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Abstract

The presence of plastic marine litter (ML) and its associated negative environmental im-
pacts have been documented in all existing parts of the marine and coastal environment,
including protected areas (PAs). The aim of this study is to identify gaps in existing research
related to the lack of standardization of methods and scarcity of detailed information on the
characteristics of ML found. This systematic review provides current information on the
methods and results of studies focused on the problem of ML and microplastic (MP) pollu-
tion on the coastlines of PAs. This study was conducted in accordance with the PRISMA
2020 statement. It is based on 28 peer-reviewed publications from four online databases and
search platforms: ScienceDirect, PubMed, MDPI and Google Scholar, published between
2021 and 2025. The presence of ML was detected in all 28 studies (100%), confirming
the relevance of the problem along the coastlines of PAs, even those far from industrial
centers. The reported densities, however, ranged from a few fragments of litter to several
thousand items. Plastic was the most common material of ML among all the peer-reviewed
publications analyzed. Most of the studies showed that polyethylene (PE) fragments were
the dominant type of microplastic (MP) found in coastal environments of PAs. However,
despite the growing research on this topic, the problems of lack of detailed information
and standardization of methods remain unresolved. This review emphasizes the impor-
tance of applying unified methods and conducting long-term monitoring experiments in
future research.

Keywords: marine debris; beach litter; microplastic; solid waste; conservation area

1. Introduction
In recent decades, there has been a significant increase in production and mass con-

sumption of plastic products. Although polymer materials offer many advantages to
producers and consumers, and have improved the quality of life for humanity, their increas-
ing global use is leading to a large number of environmental risks. Current trends suggest
that the global use of plastic is expected to reach 884 Mt in 2050 [1]. It is also expected that
the amount of plastic waste will increase more than twofold within 30 years [2].

Despite the active research in the field of plastic waste management and recycling,
existing plastic waste management technologies, such as incineration at waste-to-energy
plants and landfill disposal, lead to the loss of valuable economic resources and create
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new environmental risks of secondary pollution [3]. Ineffectiveness of waste management
systems means that 22% of all plastic waste produced ends up in freshwater and marine
ecosystems, where it breaks down and persists [4]. If the current rapid increase in pollution
rates continues, it is projected that, by 2050, there will be more plastic than fish (by weight)
in the ocean, which will lead to the destruction of marine ecosystems and the extinction of
numerous species [4].

According to the United Nations Environment Programme (UNEP), marine litter
(ML) is defined as any persistent, manufactured or processed solid material discarded,
disposed of or abandoned in the marine and coastal environment [5]. Microplastics (MPs),
which are typically defined as plastic debris smaller than 5 mm, constitute 85% of floating
marine litter and have become one of the most pervasive threats [6]. The presence of these
pollutants and associated negative environmental impacts have been documented in all
components of marine and coastal ecosystems, including beaches, sand dunes, abyssal
plants and submarine canyons [7].

Protected areas (PAs) are clearly defined geographical spaces that are recognized,
dedicated and managed, through legal or other effective means, to achieve the long-term
conservation of nature with associated ecosystem services and cultural values [8]. In the
context of the large-scale presence of ML pollution in the ocean, protected natural areas
located in the marine and coastal environments attract special attention. Marine protected
areas (MPAs) meet the International Union for Conservation of Nature’s (IUCN) overall
definition of protected area and represent one of the key mechanisms for the conservation
and sustainable management of marine and coastal ecosystems [8]. Furthermore, they are
effective tools for coastal protection, landscape protection, marine biodiversity conservation,
carbon sequestration and preservation of cultural heritage [9]. The significant growth in
the number of MPAs has led them to play a critical role in the management of marine
ecosystems [10].

Despite this progress, many authors have highlighted that existing and developing
MPAs are not free from ML [11–15]. They are subject to severe anthropogenic pollution,
just like other coastal areas. Nevertheless, the existing data on this topic is limited to
single sites or individual components of ecosystems, as well as short research periods,
meaning it cannot be fully applied to the existing management and protection systems
of these territories. Moreover, the results of current research are typically focused on
general assessments of pollution levels, including sites outside protected zones. This
complicates the comparisons among studies and limits the ability to identify common
patterns, pathways and sources of ML and MPs.

