
https://doi.org/10.1002/ieam.4661
https://doi.org/10.1016/j.resconrec.2021.106086
https://doi.org/10.3846/13923730.2014.945953
https://doi.org/10.3846/13923730.2014.945953
https://doi.org/10.1016/j.marpolbul.2022.113761
https://doi.org/10.1016/j.marpolbul.2022.113761
https://doi.org/10.1080/02755947.2011.590113
https://doi.org/10.1080/02755947.2011.590113
https://doi.org/10.1016/j.envpol.2018.02.058

C. Maharja et al.

Arifanti, V.B., Sidik, F., Mulyanto, B., Susilowati, A., Wahyuni, T., Subarno, Yulianti,
Yuniarti, N., et al., 2022. Challenges and strategies for sustainable mangrove
management in Indonesia: a review. Forests 13 (5), 695. https://doi.org/10.3390/
f13050695.

Arifin, Z., Falahudin, D., Saito, H., Mintarsih, T.H., Hafizt, M., Suteja, Y., 2023.
Indonesian policy and researches toward 70% reduction of marine plastic pollution
by 2025. Mar. Pol. 155, 105692. https://doi.org/10.1016/j.marpol.2023.105692.

Armstrong, C.W., Vondolia, G.K., Foley, N., Henry, L., Needham, K., Ressurrei¢ao, A.,
2019. Expert assessment of risks posed by climate change and anthropogenic
activities to ecosystem services in the Deep North Atlantic. Front. Mar. Sci. 6, 158.
https://doi.org/10.3389/fmars.2019.00158.

Avella, J.R., 2016. Delphi panels: research design, procedures, advantages, and
challenges. Int. J. Dr. Stud. 11, 305-321. https://doi.org/10.28945/3561.

Badan Pusat Statistik, 2023. Statistik Indonesia 2023 — Statistical Yearbook of Indonesia
2023. BPS-Statistics Indonesia, Jakarta.

Badan Pusat Statistik, 2024. Produk Domestik Regional Provinsi-Provinsi di Indonesia
Menurut Pengeluaran. BPS-Statistics Indonesia, Jakarta.

Ballesteros, L.V., Matthews, J.L., Hoeksema, B.W., 2018. Pollution and coral damage
caused by derelict fishing gear on coral reefs around Koh Tao, Gulf of Thailand. Mar.
Pollut. Bull. 135, 1107-1116. https://doi.org/10.1016/j.marpolbul.2018.08.033.

Barbier, E.B., Hacker, S.D., Kennedy, C., Koch, E.W., Stier, A.C., Silliman, B.R., 2011. The
value of estuarine and coastal ecosystem services. Ecol. Monogr. 81, 169-193.
https://doi.org/10.1890/10-1510.1.

Barboza, L.G.A., Vethaak, A.D., Lavorante, B.R.B.O., Lundebye, A.K., Guilhermino, L.,
2018. Marine microplastic debris: an emerging issue for food security, food safety
and human health. Mar. Pollut. Bull. 133, 336-348. https://doi.org/10.1016/j.
marpolbul.2018.05.047.

Bartelet, H.A., Barnes, M.L., Cumming, G.S., 2024. Estimating and comparing the direct
economic contributions of reef fisheries and tourism in the Asia-Pacific. Mar. Pol.
159, 105939. https://doi.org/10.1016/j.marpol.2023.105939.

Beaumont, N., Aanesen, M., Austen, M.C., Borger, T., Clark, J.R., Cole, M., Hooper, T.,
Lindeque, P.K,, et al., 2019. Global ecological, social and economic impacts of
marine plastic. Mar. Pollut. Bull. 142, 189-195. https://doi.org/10.1016/j.
marpolbul.2019.03.022.

Beiderbeck, D., Frevel, N., Von Der Gracht, H.A., Schmidt, S.L., Schweitzer, V.M., 2021.
Preparing, conducting, and analyzing Delphi surveys: cross-disciplinary practices,
new directions, and advancements. MethodsX 8, 101401. https://doi.org/10.1016/j.
mex.2021.101401.

Belgrano, A., Novaglio, C., Svedang, H., Villasante, S., Melian, C.J., Blenckner, T.,
Bergstrom, U., Bryhn, A.C., et al., 2021. Mapping and evaluating marine protected
areas and ecosystem services: a transdisciplinary Delphi forecasting process
framework. Frontiers in Ecology and Evolution 9, 652492. https://doi.org/10.3389/
fevo.2021.652492.

Belton, 1., MacDonald, A., Wright, G., Hamlin, 1., 2019. Improving the practical
application of the Delphi method in group-based judgment: a six-step prescription
for a well-founded and defensible process. Technol. Forecast. Soc. Change 147,
72-82. https://doi.org/10.1016/j.techfore.2019.07.002.

Ben-Haddad, M., Abelouah, M.R., Hajji, S., Abou Oualid, J., Rangel-Buitrago, N., Alla, A.
A., 2024. Macroalgal blooms on Moroccan coasts: plastic trapping and tourism
challenges. Regional Studies in Marine Science 70, 103390. https://doi.org/
10.1016/j.rsma.2024.103390.

Benitez-Capistros, F., Hugé, J., Koedam, N., 2014. Environmental impacts on the
Galapagos Islands: identification of interactions, perceptions and steps ahead. Ecol.
Indicat. 38, 113-123. https://doi.org/10.1016/j.ecolind.2013.10.019.

Bennett, N.J., Blythe, J., Tyler, S., Ban, N.C., 2016. Communities and change in the
anthropocene: understanding social-ecological vulnerability and planning
adaptations to multiple interacting exposures. Reg. Environ. Change 16, 907-926.
https://doi.org/10.1007/5s10113-015-0839-5.

Bertolazzi, S., Cuttitta, A., Pipitone, V., 2024. Addressing marine plastic pollution: a
systematic literature review. Curr. Opin. Environ. Sustain. 68, 101428, https://doi.
org/10.1016/j.cosust.2024.101428.

Bohdan, K., 2022. Estimating global marine surface microplastic abundance: systematic
literature review. Sci. Total Environ. 832, 155064. https://doi.org/10.1016/j.
scitotenv.2022.155064.

Bolger, F., Wright, G., 2011. Improving the Delphi process: lessons from social
psychological research. Technol. Forecast. Soc. Change 78, 1500-1513. https://doi.
org/10.1016/j.techfore.2011.07.007.

Borongan, G., NaRanong, A., 2022. Factors in enhancing environmental governance for
marine plastic litter abatement in Manila, the Philippines: a combined structural
equation modeling and DPSIR framework. Mar. Pollut. Bull. 181, 113920. https://
doi.org/10.1016/j.marpolbul.2022.113920.

Borrelle, S.B., Ringma, J., Law, K.L., Monnahan, C.C., Lebreton, L., McGivern, A.,
Murphy, E.L., Jambeck, J., et al., 2020. Predicted growth in plastic waste exceeds
efforts to mitigate plastic pollution. Science 369, 1515-1518. https://doi.org/
10.1126/science.aba3656.

Boulkedid, R., Abdoul, H., Loustau, M., Sibony, O., Alberti, C., 2011. Using and reporting
the Delphi method for selecting healthcare quality indicators: a systematic review.
PLoS One 6 (6), €20476. https://doi.org/10.1371/journal.pone.0020476.

Brueckner-Irwin, 1., Armitage, D., Courtenay, S., 2019. Applying a social-ecological well-
being approach to enhance opportunities for marine protected area governance.
Ecol. Soc. 24 (3). https://doi.org/10.5751/ES-10995-240307.

Burke, L., Reytar, K., Spalding, M., Perry, 2011. Reefs at Risk Revisited. World Resources
Institute, Washington, DC, United States of America. https://bvearmb.do/handle
/123456789/1787.

Campagne, C.S., Roy, L.B., Langridge, J., Claudet, J., Mongruel, R., Beillouin, D.,
Thiébaut, E., 2023. Existing evidence on the impact of changes in marine ecosystem

Ocean and Coastal Management 258 (2024) 107423

structure and functioning on ecosystem service delivery: a systematic map. Environ.
Evid. 12, 13. https://doi.org/10.1186/s13750-023-00306-1.

Chai, M., Li, R., Li, B., Wu, H., Yu, L., 2023. Responses of mangrove (Kandelia obovata)
growth, photosynthesis, and rhizosphere soil properties to microplastic pollution.
Mar. Pollut. Bull. 189, 114827. https://doi.org/10.1016/j.marpolbul.2023.114827.

Charles, D., Kimman, L., 2023. Plastic Waste Makers Index 2023. Minderoo Foundation.
https://cdn.minderoo.org/content/uploads/2023/02/04205527 /Plastic-Waste-Ma
kers-Index-2023.pdf.

Chen, M., Nie, F.-H., Qamar, A., Zhu, D.-H., Hy, Y., Zhang, M., Song, Q.-L., Lin, H., et al.,
2022. Effects of microplastics on microbial community in Zhanjiang mangrove
sediments. Bull. Environ. Contam. Toxicol. 108, 867-877. https://doi.org/10.1007/
s00128-021-03429-8.

Chenillat, F., Huck, T., Maes, C., Grima, N., Blanke, B., 2021. Fate of floating plastic
debris released along the coasts in a global ocean model. Mar. Pollut. Bull. 165,
112116. https://doi.org/10.1016/j.marpolbul.2021.112116.

Curren, E., Leong, S.C.Y., 2019. Profiles of bacterial assemblages from microplastics of
tropical coastal environments. Sci. Total Environ. 655, 313-320. https://doi.org/
10.1016/j.scitotenv.2018.11.250.

Dancey, C.P., Reidy, J., 2007. Statistics without Maths for Psychology. Pearson
Education.

Danopoulos, E., Jenner, L.C., Twiddy, M., Rotchell, J.M., 2020. Microplastic
contamination of seafood intended for human consumption: a systematic review and
meta-analysis. Environ. Health Perspect. 128 (12), 126002. https://doi.org/
10.1289/EHP7171.