Another important problem is the lack of standardized methods for sampling and lab-
oratory analysis of ML and MPs. At the present time, there is still no unified methodology
for collecting and analyzing samples of marine debris and plastic particles. There are many
methods for the monitoring of beach litter, e.g., the OSPAR method [16], the HELCOM
method [17] and the NOAA protocol [18]. Consequently, the methodologies for sampling
and analyzing MPs are often disparate and depend on the laboratory resources availability
and local guidelines. The current use of different methods is leading to confusion and
inaction about the problem of ML and MP pollution, as it complicates cross-checking
between results, which is vital for a comprehensive understanding of the problem [19]. A
further important issue is identifying the sources of ML and MPs. Anthropogenic waste
enters the ocean from a variety of points, including both diffuse and point sources. The
identification of the original purpose and source of some particles formed as a result of the
disintegration of larger items can be impossible, especially when the litter has been in the
marine or coastal environment for a long period of time [20].
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Over the past 5 years, there has been an increase in scientific and public attention to
the problem of ML and MP pollution of marine and coastal environments. An updated
review covering the period between 2021 and 2025 is needed to capture recent progress
in the field and identify existing gaps that hinder further research. Furthermore, existing
reviews do not focus on the protected areas, leaving a critical gap in synthesized knowledge
for these vulnerable zones. The present systematic review was designed to address three
key questions:

1. What is the current state of knowledge on ML and MP pollution in PAs?
2. What methodological approaches have been applied and how do they affect compara-

bility of the results?
3. What are the main research gaps that limit the understanding of this issue?

Research objectives:

1. To define the search criteria and conduct a search for relevant sources over the past
5 years;

2. To analyze and systematize scientific publications relevant to the research topic;
3. To compare reported levels and characteristics of marine debris and microplastic

pollution in PAs;
4. To identify existing gaps in the study of the problem and prospects for further research.

2. Materials and Methods
This review was conducted in accordance with the PRISMA 2020 statement [21]. All of

the sections and elements presented in this work comply with the PRISMA 2020 expanded
checklist [22] and the PRISMA 2020 extension for Abstracts [21], with details available in
the Supplementary Table S1. The aim of this study is to identify gaps in existing research
related to the lack of standardization of methods and scarcity of detailed information on
the characteristics of ML found.

The search and selection of relevant sources for this work were conducted by one
reviewer from 1 December to 31 December 2025. Peer-reviewed scientific articles published
over the last 5 years (between 1 January 2021 and 31 December 2025) were used for data
sources. The selection of the time interval is associated with qualitative development in
the study of pollution by marine debris and MPs that occurred due to the introduction
and wider use of advanced methods for microplastic analysis (laser diffraction particle,
dynamic light scattering, Fourier-transform infrared spectroscopy, Raman spectroscopy).
Furthermore, limiting the time range of publications when selecting the literature made it
possible to focus on the current methodological approaches and recent findings with the
aim of identifying current trends and gaps.

The literature search was conducted using the following four online databases and
search platforms of scientific publications: ScienceDirect, PubMed, MDPI and Google
Scholar. These sources provide access to a wide range of high-quality, peer-reviewed publi-
cations and were selected for their interdisciplinary and wide coverage of environmental,
ecological and marine science journals. Furthermore, they offer effective and transparent
search instruments that ensure the reproducibility of the search strategy. The authors ac-
knowledge that the search was limited to only four online databases and search platforms,
which may have led to the omission of some relevant publications. Nevertheless, the search
strategy combined selected sources with complementary coverage and manual screening
of references and appendices to ensure broad coverage of relevant data on ML and MP
pollution in PAs. Moreover, the inclusion of the Google Scholar search engine made it
possible to cover a wide range of studies published in journals not indexed in Web of
Science and Scopus, which helped to reduce selection bias.
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The following search words and terms as well as their plural forms were used to
find relevant sources: “microplastic”, “marine litter”, “plastic litter”, “nature reserve”,
“protected area”, “national park”, “oasis”, “coast”, “beach”, “shoreline”. The terms were
combined using the Boolean operators “AND” and “OR”. Below is the example of one
compound search query in the ScienceDirect database: (“microplastic” OR “plastic litter”
OR “marine litter”) AND (“protected area” OR “nature reserve” OR “national park” OR
“oasis”) AND (“coast” OR “beach” OR “shoreline”). The search was performed in the titles,
abstracts and author-provided keywords.