De, K., Sautya, S., Dora, G.U., Gaikwad, S., Katke, D., Salvi, A., 2023. Mangroves in the
“Plasticene”: high exposure of coastal mangroves to anthropogenic litter pollution
along the Central-West coast of India. Sci. Total Environ. 858, 160071. https://doi.
org/10.1016/j.scitotenv.2022.160071.

Defeo, O., Elliott, M., 2021. The ‘triple whammy’of coasts under threat-Why we should
be worried. Mar. Pollut. Bull. 163, 111832. https://doi.org/10.1016/j.
marpolbul.2020.111832.

Devaney, L., Henchion, M., 2018. Who is a Delphi ‘expert’? Reflections on a bioeconomy
expert selection procedure from Ireland. Futures 99, 45-55. https://doi.org/
10.1016/j.futures.2018.03.017.

Diamond, I., Grant, R.C., Feldman, B.M., Pencharz, P.B., Ling, S.C., Moore, A.M.,
Wales, P.W., 2014. Defining consensus: a systematic review recommends
methodologic criteria for reporting of Delphi studies. J. Clin. Epidemiol. 67,
401-409. https://doi.org/10.1016/j.jclinepi.2013.12.002.

Dick, J., Turkelboom, F., Woods, H., Iniesta-Arandia, 1., Primmer, E., Saarela, S.R.,
Bezak, P., Mederly, P., et al., 2018. Stakeholders’ perspectives on the
operationalisation of the ecosystem service concept: results from 27 case studies.
Ecosyst. Serv. 29, 552-565. https://doi.org/10.1016/j.ecoser.2017.09.015.

Ding, L., Huang, D., Ouyang, Z., Guo, X., 2022. The effects of microplastics on soil
ecosystem: a review. Current Opinion in Environmental Science & Health 26,
100344. https://doi.org/10.1016/j.coesh.2022.100344.

do Prado Leite, 1., Menegotto, A., da Cunha Lana, P., Jinior, L.L.M., 2022. A new look at
the potential role of marine plastic debris as a global vector of toxic benthic algae.
Sci. Total Environ. 838, 156262. https://doi.org/10.1016/j.scitotenv.2022.156262.

Dobler, D., Maes, C., Martinez, E., Rahmania, R., Gautama, B.G., Farhan, A.R.,
Dounias, E., 2022. On the fate of floating marine debris carried to the sea through
the main rivers of Indonesia. J. Mar. Sci. Eng. 10, 1009. https://doi.org/10.3390/
jmse10081009.

Doney, S.C., Busch, D.S., Cooley, S.R., Kroeker, K.J., 2020. The impacts of ocean
acidification on marine ecosystems and reliant human communities. Annu. Rev.
Environ. Resour. 45, 83-112. https://doi.org/10.1146/annurev-environ-012320-
083019.

Donohoe, H.M., 2011. A Delphi toolkit for ecotourism research. J. Ecotourism 10 (1),
1-20. https://doi.org/10.1080/14724040903418897.

Duan, J., Bolan, N., Li, Y., Ding, S., Atugoda, T., Vithanage, M., Sarkar, B., Tsang, D.C.,
Kirkham, M.B., 2021a. Weathering of microplastics and interaction with other
coexisting constituents in terrestrial and aquatic environments. Water Res. 196,
117011. https://doi.org/10.1016/j.watres.2021.117011.

Duan, J., Han, J., Cheung, S.G., Chong, R.K.Y., Lo, C., Lee, F., Xu, S.J.-L., Yang, Y., et al.,
2021b. How mangrove plants affect microplastic distribution in sediments of coastal
wetlands: case study in Shenzhen Bay, South China. Sci. Total Environ. 767, 144695.
https://doi.org/10.1016/j.scitotenv.2020.144695.

Enders, K., Kappler, A., Biniasch, O., Feldens, P., Stollberg, N., Lange, X., Fischer, D.,
Eichhorn, K., et al., 2019. Tracing microplastics in aquatic environments based on
sediment analogies. Sci. Rep. 9, 15207. https://doi.org/10.1038/541598-019-
50508-2.

Eriksen, M., Cowger, W., Erdle, L.M., Coffin, S., Villarrubia-Gémez, P., Moore, C.J.,
Carpenter, E., et al., 2023. A growing plastic smog, now estimated to be over 170
trillion plastic particles afloat in the world’s oceans—urgent solutions required. PLoS
One 18, e0281596. https://doi.org/10.1371/journal.pone.0281596.

Fadeeva, Z., Van Berkel, R., 2021. Unlocking circular economy for prevention of marine
plastic pollution: an exploration of G20 policy and initiatives. J. Environ. Manag.
277, 111457. https://doi.org/10.1016/j.jenvman.2020.111457.

Fauziah, S.H., Rizman-Idid, M., Cheah, W., Loh, K.H., Sharma, S., NoorMaiza, M.R.,
Bordt, M., Praphotjanaporn, T., Samah, A.A., bin Sabaruddin, J.S., George, M., 2021.
Marine debris in Malaysia: a review on the pollution intensity and mitigating
measures. Mar. Pollut. Bull. 167, 112258. https://doi.org/10.1016/j.
marpolbul.2021.112258.

Fleming, L.E., Landrigan, P.J., Ashford, O.S., Whitman, E.M., Swift, A., Gerwick, W.H.,
Heymans, J.J., Hicks, C.C., et al., 2024. Enhancing human health and wellbeing
through sustainably and equitably unlocking a healthy ocean’s potential. Annals of
Global Health 90 (1), 41. https://doi.org/10.5334/aogh.4471.

14


https://doi.org/10.3390/f13050695
https://doi.org/10.3390/f13050695
https://doi.org/10.1016/j.marpol.2023.105692
https://doi.org/10.3389/fmars.2019.00158
https://doi.org/10.28945/3561
http://refhub.elsevier.com/S0964-5691(24)00408-3/sref16
http://refhub.elsevier.com/S0964-5691(24)00408-3/sref16
http://refhub.elsevier.com/S0964-5691(24)00408-3/sref17
http://refhub.elsevier.com/S0964-5691(24)00408-3/sref17
https://doi.org/10.1016/j.marpolbul.2018.08.033
https://doi.org/10.1890/10-1510.1
https://doi.org/10.1016/j.marpolbul.2018.05.047
https://doi.org/10.1016/j.marpolbul.2018.05.047
https://doi.org/10.1016/j.marpol.2023.105939
https://doi.org/10.1016/j.marpolbul.2019.03.022
https://doi.org/10.1016/j.marpolbul.2019.03.022
https://doi.org/10.1016/j.mex.2021.101401
https://doi.org/10.1016/j.mex.2021.101401
https://doi.org/10.3389/fevo.2021.652492
https://doi.org/10.3389/fevo.2021.652492
https://doi.org/10.1016/j.techfore.2019.07.002
https://doi.org/10.1016/j.rsma.2024.103390
https://doi.org/10.1016/j.rsma.2024.103390
https://doi.org/10.1016/j.ecolind.2013.10.019
https://doi.org/10.1007/s10113-015-0839-5
https://doi.org/10.1016/j.cosust.2024.101428
https://doi.org/10.1016/j.cosust.2024.101428
https://doi.org/10.1016/j.scitotenv.2022.155064
https://doi.org/10.1016/j.scitotenv.2022.155064
https://doi.org/10.1016/j.techfore.2011.07.007
https://doi.org/10.1016/j.techfore.2011.07.007
https://doi.org/10.1016/j.marpolbul.2022.113920
https://doi.org/10.1016/j.marpolbul.2022.113920
https://doi.org/10.1126/science.aba3656
https://doi.org/10.1126/science.aba3656
https://doi.org/10.1371/journal.pone.0020476
https://doi.org/10.5751/ES-10995-240307
https://bvearmb.do/handle/123456789/1787
https://bvearmb.do/handle/123456789/1787
https://doi.org/10.1186/s13750-023-00306-1
https://doi.org/10.1016/j.marpolbul.2023.114827
https://cdn.minderoo.org/content/uploads/2023/02/04205527/Plastic-Waste-Makers-Index-2023.pdf
https://cdn.minderoo.org/content/uploads/2023/02/04205527/Plastic-Waste-Makers-Index-2023.pdf
https://doi.org/10.1007/s00128-021-03429-8
https://doi.org/10.1007/s00128-021-03429-8
https://doi.org/10.1016/j.marpolbul.2021.112116
https://doi.org/10.1016/j.scitotenv.2018.11.250
https://doi.org/10.1016/j.scitotenv.2018.11.250
http://refhub.elsevier.com/S0964-5691(24)00408-3/sref43
http://refhub.elsevier.com/S0964-5691(24)00408-3/sref43
https://doi.org/10.1289/EHP7171
https://doi.org/10.1289/EHP7171
https://doi.org/10.1016/j.scitotenv.2022.160071
https://doi.org/10.1016/j.scitotenv.2022.160071
https://doi.org/10.1016/j.marpolbul.2020.111832
https://doi.org/10.1016/j.marpolbul.2020.111832
https://doi.org/10.1016/j.futures.2018.03.017
https://doi.org/10.1016/j.futures.2018.03.017
https://doi.org/10.1016/j.jclinepi.2013.12.002
https://doi.org/10.1016/j.ecoser.2017.09.015
https://doi.org/10.1016/j.coesh.2022.100344
https://doi.org/10.1016/j.scitotenv.2022.156262
https://doi.org/10.3390/jmse10081009
https://doi.org/10.3390/jmse10081009
https://doi.org/10.1146/annurev-environ-012320-083019
https://doi.org/10.1146/annurev-environ-012320-083019
https://doi.org/10.1080/14724040903418897
https://doi.org/10.1016/j.watres.2021.117011
https://doi.org/10.1016/j.scitotenv.2020.144695
https://doi.org/10.1038/s41598-019-50508-2
https://doi.org/10.1038/s41598-019-50508-2
https://doi.org/10.1371/journal.pone.0281596
https://doi.org/10.1016/j.jenvman.2020.111457
https://doi.org/10.1016/j.marpolbul.2021.112258
https://doi.org/10.1016/j.marpolbul.2021.112258
https://doi.org/10.5334/aogh.4471

C. Maharja et al.

Foley, M.M., Mease, L.A., Martone, R.G., Prahler, E.E., Morrison, T.H., Murray, C.C.,
Wojcik, D., 2017. The challenges and opportunities in cumulative effects assessment.
Environ. Impact Assess. Rev. 62, 122-134. https://doi.org/10.1016/j.
eiar.2016.06.008.

Forrest, A.S., Giacovazzi, L., Dunlop, S., Reisser, J., Tickler, D., Jamieson, A.J.,
Meeuwig, J.J., 2019. Eliminating Plastic Pollution: how a voluntary contribution
from industry will drive the circular plastics economy. Front. Mar. Sci. 6, 627.
https://doi.org/10.3389/fmars.2019.00627.

Fortnam, M., Evans, L., Ayu, A.M.A.M., Bastian, L., Chaigneau, T., Creencia, L.A., Goh, H.
C., Gonzales, B.J., et al., 2022. Polycentricity in practice: marine governance
transitions in Southeast Asia. Environ. Sci. Pol. 137, 87-98. https://doi.org/
10.1016/j.envsci.2022.08.010.

Francis, G., Thunell, E., 2021. Reversing bonferroni. Psychonomic Bull. Rev. 28,
788-794. https://doi.org/10.3758/513423-020-01855-z.

Gall, S., Thompson, R.C., 2015. The impact of debris on marine life. Mar. Pollut. Bull. 92,
170-179. https://doi.org/10.1016/j.marpolbul.2014.12.041.

Garcés-Ordonez, O., Castillo-Olaya, V.A., Espinosa-Diaz, L.F., Canals, M., 2023. Seasonal
variation in plastic litter pollution in mangroves from two remote tropical estuaries
of the Colombian Pacific. Mar. Pollut. Bull. 193, 115210. https://doi.org/10.1016/j.
marpolbul.2023.115210.

Geyer, R., Jambeck, J., Law, K.L., 2017. Production, use, and fate of all plastics ever
made. Sci. Adv. 3, €1700782. https://doi.org/10.1126/sciadv.1700782.

Gill, D.A., Blythe, J., Bennett, N., Evans, L., Brown, K., Turner, R.A., Baggio, J.A.,
Baker, D., et al., 2023. Triple exposure: reducing negative impacts of climate change,
blue growth, and conservation on coastal communities. One Earth 6 (2), 118-130.
https://doi.org/10.1016/j.oneear.2023.01.010.

Giri, C., Ochieng, E.O., Tieszen, L.L., Zhu, Z., Singh, A., Loveland, T.R., Masek, J.,
Duke, N.C., 2011. Status and distribution of mangrove forests of the world using
earth observation satellite data. Global Ecol. Biogeogr. 20, 154-159. https://doi.org/
10.1111/j.1466-8238.2010.00584.x.

Gnatzy, T., Warth, J., von der Gracht, H., Darkow, L.L., 2011. Validating an innovative
real-time Delphi approach-A methodological comparison between real-time and
conventional Delphi studies. Technol. Forecast. Soc. Change 78 (9), 1681-1694.
https://doi.org/10.1016/j.techfore.2011.04.006.

Grabiel, T., Gammage, T., Perry, C., Dixon, C., 2022. Achieving sustainable production
and consumption of virgin plastic polymers. Front. Mar. Sci. 9, 981439. https://doi.
org/10.3389/fmars.2022.981439.

Graham, R.E., 2023. The marine litter issue in the Windward Islands-a pathway to
responses using the DPSIR framework. Front. Environ. Sci. 11, 1150722. https://doi.
org/10.3389/fenvs.2023.1150722.

Green, D.S., 2020. Biological and ecological impacts of plastic debris in aquatic
ecosystems. In: Stock, F., Reifferscheid, G., Brennholt, N., Kostianaia, E. (Eds.),
Plastics in the Aquatic Environment - Part I, The Handbook of Environmental
Chemistry, vol. 111. Springer, Cham. https://doi.org/10.1007/698_2020_509.

Green, D.S., Boots, B., Blockley, D.J., Rocha, C., Thompson, R.C., 2015. Impacts of
discarded plastic bags on marine assemblages and ecosystem functioning. Environ.
Sci. Technol. 49, 5380-5389. https://doi.org/10.1021/acs.est.5b00277.

Green, D.S., Boots, B., O’Connor, N.E., Thompson, R.C., 2016. Microplastics affect the
ecological functioning of an important biogenic habitat. Environ. Sci. Technol. 51,
68-77. https://doi.org/10.1021/acs.est.6b04496.

Giindogdu, S., Bour, A., Kosker, A.R., Walther, B.A., Napierska, D., Mihai, F.C.,
Syberg, K., Hansen, S.F., Walker, T.R., 2024. Review of microplastics and chemical
risk posed by plastic packaging on the marine environment to inform the Global
Plastic Treaty. Sci. Total Environ., 174000 https://doi.org/10.1016/j.
scitotenv.2024.174000.

Haarr, M.L., Falk-Andersson, J., Fabrés, J., 2022. Global marine litter research
2015-2020: geographical and methodological trends. Sci. Total Environ. 820,
153162. https://doi.org/10.1016/j.scitotenv.2022.153162.

Hallowell, M.R., Gambatese, J., 2010. Qualitative research: application of the Delphi
method to CEM research. Journal of the Construction Division and Management 136,
99-107. https://doi.org/10.1061/(asce)co.1943-7862.0000137.

Hamza, A.J., Esteves, L.S., Cvitanovic, M., Kairo, J., 2020. Past and present utilization of
mangrove resources in Eastern Africa and drivers of change. J. Coast Res. 95 (SI),
39-44. https://doi.org/10.2112/S195-008.1.

Harris, L., Liboiron, M., Charron, L., Mather, C., 2021a. Using citizen science to evaluate
extended producer responsibility policy to reduce marine plastic debris shows no
reduction in pollution levels. Mar. Pol. 123, 104319. https://doi.org/10.1016/j.
marpol.2020.104319.

Harris, P.T., Westerveld, L., Nyberg, B., Maes, T., Macmillan-Lawler, M., Appelquist, L.R.,
2021b. Exposure of coastal environments to river-sourced plastic pollution. Sci.
Total Environ. 769, 145222. https://doi.org/10.1016/j.scitotenv.2021.145222.

Hasson, F., Keeney, S., 2011. Enhancing rigour in the Delphi technique research.
Technol. Forecast. Soc. Change 78, 1695-1704. https://doi.org/10.1016/].
techfore.2011.04.005.

Hattam, C., Broszeit, S., Langmead, O., Praptiwi, R.A., Lim, V.-C., Creencia, L.A., Hau, T.
b., Maharja, C., et al., 2021. A matrix approach to tropical marine ecosystem service
assessments in South east Asia. Ecosyst. Serv. 51, 101346. https://doi.org/10.1016/
j-ecoser.2021.101346.

Hayati, Y., Adrianto, L., Krisanti, M., Pranowo, W.S., Kurniawan, F., 2020. Magnitudes
and tourist perception of marine debris on small tourism island: assessment of
Tidung Island, Jakarta, Indonesia. Mar. Pollut. Bull. 158, 111393. https://doi.org/
10.1016/j.marpolbul.2020.111393.

Hgiberg, M.A., Woods, J.S., Verones, F., 2022. Global distribution of potential impact
hotspots for marine plastic debris entanglement. Ecol. Indicat. 135, 108509. https://
doi.org/10.1016/j.ecolind.2021.108509.

15

Ocean and Coastal Management 258 (2024) 107423

Huang, W., Chen, M., Song, B., Deng, J., Shen, M., Chen, Q., Zeng, G., Liang, J., 2021.
Microplastics in the coral reefs and their potential impacts on corals: a mini-review.
Sci. Total Environ. 762, 143112. https://doi.org/10.1016/j.scitotenv.2020.143112.

Huang, H.C., Lin, W.C., Lin, J.D., 2008. Development of a fall-risk checklist using the
Delphi technique. J. Clin. Nurs. 17 (17), 2275-2283. https://doi.org/10.1111/
j-1365-2702.2008.02337 ..

Humphrey-Murto, S., Varpio, L., Gonsalves, C., Wood, T.J., 2016. Using consensus group
methods such as Delphi and Nominal Group in medical education research. Med.
Teach. 39, 14-19. https://doi.org/10.1080/0142159x%.2017.1245856.

Isobe, A., Iwasaki, S., 2022. The fate of missing ocean plastics: are they just a marine
environmental problem? Sci. Total Environ. 825, 153935. https://doi.org/10.1016/
j-scitotenv.2022.153935.

Jambeck, J., Geyer, R., Wilcox, C., Siegler, T.R., Perryman, M.E., Andrady, A.L.,
Narayan, R., Law, K.L., 2015. Plastic waste inputs from land into the ocean. Science
347, 768-771. https://doi.org/10.1126/science.1260352.

Jones, B.L., Unsworth, R.K.F., Nordlund, L.M., Eklof, J., Ambo-Rappe, R., Carly, F.,
Jiddawi, N., La Nafie, Y.A,, et al., 2022. Dependence on seagrass fisheries governed
by household income and adaptive capacity. Ocean Coast Manag. 225, 106247.
https://doi.org/10.1016/j.ocecoaman.2022.106247.

Kamaruddin, H., Maskun, Patittingi, F., Assidiq, H., Bachril, S.N., Al Mukarramah, N.H.,
2022. Legal aspect of plastic waste management in Indonesia and Malaysia:
addressing marine plastic debris. Sustainability 14 (12), 6985. https://doi.org/
10.3390/5u14126985.

Karalija, E., Carbo, M., Coppi, A., Colzi, L., Dainelli, M., Gasparovi¢, M., Grebenc, T.,
Gonnelli, C., Papadakis, V., Pili¢, S., Sibanc, N., 2022. Interplay of plastic pollution
with algae and plants: hidden danger or a blessing? J. Hazard Mater. 438, 129450.
https://doi.org/10.1016/j.jhazmat.2022.129450.