This literature review focused only on scientific articles in English that were classified
as “research articles”. Review articles were excluded from the search with the aim to focus
on the specific methodological approaches to ML and MPs sampling and analysis used in
various coastal zone studies. Moreover, this limitation of publication types helped to focus
on current pollution levels and existing gaps in the research.

The articles were included if they met the following eligibility criteria:

1. The title of the article is connected with the problem being studied.
2. Selected keywords and terms are present in the abstract and content of the work.
3. The study was conducted along the strandline (high tide line), coastline dunes, vege-

tation line or the entire beach area.
4. The research included direct sampling of ML, collection of sand samples or visual

surveys of the coastline.
5. The research results provide qualitative and quantitative data on marine litter and

microplastic pollution in PAs.

No geographical restrictions were imposed. Studies conducted in various protected
areas in any country or region were included. For the purpose of this review, protected areas
were defined as any defined geographical spaces with a formal conservation designation,
including national parks, nature reserves, marine protected areas and oases. This approach
was selected to capture the global distribution of evidence on ML and MP pollution along
the coastlines of PAs.

Although the screening was performed by a single reviewer, all found studies were
evaluated for inclusion in a two-stage screening process: title and abstract screening,
followed by full-text assessment. Standardized quality assessment tools were not applied,
primarily due to the significant methodological heterogeneity of the selected articles, which
complicates the use of a unified assessment system. However, a detailed qualitative
assessment of the research methodologies was conducted to identify these specific sources
of heterogeneity that limit data comparability (Sections 3.1 and 3.2). Moreover, a second
reviewer independently checked selected articles to minimize the selection bias. Any
discrepancies were resolved through discussion. The authors acknowledge that the lack of
formal risk of bias assessment is a limitation, which should be addressed in future reviews.

Data were extracted from each selected article using a standardized data extraction
form developed for this review. The following data were recorded: author(s), location and
status of the protected area, sampling methods, analytical methods used for microplastic
identification (if available), total number of ML detected, the weight and numerical density
of ML and MPs, dominant materials/items. All extracted results were structured and
presented in tabular form. Where possible, quantitative data (e.g., items/m2, g/m2) were
compared across studies to identify patterns and evaluate pollution levels. No meta-
analysis was performed due to the methodological heterogeneity across the selected articles.

The authors recognize that established criteria for searching and restrictions for select-
ing scientific publications could have resulted in the exclusion of some relevant publications.
Nevertheless, this approach was aimed at independently identifying existing gaps in the
most relevant research on this topic.
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3. Results and Discussion
A search for relevant scientific publications identified 1175 articles published over

the past 5 years (between 1 January 2021 and 31 December 2025). After analyzing the
obtained sources and excluding duplicates, 28 articles were selected (Figure 1). All of these
articles met the above-described criteria, were read in full and analyzed, including the list
of references and appendices. The results of the analysis included information (if available)
about the research object, sampling points, ML density and MP polymer identification.

 

Figure 1. Flow diagram of information through the different phases of a review.