Karasik, R., Lauer, N.E., Baker, A.E., Lisi, N.E., Somarelli, J.A., Eward, W.C., Fiirst, K.,
Dunphy-Daly, M.M., 2023. Inequitable distribution of plastic benefits and burdens
on economies and public health. Front. Mar. Sci. 9, 1017247. https://doi.org/
10.3389/fmars.2022.1017247.

Keeney, S., Hasson, F., McKenna, H., 2006. Consulting the oracle: ten lessons from using
the Delphi technique in nursing research. J. Adv. Nurs. 53, 205-212. https://doi.
org/10.1111/j.1365-2648.2006.03716.x.

Khorozyan, 1., 2021. Dealing with false positive risk as an indicator of misperceived
effectiveness of conservation interventions. PLoS One 16 (8), €0255784. https://doi.
org/10.1371/journal.pone.0255784.

Kiessling, T., Gutow, L., Thiel, M., 2015. Marine litter as habitat and dispersal vector. In:
Bergmann, M., Gutow, L., Klages, M. (Eds.), Marine Anthropogenic Litter. Springer,
Cham, pp. 141-181. https://doi.org/10.1007/978-3-319-16510-3_6.

Kisnarti, E.A., Ningsih, N.S., Putri, M.R., Hendiarti, N., Mayer, B., 2024. Dispersion of
surface floating plastic marine debris from Indonesian waters using hydrodynamic
and trajectory models. Mar. Pollut. Bull. 198, 115779. https://doi.org/10.1016/j.
marpolbul.2023.115779.

Krueger, T., Page, T., Hubacek, K., Smith, L., Hiscock, K., 2012. The role of expert
opinion in environmental modelling. Environ. Model. Software 36, 4-18. https://
doi.org/10.1016/j.envsoft.2012.01.011.

Ladewig, S.M., Bianchi, T.S., Coco, G., Hope, J.A., Thrush, S.F., 2021. A call to evaluate
Plastic’s impacts on marine benthic ecosystem interaction networks. Environ. Pollut.
273, 116423. https://doi.org/10.1016/j.envpol.2021.116423.

Lamb, J.B., Willis, B.L., Fiorenza, E.A., Couch, C.S., Howard, R., Rader, D.N., True, J.,
Kelly, L.A., et al., 2018. Plastic waste associated with disease on coral reefs. Science
359, 460-462. https://doi.org/10.1126/science.aar3320.

Lampitt, R.S., Fletcher, S., Cole, M., Kloker, A., Krause, S., O’Hara, F., Ryder, P.,

Saha, M., et al., 2023. Stakeholder alliances are essential to reduce the scourge of
plastic pollution. Nat. Commun. 14 (1), 2849. https://doi.org/10.1038/541467-023-
38613-3.

Landrigan, P.J., Raps, H., Cropper, M., Bald, C., Brunner, M., Canonizado, E.M.,
Charles, D., Chiles, T.C., et al., 2023. The minderoo-Monaco commission on plastics
and human health. Annals of Global Health 89, 23. https://doi.org/10.5334/
aogh.4056.

Larson, S., Stoeckl, N., Farr, M., Esparon, M., 2015. The role the Great Barrier Reef plays
in resident wellbeing and implications for its management. Ambio 44, 166-177.
https://doi.org/10.1007/s13280-014-0554-3.

Lau, W.W.Y., Shiran, Y., Bailey, R.M., Cook, E., Stuchtey, M., Koskella, J., Velis, C.A.,
Godfrey, L., et al., 2020. Evaluating scenarios toward zero plastic pollution. Science
369, 1455-1461. https://doi.org/10.1126/science.aba9475.

Law, K.L., 2017. Plastics in the marine environment. Ann. Rev. Mar. Sci 9, 205-229.
https://doi.org/10.1146/annurev-marine-010816-060409.

Lebreton, L., Andrady, A.L., 2019. Future scenarios of global plastic waste generation and
disposal. Palgrave Communications 5. https://doi.org/10.1057/541599-018-0212-7.

Lebreton, L., Van Der Zwet, J., Damsteeg, J.W., Slat, B., Andrady, A.L., Reisser, J., 2017.
River plastic emissions to the world’s oceans. Nat. Commun. 8, 15611. https://doi.
org/10.1038/ncomms15611.

Lecegui, A., Olaizola, A., Varela, E., 2022. Disentangling the role of management
practices on ecosystem services delivery in Mediterranean silvopastoral systems:
synergies and trade-offs through expert-based assessment. For. Ecol. Manag. 517,
120273. https://doi.org/10.1016/j.foreco.2022.120273.

Leslie, H.A., Van Velzen, M.J., Brandsma, S.H., Vethaak, A.D., Garcia-Vallejo, J.J.,
Lamoree, M.H., 2022. Discovery and quantification of plastic particle pollution in
human blood. Environ. Int. 163, 107199. https://doi.org/10.1016/j.
envint.2022.107199.

Lestari, P., Trihadiningrum, Y., 2019. The impact of improper solid waste management to
plastic pollution in Indonesian coast and marine environment. Mar. Pollut. Bull. 149,
110505. https://doi.org/10.1016/j.marpolbul.2019.110505.


https://doi.org/10.1016/j.eiar.2016.06.008
https://doi.org/10.1016/j.eiar.2016.06.008
https://doi.org/10.3389/fmars.2019.00627
https://doi.org/10.1016/j.envsci.2022.08.010
https://doi.org/10.1016/j.envsci.2022.08.010
https://doi.org/10.3758/s13423-020-01855-z
https://doi.org/10.1016/j.marpolbul.2014.12.041
https://doi.org/10.1016/j.marpolbul.2023.115210
https://doi.org/10.1016/j.marpolbul.2023.115210
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1016/j.oneear.2023.01.010
https://doi.org/10.1111/j.1466-8238.2010.00584.x
https://doi.org/10.1111/j.1466-8238.2010.00584.x
https://doi.org/10.1016/j.techfore.2011.04.006
https://doi.org/10.3389/fmars.2022.981439
https://doi.org/10.3389/fmars.2022.981439
https://doi.org/10.3389/fenvs.2023.1150722
https://doi.org/10.3389/fenvs.2023.1150722
https://doi.org/10.1007/698_2020_509
https://doi.org/10.1021/acs.est.5b00277
https://doi.org/10.1021/acs.est.6b04496
https://doi.org/10.1016/j.scitotenv.2024.174000
https://doi.org/10.1016/j.scitotenv.2024.174000
https://doi.org/10.1016/j.scitotenv.2022.153162
https://doi.org/10.1061/(asce)co.1943-7862.0000137
https://doi.org/10.2112/SI95-008.1
https://doi.org/10.1016/j.marpol.2020.104319
https://doi.org/10.1016/j.marpol.2020.104319
https://doi.org/10.1016/j.scitotenv.2021.145222
https://doi.org/10.1016/j.techfore.2011.04.005
https://doi.org/10.1016/j.techfore.2011.04.005
https://doi.org/10.1016/j.ecoser.2021.101346
https://doi.org/10.1016/j.ecoser.2021.101346
https://doi.org/10.1016/j.marpolbul.2020.111393
https://doi.org/10.1016/j.marpolbul.2020.111393
https://doi.org/10.1016/j.ecolind.2021.108509
https://doi.org/10.1016/j.ecolind.2021.108509
https://doi.org/10.1016/j.scitotenv.2020.143112
https://doi.org/10.1111/j.1365-2702.2008.02337.x
https://doi.org/10.1111/j.1365-2702.2008.02337.x
https://doi.org/10.1080/0142159x.2017.1245856
https://doi.org/10.1016/j.scitotenv.2022.153935
https://doi.org/10.1016/j.scitotenv.2022.153935
https://doi.org/10.1126/science.1260352
https://doi.org/10.1016/j.ocecoaman.2022.106247
https://doi.org/10.3390/su14126985
https://doi.org/10.3390/su14126985
https://doi.org/10.1016/j.jhazmat.2022.129450
https://doi.org/10.3389/fmars.2022.1017247
https://doi.org/10.3389/fmars.2022.1017247
https://doi.org/10.1111/j.1365-2648.2006.03716.x
https://doi.org/10.1111/j.1365-2648.2006.03716.x
https://doi.org/10.1371/journal.pone.0255784
https://doi.org/10.1371/journal.pone.0255784
https://doi.org/10.1007/978-3-319-16510-3_6
https://doi.org/10.1016/j.marpolbul.2023.115779
https://doi.org/10.1016/j.marpolbul.2023.115779
https://doi.org/10.1016/j.envsoft.2012.01.011
https://doi.org/10.1016/j.envsoft.2012.01.011
https://doi.org/10.1016/j.envpol.2021.116423
https://doi.org/10.1126/science.aar3320
https://doi.org/10.1038/s41467-023-38613-3
https://doi.org/10.1038/s41467-023-38613-3
https://doi.org/10.5334/aogh.4056
https://doi.org/10.5334/aogh.4056
https://doi.org/10.1007/s13280-014-0554-3
https://doi.org/10.1126/science.aba9475
https://doi.org/10.1146/annurev-marine-010816-060409
https://doi.org/10.1057/s41599-018-0212-7
https://doi.org/10.1038/ncomms15611
https://doi.org/10.1038/ncomms15611
https://doi.org/10.1016/j.foreco.2022.120273
https://doi.org/10.1016/j.envint.2022.107199
https://doi.org/10.1016/j.envint.2022.107199
https://doi.org/10.1016/j.marpolbul.2019.110505

C. Maharja et al.

Li, C., Zhu, L., Li, W., Li, D., 2023. Microplastics in the seagrass ecosystems: a critical
review. Sci. Total Environ. 902, 166152. https://doi.org/10.1016/j.
scitotenv.2023.166152.