In total, 24 protected areas across different regions of the globe were included in this
review. The majority of the studies were conducted in Europe (35.7%; n = 10), followed
by Asia (28.6%; n = 8) and South America (17.8%; n = 5). The remaining studies were
conducted in North America (n = 2) and one each in Africa, Antarctica and Australia.
This uneven geographical distribution reflects differences in research capacity and the
availability of monitoring programs across regions. Furthermore, this imbalance highlights
the need for future research in understudied regions of the Global South where protected
areas may be more vulnerable to marine litter pollution.

Most of the research articles were focused on the beach strandline (high tide line), an
area greatly influenced by water and sediment dynamics. The strandline is one of the first
deposition habitats of ML and MPs before they are integrated into the beach [23]. Other
studies were focused on exploring different parts of the beach, including the coastline dunes,
vegetation line or the entire beach area. Such methodological variations have a significant
impact on the results obtained. Sampling ML across the entire beach area provides a more
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integrated picture of standing stock, while the exclusion of the backshore and vegetation
lines may underestimate the total amount of debris that has been transported beyond the
strandline. These differences in sampling location complicate direct comparisons across
beaches and may introduce significant bias. The collected data on the total number of ML,
its density and common materials is presented in Table 1.

Table 1. Summary of ML characteristics detected in PAs. “+” means used in the study. “-” means not
recorded in the study.

Protected Area Total Number of ML ML Density Common Materials/
Items (>10%)

MP
Identification Source

Gulf of Kachchh
Marine Protected

Area
88 items

0.06 plastic items/m2,
0.001 metal items/m2,
0.002 glass items/m2

Plastic bottles (33%),
Plastic bags (13%)

Baroth A. et al.,
2022 [12]

Natural Oriented
Reserve of Capo

Peloro

Macrolitter:
500 items;

Microlitter:
96 items

Macrolitter:
0.10 items/m2;

Microlitter:
28 items/kg

Plastics (70.2%),
ceramics (12.0%),

glass (10,6%)
+ Caterina Branca

et al., 2025 [24]

Ma’an Archipelago
Marine Special
Protected Area

357 items 0.27 (0.06–0.39) items/m2,
26.32 (4.95–81.62) g/m2

Plastics (35.20%),
polystyrene foam (22.69%),

others (12.06%)

Kaiyi Wang et al.,
2025 [25]

Koh Rong
Archipelago Marine

Fisheries
Management Area

33 items 1.5 items/m2
Plastic wrappers (30.0%),

plastic bags (23.8%),
plastic cutlery (13.7%)

Grace Smith
et al., 2025 [26]

Punta
Entinas-Sabinar
Nature Reserve

1397 plastic items
(548 micro, 608 meso,

241 macro)
1.92 (1.73–2.13) items/m2 Plastic fragments (51.8%) +

Marina
Nuñez-Rubio

et al., 2025 [27]

Pitcairn Islands
Marine Reserve

3670 kg
(Henderson Island)

53.38 ± 58.22 items/m2

(Henderson island);
0.19 ± 0.17 items/m2

(Oeno Atoll)

Plastics (88%),
miscellaneous waste (12%)

Hanna Dijkstra
et al., 2025 [28]

Seaflower Biosphere
Reserve

3328 items
(sand and gravel

beach areas,
back-beach

vegetation, and
mangrove zones)

1.70 items/m2

(Tourist sandy beaches);
2.31 items/m2

(Non-tourist sandy
beaches)

Plastics (68.9%) Luana Portz
et al., 2025 [29]

Antarctic Specially
Protected Area 730 items 0.74 items/m Plastics (85%) +

Laura Wilkie
Johnston et al.,

2024 [30]

Tavolara-Punta Coda
Cavallo Marine
Protected Area

190 items - Plastics (74.74%),
wood (18.42%)

Giulia Calderisi
et al., 2024 [31]

Santa Luzia Marine
Reserva

1478 items
(sand samples),

10,501 items
(orthophotos)

246.33 items/m2

(sand samples)
Plastics (>84%) +

Diana
Sousa-Guedes
et al., 2024 [32]

Galapagos Marine
Reserve

125,046 items
(bottles)

Macrolitter:
712 ± 1659 items/100 m;

Plastic bottles:
215 ± 245 items/100 m

Plastic bottles (53%),
plastic pieces (25%),
fishing ropes (19%)

Alba
Benito-Kaesbach
et al., 2024 [33]

Galapagos Marine
Reserve

Macrolitter:
2242 items (55.9 kg);

Mesolitter:
419 items (2.7 g)

Microlitter:
3330 items

Macroplastics:
0.87 ± 0.2 items/m2;

Mesoplastics:
74.2 ± 112.7 items/m2;

Microplastics:
72.7 ± 67 items/kg

Macrolitter:
98.7% plastic

Mesolitter:
97.8% plastic
Microlitter:

65% cellulosic fibers,
21% plastic

+
Natalia

Sánchez-García
et al., 2023 [34]

Natural Oriented
Reserve of Capo

Peloro
98 items

30.3 items/m2

(psammophytes patches),
6.2 items/m2

(control patches)

Plastics (81.6%) M. Mancuso
et al., 2023 [35]
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Table 1. Cont.

Protected Area Total Number of ML ML Density Common Materials/
Items (>10%)

MP
Identification Source

Cabrera Archipelago
Maritime-Terrestrial

National Park
-

Microplastics:
13,418.86 ± 28,787.99

items/m2
Plastic fragments (81.26%) + V. Fagiano et al.,

2023 [36]

Chagos Marine
Protected Area

Open beach area:
604 items;

Vegetation line:
15,960 items

Open beach area:
184 bottles/100 m2,

106 fragments/100 m2;
Vegetation line:

1995 bottles/100 m2,
3328 fragments/100 m2

Plastic fragments (42%),
plastic bottles (30%)

V. Hoare et al.,
2022 [37]

Galapagos Marine
Reserve 7731 items

Tortuga Bay: 74 ± 43
items/m2;

Punta Pitt: 381 ± 68
items/m2

Plastics (90%) + Jen S. Jones et al.,
2022 [38]

Albufera Natural
Park

704 items
(including beach in
not protected area)

L’Alcatí:
7.12 ± 3.5 items/kg;

La Punta:
5.32 ± 5.53 items/kg

Plastic fibers (67.7%),
plastic fragments (31.6%) +

O.
Novillo-Sanjuan
et al., 2022 [39]

Bundala National
Park (BNP);

Hikkaduwa Marine
National Park (HNP)

-

BNP:
108 ± 21 items/m2 (high

tide line),
97 ± 20 items/m2

(vegetation line);
HNP:

129 ± 19 items/m2 (high
tide line),

116 ± 37 items/m2

(vegetation line);

BNP: plastic fragments,
plastic filaments;

HNP: Plastic fragments,
plastic foams

+

Sevwandi
Dharmadasa, W.
L. S. et al., 2021

[40]

Gandoca–
Manzanillo National

Wildlife Refuge

6 items (2017),
29 items (2019)

3 items/m2 (2017),
14.5 items/m2 (2019)

Plastic fragments:
50% (2017),

51.72% (2019)
+ Madureira, E.A.L.

et al., 2025 [41]

Upper Gulf of
California and

Colorado River Delta
Biosphere Reserve

- 28.2–200.7 items/m2 Plastic filaments (33.2%),
plastic fragments (23.2%) + Cruz-Salas, A.A.

et al., 2023 [42]

Can Gio Mangrove
Biosphere Reserve 523 pieces 60.22 ± 19.05 MPs/kg Plastic fragments (40–88%) + Khuyen V. T. K.

et al., 2021 [43]

Vorpommersche
Boddenlandschaft

National Park

3525 items
(including beaches in
not protected areas)

1042 ± 607 items/m2,
31 ± 24 items/kg

Plastic fibers (55%), plastic
fragments (42%) + Esiukova E. et al.,

2021 [44]

Alberoni WWF Oasis 1859 items 219 MPs/kg Plastic fibers, plastic
fragments + Cecchi T., 2025

[45]