Li, W.C., Tse, H.F., Fok, L., 2016. Plastic waste in the marine environment: a review of
sources, occurrence and effects. Sci. Total Environ. 566, 333-349. https://doi.org/
10.1016/j.scitotenv.2016.05.084.

Li, Z., Chao, M., He, X., Lan, X., Tian, C., Feng, C., Shen, Z., 2022. Microplastic
bioaccumulation in estuary-caught fishery resource. Environ. Pollut. 306, 119392.
https://doi.org/10.1016/j.envpol.2022.119392.

Lindert, J., Bain, P.A., Kubzansky, L.D., Stein, C., 2015. Well-being measurement and the
WHO health policy Health 2010: systematic review of measurement scales. Eur. J.
Publ. Health 25 (4), 731-740. https://doi.org/10.1093/eurpub/ckul93.

Luo, Y.Y., Not, C., Cannicci, S., 2021. Mangroves as unique but understudied traps for
anthropogenic marine debris: a review of present information and the way forward.
Environ. Pollut. 271, 116291. https://doi.org/10.1016/j.envpol.2020.116291.

Luo, Y.Y., Vorsatz, L.D., Not, C., Cannicci, S., 2022. Landward zones of mangroves are
sinks for both land and water borne anthropogenic debris. Sci. Total Environ. 818,
151809. https://doi.org/10.1016/j.scitotenv.2021.151809.

Mabharja, C., Praptiwi, R.A., Richter, I., Crummy, A., Devine, D., Gajardo, L.J.A., Ha, N.T.,
Johari, S., et al., 2023a. The people of the seas and the seas of the people. In:
Fleming, L., Creencia, L.B.A., Gerwick, W.H., Goh, H.C., Gribble, M.O., Maycock, B.,
Solo-Gabriele, H. (Eds.), Oceans and Human Health: Opportunities and Impacts,
second ed. Academic Press, London, United Kingdom, pp. 499-530. https://doi.org/
10.1016/b978-0-323-95227-9.00007-5.

Mabharja, C., Praptiwi, R.A., Roberts, B.R., Morrissey, K., White, M.P., Sari, N.M.,
Cholifatullah, F., et al., 2023b. Sea swimming and snorkeling in tropical coastal blue
spaces and mental well-being: findings from Indonesian island communities during
the COVID-19 pandemic. Journal of Outdoor Recreation and Tourism 41, 100584.
https://doi.org/10.1016/j.jort.2022.100584.

Mai, L., Sun, X., Zeng, E.Y., 2023. Country-specific riverine contributions to marine
plastic pollution. Sci. Total Environ. 874, 162552. https://doi.org/10.1016/j.
scitotenv.2023.162552.

Maity, S., Pramanick, K., 2020. Perspectives and challenges of micro/nanoplastics-
induced toxicity with special reference to phytotoxicity. Global Change Biol. 26 (6),
3241-3250. https://doi.org/10.1111/gcb.15074.

Malik, A., Fensholt, R., Mertz, O., 2015. Economic valuation of mangroves for
comparison with commercial aquaculture in South sulawesi, Indonesia. Forests 6,
3028-3044. https://doi.org/10.3390/{6093028.

Mankaa, R.N., Traverso, M., 2023. Regional management options for floating marine
litter in coastal waters from a life cycle assessment perspective. Int. J. Life Cycle
Assess. 28 (12), 1705-1722. https://doi.org/10.1007/s11367-023-02236-z.

Manno, C., Peck, V.L., Corsi, I., Bergami, E., 2022. Under pressure: nanoplastics as a
further stressor for sub-Antarctic pteropods already tackling ocean acidification.
Mar. Pollut. Bull. 174, 113176. https://doi.org/10.1016/j.marpolbul.2021.113176.

Marshall, N., Adger, W.N., Benham, C., Brown, K., Curnock, M., Gurney, G.G.,
Marshall, P., Pert, P.L., et al., 2019. Reef Grief: investigating the relationship
between place meanings and place change on the Great Barrier Reef, Australia.
Sustain. Sci. 14, 579-587. https://doi.org/10.1007/511625-019-00666-z.

Martin, C., Baalkhuyur, F.M., Valluzzi, L., Saderne, V., Cusack, M., Almahasheer, H.,
Krishnakumar, P.K., Rabaoui, L., et al., 2020. Exponential increase of plastic burial
in mangrove sediments as a major plastic sink. Sci. Adv. 6, eaaz5593. https://doi.
org/10.1126/sciadv.aaz5593.

Maruf, M., Chang, Y.C., Yang, L., 2024. Managing institutional interlinkages for the
protection of marine environment in the East Asian seas region and beyond: the case
of marine plastic pollution. Ocean Coast Manag. 255, 107232. https://doi.org/
10.1016/j.ocecoaman.2024.107232.

Massiseng, A.N.A., Tuwo, A., Fachry, M.E., Bahar, A., 2022. Characteristics of plastic
waste and perceptions of coastal communities in the MLC Baluno mangrove
ecotourism area, West Sulawesi, Indonesia. Biodiversitas Journal of Biological
Diversity 23 (12). https://doi.org/10.13057/biodiv/d231222.

Matthews, S.N., Iverson, L.R., Peters, M.P., Prasad, A., Subburayalu, S.K., 2014. Assessing
and comparing risk to climate changes among forested locations: implications for
ecosystem services. Landsc. Ecol. 29, 213-228. https://doi.org/10.1007/s10980-
013-9965-y.

Mcllgorm, A., Campbell, H.F., Rule, M.J., 2011. The economic cost and control of marine
debris damage in the Asia-Pacific region. Ocean Coast Manag. 54 (9), 643-651.
https://doi.org/10.1016/j.ocecoaman.2011.05.007.

McMillan, S.S., King, M.A., Tully, M.P., 2016. How to use the nominal group and Delphi
techniques. Int. J. Clin. Pharm. 38, 655-662. https://doi.org/10.1007/s11096-016-
0257-x.

McMullen, K., Tirapé, A., Calle, P., Vandenberg, J., Alvarado-Cadena, O., Ota, Y.,
Dominguez, G.A., Alava, J.J., 2023. Marine litter and social inequities entangle
Ecuadorian mangrove communities: perceptions of plastic pollution and well-being
concerns in Puerto Hondo and Isla Santay, Ecuador. Mar. Pol. 157, 105857. https://
doi.org/10.1016/j.marpol.2023.105857.

McPherson, S., Reese, C., Wendler, M.C., 2018. Methodology update: Delphi studies.
Nurs. Res. 67 (5), 404-410. https://doi.org/10.1097/NNR.0000000000000297.
Meijer, L.J.J., Van Emmerik, T., Van Der Ent, R.J., Schmidt, C., Lebreton, L., 2021. More
than 1000 rivers account for 80% of global riverine plastic emissions into the ocean.

Sci. Adv. 7, eaaz5803. https://doi.org/10.1126/sciadv.aaz5803.

Menéndez-Pedriza, A., Jaumot, J., 2020. Interaction of environmental pollutants with
microplastics: a critical review of sorption factors, bioaccumulation and
ecotoxicological effects. Toxics 8, 40. https://doi.org/10.3390/toxics8020040.

Menicagli, V., Balestri, E., Vallerini, F., De Battisti, D., Lardicci, C., 2021. Plastics and
sedimentation foster the spread of a non-native macroalga in seagrass meadows. Sci.
Total Environ. 757, 143812. https://doi.org/10.1016/j.scitotenv.2020.143812.

16

Ocean and Coastal Management 258 (2024) 107423

Menicagli, V., Castiglione, M.R., Balestri, E., Giorgetti, L., Bottega, S., Sorce, C.,

Spano, C., Lardicci, C., 2022. Early evidence of the impacts of microplastic and
nanoplastic pollution on the growth and physiology of the seagrass Cymodocea
nodosa. Sci. Total Environ. 838, 156514. https://doi.org/10.1016/j.
scitotenv.2022.156514.

Molin, J., Groth-Andersen, W.E., Hansen, P.J., Kiihl, M., Brodersen, K.E., 2023.
Microplastic pollution associated with reduced respiration in seagrass (Zostera
marina L.) and associated epiphytes. Front. Mar. Sci. 10. https://doi.org/10.3389/
fmars.2023.1216299.

Morgan, P.J., Lam-McCulloch, J., Herold-Mcllroy, J., Tarshis, J., 2007. Simulation
performance checklist generation using the Delphi technique. Can. J. Anaesth. 54
(12), 992-997. https://doi.org/10.1007/BF03016633.

Mueller, J.S., Bill, N., Reinach, M.S., Lasut, M.T., Freund, H., Schupp, P.J., 2022.

A comprehensive approach to assess marine macro litter pollution and its impacts on
corals in the Bangka Strait, North Sulawesi, Indonesia. Mar. Pollut. Bull. 175,
113369. https://doi.org/10.1016/j.marpolbul.2022.113369.

Mukherjee, N., Hugé, J., Sutherland, W.J., McNeill, J., Van Opstal, M., Dahdouh-
Guebas, F., Koedam, N., 2015. The Delphi technique in ecology and biological
conservation: applications and guidelines. Methods Ecol. Evol. 6, 1097-1109.
https://doi.org/10.1111/2041-210x.12387.

Naidoo, T., Glassom, D., 2019. Decreased growth and survival in small juvenile fish, after
chronic exposure to environmentally relevant concentrations of microplastic. Mar.
Pollut. Bull. 145, 254-259. https://doi.org/10.1016/j.marpolbul.2019.02.037.

Naidoo, T., Sershen, Thompson, R.C., Rajkaran, A., 2020. Quantification and
characterisation of microplastics ingested by selected juvenile fish species associated
with mangroves in KwaZulu-Natal, South Africa. Environ. Pollut. 257, 113635.
https://doi.org/10.1016/j.envpol.2019.113635.

Niederberger, M., Spranger, J., 2020. Delphi technique in health sciences: a map. Front.
Public Health 8, 457. https://doi.org/10.3389/fpubh.2020.00457.

Nilsen, E.B., Bowler, D.E., Linnell, J.D., 2020. Exploratory and confirmatory research in
the open science era. J. Appl. Ecol. 57 (4), 842-847. https://doi.org/10.1111/1365-
2664.13571.