Capo Gallo—Isola
delle Femmine

Marine Protected
Area

10,972 macrolitter
items,

451 mesolitter items
(including beaches in
not protected areas)

0.7 macro items/m2,
2.5 meso items/m2

Plastic fragments, cigarette
butts with filters

Corbari L. et al.,
2025 [46]

Fernando de
Noronha

Archipelago

294.5 kg of plastic,
15.3 kg of glass,
8.2 kg of metal,
3 kg of paper

Windward:
0.412 ± 0.078 g/m2;

Leeward:
0.084 ± 0.016 g/m2

Plastic bottle caps,
disposable plastics

Grillo A. C. et al.,
2021 [47]

Pelagos Sanctuary 229 items
(wax residues)

Wax residues > 25 mm:
4–5 items/100 m;

Wax residues < 5 mm:
110 items/m2

Paraffinic polyethylene
waxes + Galli M. et al.,

2024 [48]

Sarangani Bay
Protected Seascape

2580 items of plastic
litter 3.83 items/m2 Food packaging,

polyethylene bags
Acot F.T. Jr. et al.,

2022 [49]

Pulau Payar Marine
Park - 7.17 g/m2;

0.14 items/m2
Plastic bottles and

containers
Lim E.V. et al.,

2023 [50]
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3.1. Marine Litter Detected in PAs

Most of the studies used similar approaches to sampling ML. The most common
method was to survey transects along the strandline of the beach. A 100 m transect was
the most frequently employed sampling unit (39.3%; n = 11), following internationally
recognized protocols, such as the OSPAR guideline [16], the HELCOM guideline [17] and
the NOAA protocol [18]. This methodological approach facilitates the comparison of the
results from different studies and allows for the identification of temporal trends in various
regions. However, notable deviations were observed in several studies: some authors
used transects of varying lengths (e.g., 10 m, 30 m, 120 m) due to logistical constraints or
site-specific conditions [29,34,43], while others employed different sampling units, such
as quadrats [36,39,41]. Although such methodological variations are often justified by
local conditions, such as beach length, they generate heterogeneity across the results and
complicate direct comparison. To analyze the contamination of smaller pieces of marine
litter (including MPs), authors usually used standard quadrats (1 × 1 m or 50 × 50 cm).
However, Cruz-Salas A.A. et al. (2023) used a special cylindrical stainless-steel sampler
to collect beach sand from the strandline [42]. Only one author included an unmanned
aerial vehicle (UAV) to collect aerial imagery, which helped them to cover the study area
more rapidly and provide a broader snapshot of ML accumulation [32]. The majority of
studies on ML involved the direct sampling of marine debris and beach sediments, which
were then analyzed in a laboratory. However, four studies also involved the dry [32,42] or
wet sieving method with the help of seawater directly on the sampling points [34,38]. This
approach allows for rapid assessment of contamination, makes a volume reduction and
reduces logistics costs. Nevertheless, this approach does not provide a complete accounting
of the number of marine microlitter.

Laboratory analysis of collected ML data typically included classification and quan-
tification. The selected items were usually counted, measured by size and weighed. The
detected items were then classified into categories and subcategories based on material
type (e.g., plastic, metal or glass) and item type (e.g., fishing nets, bottles or wrappers). In
three studies, the authors also identified several categories of marine litter in terms of size:
macrolitter (>25 mm), mesolitter (5–25 mm), and microlitter (<5 mm), providing separate
results for each category [32,34,46]. This approach allows a more accurate assessment of
marine litter pollution and ensures better data comparability.

A total of 23 peer-reviewed publications (82.1%; n = 23) provided the information on
both the total number of ML and its numerical density in the study area. Among them,
10 studies additionally provided data on weight density of ML. Several publications indi-
cated the weight density of different categories of litter [28,47]. Others reported only mass
density of plastic litter separately from other materials [24,25,27,40,43–46]. Comparisons
among studies are difficult due to the differences in the presentation of results. For instance,
numerical density (e.g., items/m2, items/100 m) and weight density (e.g., g/m2) reflect
completely different aspects of marine debris pollution. Converting between these units is
not possible without detailed information on particle size, polymer type and mean weight
of the litter items, which is often unavailable. Furthermore, the majority of the studies
also involved research outside PAs, which can sometimes complicate the analysis of the
results due to the lack of detailed information. This is also the main reason for excluding
publications that are not presented in this work.