Not, C., Lui, C.Y.I., Cannicci, S., 2020. Feeding behavior is the main driver for
microparticle intake in mangrove crabs. Limnology and Oceanography Letters 5,
84-91. https://doi.org/10.1002/1012.10143.

OECD, 2020. How’s Life? 2020: Measuring Well-Being. Organisation for Economic Co-
operation and Development, Paris, France. https://www.oecd-ilibrary.org/sites/98
70c393-en/index.html?itemId=/content/publication/9870c393-en.

Okoli, C., Pawlowski, S.D., 2004. The Delphi method as a research tool: an example,
design considerations and applications. Inf. Manag. 42, 15-29. https://doi.org/
10.1016/j.im.2003.11.002.

Okuku, E.O., Kombo, M.M., Mwalugha, C., Owato, G., Otieno, K., Mbuche, M.,
Chepkemboi, P., Kiteresi, L.I., et al., 2023. Are tropical mangroves a sink for litter
leaking from land-and sea-based sources? Evidence from selected Kenyan
mangroves. Mar. Pollut. Bull. 187, 114590. https://doi.org/10.1016/j.
marpolbul.2023.114590.

Omeyer, L.C.M., Duncan, E.M., Aiemsomboon, K., Beaumont, N., Bureekul, S., Cao, B.,
Carrasco, L., Chavanich, S., et al., 2022. Priorities to inform research on marine
plastic pollution in Southeast Asia. Sci. Total Environ. 841, 156704. https://doi.org/
10.1016/j.scitotenv.2022.156704.

Onink, V., Jongedijk, C., Hoffman, M.J., Van Sebille, E., Laufkotter, C., 2021. Global
simulations of marine plastic transport show plastic trapping in coastal zones.
Environ. Res. Lett. 16, 064053. https://doi.org/10.1088/1748-9326/abecbd.

Oosterveld, P., Vorst, H.C., Smits, N., 2019. Methods for questionnaire design: a
taxonomy linking procedures to test goals. Qual. Life Res. 28, 2501-2512. https://
doi.org/10.1007/s11136-019-02209-6.

Ota, Y., Singh, G.G., Clark, T., Schutter, M.S., Swartz, W., Cisneros-Montemayor, A.M.,
2022. Finding logic models for sustainable marine development that deliver on
social equity. PLoS Biol. 20 (10), e3001841. https://doi.org/10.1371/journal.
pbio.3001841.

Ouyang, X., Duarte, C.M., Cheung, S.G., Tam, N.F.-Y., Cannicci, S., Martin, C., Lo, H.-S.,
Lee, J., 2022. Fate and effects of macro- and microplastics in coastal wetlands.
Environ. Sci. Technol. 56, 2386-2397. https://doi.org/10.1021/acs.est.1c06732.

Pabortsava, K., Lampitt, R.S., 2020. High concentrations of plastic hidden beneath the
surface of the Atlantic Ocean. Nat. Commun. 11, 4073. https://doi.org/10.1038/
$41467-020-17932-9.

Perneger, T.V., 1998. What’s wrong with Bonferroni adjustments. BMJ 316 (7139),
1236-1238. https://doi.org/10.1136/bmj.316.7139.1236.

Pévoa, A.A., Skinner, L.F., De Aratjo, F.V., 2021. Fouling organisms in marine litter
(rafting on abiogenic substrates): a global review of literature. Mar. Pollut. Bull. 166,
112189. https://doi.org/10.1016/j.marpolbul.2021.112189.

Psaltopoulos, D., Wade, A.J., Skuras, D., Kernan, M., Tyllianakis, E., Erlandsson, M.,
2017. False positive and false negative errors in the design and implementation of
agri-environmental policies: a case study on water quality and agricultural nutrients.
Sci. Total Environ. 575, 1087-1099. https://doi.org/10.1016/j.
scitotenv.2016.09.181.

Purba, N.P., Handyman, D.I.W., Pribadi, T.D.K., Syakti, A.D., Pranowo, W.S., Harvey, A.
L., Thsan, Y.N., 2019. Marine debris in Indonesia: a review of research and status.
Mar. Pollut. Bull. 146, 134-144. https://doi.org/10.1016/j.marpolbul.2019.05.057.

Putra, M.G.A., Zamani, N.P., Natih, N.M.N., Harahap, S.A., 2021. Relationship between
characteristics of marine debris and impact to coral reef. Jurnal Ilmiah Perikanan
Dan Kelautan 13, 11-19. https://doi.org/10.20473/jipk.v13i1.18896.

Ren, Y., Liu, G., Py, G., Chen, Y., Chen, W., Shi, L., 2020. Spatiotemporal evolution of the
international plastic resin trade network. J. Clean. Prod. 276, 124221. https://doi.
org/10.1016/j.jclepro.2020.124221.


https://doi.org/10.1016/j.scitotenv.2023.166152
https://doi.org/10.1016/j.scitotenv.2023.166152
https://doi.org/10.1016/j.scitotenv.2016.05.084
https://doi.org/10.1016/j.scitotenv.2016.05.084
https://doi.org/10.1016/j.envpol.2022.119392
https://doi.org/10.1093/eurpub/cku193
https://doi.org/10.1016/j.envpol.2020.116291
https://doi.org/10.1016/j.scitotenv.2021.151809
https://doi.org/10.1016/b978-0-323-95227-9.00007-5
https://doi.org/10.1016/b978-0-323-95227-9.00007-5
https://doi.org/10.1016/j.jort.2022.100584
https://doi.org/10.1016/j.scitotenv.2023.162552
https://doi.org/10.1016/j.scitotenv.2023.162552
https://doi.org/10.1111/gcb.15074
https://doi.org/10.3390/f6093028
https://doi.org/10.1007/s11367-023-02236-z
https://doi.org/10.1016/j.marpolbul.2021.113176
https://doi.org/10.1007/s11625-019-00666-z
https://doi.org/10.1126/sciadv.aaz5593
https://doi.org/10.1126/sciadv.aaz5593
https://doi.org/10.1016/j.ocecoaman.2024.107232
https://doi.org/10.1016/j.ocecoaman.2024.107232
https://doi.org/10.13057/biodiv/d231222
https://doi.org/10.1007/s10980-013-9965-y
https://doi.org/10.1007/s10980-013-9965-y
https://doi.org/10.1016/j.ocecoaman.2011.05.007
https://doi.org/10.1007/s11096-016-0257-x
https://doi.org/10.1007/s11096-016-0257-x
https://doi.org/10.1016/j.marpol.2023.105857
https://doi.org/10.1016/j.marpol.2023.105857
https://doi.org/10.1097/NNR.0000000000000297
https://doi.org/10.1126/sciadv.aaz5803
https://doi.org/10.3390/toxics8020040
https://doi.org/10.1016/j.scitotenv.2020.143812
https://doi.org/10.1016/j.scitotenv.2022.156514
https://doi.org/10.1016/j.scitotenv.2022.156514
https://doi.org/10.3389/fmars.2023.1216299
https://doi.org/10.3389/fmars.2023.1216299
https://doi.org/10.1007/BF03016633
https://doi.org/10.1016/j.marpolbul.2022.113369
https://doi.org/10.1111/2041-210x.12387
https://doi.org/10.1016/j.marpolbul.2019.02.037
https://doi.org/10.1016/j.envpol.2019.113635
https://doi.org/10.3389/fpubh.2020.00457
https://doi.org/10.1111/1365-2664.13571
https://doi.org/10.1111/1365-2664.13571
https://doi.org/10.1002/lol2.10143
https://www.oecd-ilibrary.org/sites/9870c393-en/index.html?itemId=/content/publication/9870c393-en
https://www.oecd-ilibrary.org/sites/9870c393-en/index.html?itemId=/content/publication/9870c393-en
https://doi.org/10.1016/j.im.2003.11.002
https://doi.org/10.1016/j.im.2003.11.002
https://doi.org/10.1016/j.marpolbul.2023.114590
https://doi.org/10.1016/j.marpolbul.2023.114590
https://doi.org/10.1016/j.scitotenv.2022.156704
https://doi.org/10.1016/j.scitotenv.2022.156704
https://doi.org/10.1088/1748-9326/abecbd
https://doi.org/10.1007/s11136-019-02209-6
https://doi.org/10.1007/s11136-019-02209-6
https://doi.org/10.1371/journal.pbio.3001841
https://doi.org/10.1371/journal.pbio.3001841
https://doi.org/10.1021/acs.est.1c06732
https://doi.org/10.1038/s41467-020-17932-9
https://doi.org/10.1038/s41467-020-17932-9
https://doi.org/10.1136/bmj.316.7139.1236
https://doi.org/10.1016/j.marpolbul.2021.112189
https://doi.org/10.1016/j.scitotenv.2016.09.181
https://doi.org/10.1016/j.scitotenv.2016.09.181
https://doi.org/10.1016/j.marpolbul.2019.05.057
https://doi.org/10.20473/jipk.v13i1.18896
https://doi.org/10.1016/j.jclepro.2020.124221
https://doi.org/10.1016/j.jclepro.2020.124221

C. Maharja et al.

Requiron, J.C., Gutierrez, C.S., Inocente, S.A.T., Pacilan, C.J.M., Gaboy, S.M.M., Sison, C.
P., Amparado, R.F., Bacosa, H.P., 2023. Aquaculture farmers’ perception and level of
awareness of plastic litter in San Pedro, Dapitan City, Mindanao, the Philippines.
Journal of Sustainability Science and Management 18, 77-91. https://doi.org/
10.46754/jssm.2023.03.006.

Ricaurte, L.F., Olaya-Rodriguez, M.H., Cepeda-Valencia, J., Lara, D., Arroyave-Suarez, J.,
Finlayson, C.M., Palomo, 1., 2017. Future impacts of drivers of change on wetland
ecosystem services in Colombia. Global Environ. Change 44, 158-169. https://doi.
org/10.1016/j.gloenvcha.2017.04.001.

Rochman, C.M., 2015. The complex mixture, fate and toxicity of chemicals associated
with plastic debris in the marine environment. In: Bergmann, M., Gutow, L.,
Klages, M. (Eds.), Marine Anthropogenic Litter. Springer International Publishing,
pp. 117-140. https://doi.org/10.1007/978-3-319-16510-3_5.

Rodrigues, A., Oliver, D.M., McCarron, A., Quilliam, R.S., 2019. Colonisation of plastic
pellets (nurdles) by E. coli at public bathing beaches. Mar. Pollut. Bull. 139,
376-380. https://doi.org/10.1016/j.marpolbul.2019.01.011.

Romera-Castillo, C., Lucas, A., Mallenco-Fornies, R., Briones-Rizo, M., Calvo, E.,
Pelejero, C., 2023. Abiotic plastic leaching contributes to ocean acidification. Sci.
Total Environ. 854, 158683. https://doi.org/10.1016/j.scitotenv.2022.158683.

Santos, R.G., Machovsky-Capuska, G.E., Andrades, R., 2021. Plastic ingestion as an
evolutionary trap: toward a holistic understanding. Science 373, 56-60. https://doi.
org/10.1126/science.abh0945.

Sari, L., Ichsan, M., White, A.T., Raup, S.A., Wisudo, S.H., 2021. Monitoring small-scale
fisheries catches in Indonesia through a fishing logbook system: challenges and
strategies. Mar. Pol. 134, 104770. https://doi.org/10.1016/j.marpol.2021.104770.

Schmidt, C., Krauth, T., Wagner, S., 2017. Export of plastic debris by rivers into the sea.
Environ. Sci. Technol. 51, 12246-12253. https://doi.org/10.1021/acs.est.7b02368.

Schuyler, Q., Hardesty, B.D., Wilcox, C., Townsend, K.A., 2013. Global analysis of
anthropogenic debris ingestion by sea turtles. Conserv. Biol. 28, 129-139. https://
doi.org/10.1111/cobi.12126.

Selvam, K., Xavier, K.A.M., Deshmukhe, G., Jaiswar, A.K., Bhusan, S., Shukla, S.P., 2021.
Anthropogenic pressure on mangrove ecosystems: quantification and source
identification of surficial and trapped debris. Sci. Total Environ. 794, 148677.
https://doi.org/10.1016/j.scitotenv.2021.148677.

Serra-Gongalves, C., Lavers, J.L., Tait, H.L., Fischer, A.M., Bond, A.L., 2023. Assessing the
effectiveness of MARPOL Annex V at reducing marine debris on Australian beaches.
Mar. Pollut. Bull. 191, 114929. https://doi.org/10.1016/j.marpolbul.2023.114929.

Sharkey, S.B., Sharples, A.Y., 2001. An approach to consensus building using the Delphi
technique: developing a learning resource in mental health. Nurse Educ. Today 21
(5), 398-408. https://doi.org/10.1054/nedt.2001.0573.

Simeoni, C., Furlan, E., Pham, H.V., Critto, A., de Juan, S., Trégarot, E., Cornet, C.C.,
et al., 2023. Evaluating the combined effect of climate and anthropogenic stressors
on marine coastal ecosystems: insights from a systematic review of cumulative
impact assessment approaches. Sci. Total Environ. 861, 160687. https://doi.org/
10.1016/j.scitotenv.2022.160687.

Smith, S., 2012. Marine debris: a proximate threat to marine sustainability in Bootless
Bay, Papua New Guinea. Mar. Pollut. Bull. 64, 1880-1883. https://doi.org/10.1016/
j.-marpolbul.2012.06.013.

Sourani, A., Sohail, M., 2014. The Delphi method: review and use in construction
management research. Int. J. Construct. Educ. Res. 11, 54-76. https://doi.org/
10.1080/15578771.2014.917132.

Spencer, M., Culhane, F., Chong, F., Powell, M.O., Holst, R.J.R., Helm, R., 2023.
Estimating the impact of new high seas activities on the environment: the effects of
ocean-surface macroplastic removal on sea surface ecosystems. PeerJ 11, e15021.
https://doi.org/10.7717 /peerj.15021.

Spickermann, A., Zimmermann, M., Von Der Gracht, H.A., 2014. Surface- and deep-level
diversity in panel selection — exploring diversity effects on response behaviour in
foresight. Technol. Forecast. Soc. Change 85, 105-120. https://doi.org/10.1016/j.
techfore.2013.04.009.

Stofen-O'Brien, A., Naji, A., Brooks, A.L., Jambeck, J.R., Khan, F.R., 2022. Marine plastic
debris in the Arabian/Persian Gulf: challenges, opportunities and recommendations
from a transdisciplinary perspective. Mar. Pol. 136, 104909. https://doi.org/
10.1016/j.marpol.2021.104909.

Sugianto, E., Chen, J.H., Purba, N.P., 2023. Cleaning technology for marine debris: a
review of current status and evaluation. Int. J. Environ. Sci. Technol. 20 (4),
4549-4568. https://doi.org/10.1007/s13762-022-04373-8.

Sultan, M.B., Rahman, MdM., Khatun, MstA., Shahjalal, Md, Akbor, MdA.,

Siddique, MdA.B., Huque, R., Malafaia, G., 2023. Microplastics in different fish and
shellfish species in the mangrove estuary of Bangladesh and evaluation of human
exposure. Sci. Total Environ. 858, 159754. https://doi.org/10.1016/].
scitotenv.2022.159754.

Sumeldan, J.D., Richter, 1., Avillanosa, A.L., Bacosa, H.P., Creencia, L.A., Pahl, S., 2021.
Ask the locals: a community-informed analysis of perceived marine environment
quality over time in Palawan, Philippines. Front. Psychol. 12, 661810. https://doi.
org/10.3389/fpsyg.2021.661810.

Sur, C., Abbott, J.M., Ambo-Rappe, R., Asriani, N., Hameed, S.O., Jellison, B.M.,
Lestari, H.A., Limbong, S.R., et al., 2018. Marine debris on small islands: insights
from an educational outreach program in the spermonde archipelago, Indonesia.
Front. Mar. Sci. 5, 35. https://doi.org/10.3389/fmars.2018.00035.

Suyadi, S., Manullang, C.Y., 2020. Distribution of plastic debris pollution and it is
implications on mangrove vegetation. Mar. Pollut. Bull. 160, 111642. https://doi.
org/10.1016/j.marpolbul.2020.111642.

Teh, L., Teh, L.C.L., Sumaila, U.R., 2013. A global estimate of the number of coral reef
Fishers. PLoS One 8, e65397. https://doi.org/10.1371/journal.pone.0065397.

17

Ocean and Coastal Management 258 (2024) 107423

Teh, L.C.L., Pauly, D., 2018. Who brings in the fish? The relative contribution of Small-
Scale and industrial fisheries to food security in Southeast Asia. Front. Mar. Sci. 5,
44. https://doi.org/10.3389/fmars.2018.00044.

The Ministry of National Development Planning/National Development Planning
Agency, 2020. Peraturan Menteri Perencanaan Pembangunan Nasional/Kepala
Badan Perencanaan Pembangunan Nasional Nomor 11 Tahun 2020 Tentang Recana
Strategis Kementerian Perencanaan Pembangunan Nasional/Badan Perencanaan
Pembangunan Nasional Tahun 2020 — 2024. The Ministry of National Development
Planning/National Development Planning Agency, Jakarta.

Trégarot, E., D’Olivo, J.P., Botelho, A.Z., Cabrito, A., Cardoso, G.O., Casal, G., Cornet, C.
C., Cragg, S.M.,, et al., 2024. Effects of climate change on marine coastal
ecosystems—A review to guide research and management. Biol. Conserv. 289,
110394. https://doi.org/10.1016/j.biocon.2023.110394.

Tyllianakis, E., Ferrini, S., 2021. Personal attitudes and beliefs and willingness to pay to
reduce marine plastic pollution in Indonesia. Mar. Pollut. Bull. 173, 113120. https://
doi.org/10.1016/j.marpolbul.2021.113120.

Unsworth, R.K.F., Ambo-Rappe, R., Jones, B.L., La Nafie, Y.A., Irawan, A., Hernawan, U.
E., Moore, A., Cullen-Unsworth, L.C., 2018. Indonesia’s globally significant seagrass
meadows are under widespread threat. Sci. Total Environ. 634, 279-286. https://
doi.org/10.1016/j.scitotenv.2018.03.315.

Utami, D.A., Reuning, L., Konechnaya, O., Schwarzbauer, J., 2021. Microplastics as a
sedimentary component in reef systems: a case study from the Java Sea.
Sedimentology 68, 2270-2292. https://doi.org/10.1111/sed.12879.

van Bijsterveldt, C.E.J., Van Wesenbeeck, B.K., Ramadhani, S., Raven, O.V., Van Gool, F.
E., Pribadi, R., Bouma, T.J., 2021. Does plastic waste kill mangroves? A field
experiment to assess the impact of macro plastics on mangrove growth, stress
response and survival. Sci. Total Environ. 756, 143826. https://doi.org/10.1016/j.
scitotenv.2020.143826.

Villarrubia-Gomez, P., Cornell, S., Fabrés, J., 2018. Marine plastic pollution as a
planetary boundary threat — the drifting piece in the sustainability puzzle. Mar. Pol.
96, 213-220. https://doi.org/10.1016/j.marpol.2017.11.035.

Von Der Gracht, H.A., 2012. Consensus measurement in Delphi studies. Technol.
Forecast. Soc. Change 79, 1525-1536. https://doi.org/10.1016/j.
techfore.2012.04.013.

Vriend, P., Hidayat, H., Van Leeuwen, J., Cordova, M.R., Purba, N.P., Lohr, A., Faizal, L.,
Ningsih, N, et al., 2021. Plastic pollution research in Indonesia: state of science and
future research directions to reduce impacts. Front. Environ. Sci. 9, 187. https://doi.
org/10.3389/fenvs.2021.692907.

Walker, T.R., 2021. (Micro)plastics and the UN sustainable development goals. Curr.
Opin. Green Sustainable Chem. 30, 100497. https://doi.org/10.1016/].
c0gsc.2021.100497.

Wang, Y., Bai, J., Liu, Z., Zhang, L., Zhang, G., Chen, G., Xia, J., Cui, B., et al., 2023a.
Consequences of microplastics on global ecosystem structure and function. Rev.
Environ. Contam. Toxicol. 261, 22. https://doi.org/10.1007/544169-023-00047-9.

Wang, Y., Meng, J., Li, T., Li, R., Liu, B., 2023b. Role of mangrove forest in interception
of microplastics (MPs): challenges, progress, and prospects. J. Hazard Mater. 445,
130636. https://doi.org/10.1016/j.jhazmat.2022.130636.

Watts, A.J., Porter, A., Hembrow, N., Sharpe, J., Galloway, T.S., Lewis, C., 2017. Through
the sands of time: beach litter trends from nine cleaned North Cornish beaches.
Environ. Pollut. 228, 416-424. https://doi.org/10.1016/j.envpol.2017.05.016.

Watts, A., Urbina, M.A., Corr, S., Lewis, C., Galloway, T.S., 2015. Ingestion of plastic
microfibers by the crab Carcinus maenas and its effect on food consumption and
energy balance. Environ. Sci. Technol. 49, 14597-14604. https://doi.org/10.1021/
acs.est.5b04026.

Welden, N.A., 2020. The environmental impacts of plastic pollution. In: Letcher, T.M.
(Ed.), Plastic Waste and Recycling. Environmental Impact, Societal Issues,
Prevention, and Solutions. Academic Press, pp. 195-222. https://doi.org/10.1016/
b978-0-12-817880-5.00008-6.

Winarni, N.L., Pradana, D.H., Ayujawi, S.A., Zackeisha, N., Anugra, B.G., Wulandari, Y.,
Syachrudin, D., 2022. Problems in paradise: mangrove bird communities impacted
by litter in Jakarta Bay, Indonesia. Ocean Coast Manag. 225, 106223. https://doi.
org/10.1016/j.ocecoaman.2022.106223.

Witzig, C.S., Foldi, C., Worle, K., Habermehl, P., Pittroff, M., Miiller, Y.K., Lauschke, T.,
Fiener, P., Dierkes, G., Freier, K.P., Zumbiilte, N., 2020. When good intentions go
bad—false positive microplastic detection caused by disposable gloves. Environ. Sci.
Technol. 54 (19), 12164-12172. https://doi.org/10.1021/acs.est.0c03742.

Wyles, K.J., Pahl, S., Thomas, K.J., Thompson, R.C., 2016. Factors that can undermine
the psychological benefits of coastal environments. Environ. Behav. 48, 1095-1126.
https://doi.org/10.1177,/0013916515592177.

Yamamoto, Y., 2023. Living under ecosystem degradation: evidence from the
mangrove-fishery linkage in Indonesia. J. Environ. Econ. Manag. 118, 102788.
https://doi.org/10.1016/j.jeem.2023.102788.

Yona, D., Sari, S.H.J., Iranawati, F., Bachri, S., Ayuningtyas, W.C., 2019. Microplastics in
the surface sediments from the eastern waters of Java Sea, Indonesia. F1000Research
8, 98. https://doi.org/10.12688/f1000research.17103.1.

Yose, P., Thondhlana, G., Fraser, G., 2023. Conceptualizing the socio-cultural impacts of
marine plastic pollution on human well-being — a perspective. Mar. Pollut. Bull. 194,
115285. https://doi.org/10.1016/j.marpolbul.2023.115285.

Zhou, Q., Tu, C,, Fu, C., Li, Y., Zhang, H., Xiong, K., Zhao, X., Li, L., et al., 2020.
Characteristics and distribution of microplastics in the coastal mangrove sediments
of China. Sci. Total Environ. 703, 134807. https://doi.org/10.1016/j.
scitotenv.2019.134807.

zu Ermgassen, P.S.E.Z., Mukherjee, N., Worthington, T.A., Acosta, A., Da Rocha
Aratjo, A.R., Beitl, C.M., Castellanos-Galindo, G.A., Cunha-Lignon, M., et al., 2020.
Fishers who rely on mangroves: modelling and mapping the global intensity of


https://doi.org/10.46754/jssm.2023.03.006
https://doi.org/10.46754/jssm.2023.03.006
https://doi.org/10.1016/j.gloenvcha.2017.04.001
https://doi.org/10.1016/j.gloenvcha.2017.04.001
https://doi.org/10.1007/978-3-319-16510-3_5
https://doi.org/10.1016/j.marpolbul.2019.01.011
https://doi.org/10.1016/j.scitotenv.2022.158683
https://doi.org/10.1126/science.abh0945
https://doi.org/10.1126/science.abh0945
https://doi.org/10.1016/j.marpol.2021.104770
https://doi.org/10.1021/acs.est.7b02368
https://doi.org/10.1111/cobi.12126
https://doi.org/10.1111/cobi.12126
https://doi.org/10.1016/j.scitotenv.2021.148677
https://doi.org/10.1016/j.marpolbul.2023.114929
https://doi.org/10.1054/nedt.2001.0573
https://doi.org/10.1016/j.scitotenv.2022.160687
https://doi.org/10.1016/j.scitotenv.2022.160687
https://doi.org/10.1016/j.marpolbul.2012.06.013
https://doi.org/10.1016/j.marpolbul.2012.06.013
https://doi.org/10.1080/15578771.2014.917132
https://doi.org/10.1080/15578771.2014.917132
https://doi.org/10.7717/peerj.15021
https://doi.org/10.1016/j.techfore.2013.04.009
https://doi.org/10.1016/j.techfore.2013.04.009
https://doi.org/10.1016/j.marpol.2021.104909
https://doi.org/10.1016/j.marpol.2021.104909
https://doi.org/10.1007/s13762-022-04373-8
https://doi.org/10.1016/j.scitotenv.2022.159754
https://doi.org/10.1016/j.scitotenv.2022.159754
https://doi.org/10.3389/fpsyg.2021.661810
https://doi.org/10.3389/fpsyg.2021.661810
https://doi.org/10.3389/fmars.2018.00035
https://doi.org/10.1016/j.marpolbul.2020.111642
https://doi.org/10.1016/j.marpolbul.2020.111642
https://doi.org/10.1371/journal.pone.0065397
https://doi.org/10.3389/fmars.2018.00044
http://refhub.elsevier.com/S0964-5691(24)00408-3/sref188
http://refhub.elsevier.com/S0964-5691(24)00408-3/sref188
http://refhub.elsevier.com/S0964-5691(24)00408-3/sref188
http://refhub.elsevier.com/S0964-5691(24)00408-3/sref188
http://refhub.elsevier.com/S0964-5691(24)00408-3/sref188
http://refhub.elsevier.com/S0964-5691(24)00408-3/sref188
https://doi.org/10.1016/j.biocon.2023.110394
https://doi.org/10.1016/j.marpolbul.2021.113120
https://doi.org/10.1016/j.marpolbul.2021.113120
https://doi.org/10.1016/j.scitotenv.2018.03.315
https://doi.org/10.1016/j.scitotenv.2018.03.315
https://doi.org/10.1111/sed.12879
https://doi.org/10.1016/j.scitotenv.2020.143826
https://doi.org/10.1016/j.scitotenv.2020.143826
https://doi.org/10.1016/j.marpol.2017.11.035
https://doi.org/10.1016/j.techfore.2012.04.013
https://doi.org/10.1016/j.techfore.2012.04.013
https://doi.org/10.3389/fenvs.2021.692907
https://doi.org/10.3389/fenvs.2021.692907
https://doi.org/10.1016/j.cogsc.2021.100497
https://doi.org/10.1016/j.cogsc.2021.100497
https://doi.org/10.1007/s44169-023-00047-9
https://doi.org/10.1016/j.jhazmat.2022.130636
https://doi.org/10.1016/j.envpol.2017.05.016
https://doi.org/10.1021/acs.est.5b04026
https://doi.org/10.1021/acs.est.5b04026
https://doi.org/10.1016/b978-0-12-817880-5.00008-6
https://doi.org/10.1016/b978-0-12-817880-5.00008-6
https://doi.org/10.1016/j.ocecoaman.2022.106223
https://doi.org/10.1016/j.ocecoaman.2022.106223
https://doi.org/10.1021/acs.est.0c03742
https://doi.org/10.1177/0013916515592177
https://doi.org/10.1016/j.jeem.2023.102788
https://doi.org/10.12688/f1000research.17103.1
https://doi.org/10.1016/j.marpolbul.2023.115285
https://doi.org/10.1016/j.scitotenv.2019.134807
https://doi.org/10.1016/j.scitotenv.2019.134807

C. Maharja et al. Ocean and Coastal Management 258 (2024) 107423

mangrove-associated fisheries. Estuar. Coast Shelf Sci. 247, 106975. https://doi.org/
10.1016/j.ecss.2020.106975.

18


https://doi.org/10.1016/j.ecss.2020.106975
https://doi.org/10.1016/j.ecss.2020.106975

	Multiple negative impacts of marine plastic pollution on tropical coastal ecosystem services, and human health and well-being
	1 Introduction
	1.1 Marine plastic pollution: sources and impacts
	1.2 Research aim, questions, objectives, and strategy

	2 Methodology
	2.1 The Delphi process
	2.2 Selection of experts
	2.3 Questionnaire format
	2.4 Data analyses

	3 Results
	3.1 Expert profile
	3.2 Marine plastic accumulation trend in Indonesia
	3.3 The impacts of marine plastic accumulation on ecosystem services and human health and well-being in Indonesia

	4 Discussion
	4.1 The predicted impacts of marine plastic pollution in Indonesia
	4.2 Policy and management implications
	4.3 Limitations and further studies

	5 Conclusion
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	datalink5
	References