Most of the studies have confirmed the relevance of the problem of marine debris
pollution in the coastlines of PAs. The results demonstrated a wide variety of amounts
and density of ML, which was detected in all examined coastal areas. The amounts of
marine debris ranged from a few items of litter to several thousand. The lowest amount
of ML was recorded in Koh Rong Archipelago Marine Fisheries Management Area in
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Cambodia, where 33 items were detected across 22 quadrants 1 × 1 m [26]. In contrast,
the highest abundance of marine debris was found on the beaches of eight islands within
the Galapagos Marine Reserve, where a total of 125,046 plastic bottles were discovered
between 2018 and 2022 [33]. The highest ML densities were reported in three remote
archipelagos: Pitcairn Islands Marine Reserve (53.38 ± 58.22 items/m2) [28], Chagos
Marine Protected Area (3328 fragments/100 m2) [37] and Galapagos Marine Reserve
(712 ± 1659 items/100 m) [33]. Despite their geographical isolation, these sites are areas of
active accumulation of marine debris transported by major oceanic currents. While PAs
located adjacent to urban areas of the Mediterranean Sea were not always characterized by
a high density of ML [24,46]. The main factors driving the variability in pollution levels
appear to be associated with recreational activities near protected areas and the efficiency
of waste management practices in the surrounding regions. Nevertheless, the comparison
between studies is complicated by the diversity of survey methods, the number of sampling
sites, and the research periods.

The marked variability in reported ML densities across PAs, from a few items of
debris to several thousand, cannot be explained solely by differences in pollution levels.
A significant portion of these differences are a consequence of methodological choices.
For instance, using a 100 m transect versus quadrats (e.g., 1 m2, 0.25 m2) fundamentally
changes the density of ML. Transects allow the integration of litter distribution over a
large area, smoothing out heterogeneity, while quadrats capture local hotspots, often
yielding higher items/m2 estimates. The choice of reporting unit further exacerbates this
problem by invalidating direct numerical comparisons. Moreover, the studies that reported
only macrolitter (>25 mm) tend to demonstrate fewer items but higher mass, whereas
those including mesolitter (5–25 mm) and microlitter (<5 mm) show significantly higher
concentrations of ML [34,46]. The use of UAV by some authors [32] increases speed and
spatial coverage, but introduces another layer of heterogeneity as detection limits for small
particles may lead to underestimation of mesolitter and microlitter items. This underscores
the need for standardization of density units to ensure reliable comparison of results
in the future.

Across the reviewed studies, the authors most frequently identified land-based sources
of ML entering the coastlines of PAs (64.3%; n = 18). The most common sources were
associated with local recreational activities and tourism (42.9%; n = 12), reflecting the
high anthropogenic pressure on MPAs during peak visitor seasons. One study identified
agriculture as the primary source of ML entering the coastlines within the Punta Entinas-
Sabinar Nature Reserve [27]. Despite their protected status and limited human interference,
even the most remote protected areas, far from the industrial centers, such as the Antarctic
Specially Protected Area [30], the Chagos Marine Protected Area [37] and Pitcairn Islands
Marine Reserve [28] are not free from marine debris. ML enters the coastal ecosystems of
these conserved areas from sea-based sources. Debris originates from commercial fishing
activities that generate ML through unrecovered fishing gear, such as nets, ropes, and trawl
floats [12]. Another important source is commercial shipping near these areas, which was
identified as the dominant origin of ML in 7 articles [25,28,30,32,33,44,48]. Nevertheless,
some authors note the difficulty of determining the source of marine debris, especially for
fragmented items, which may be older than the time typically needed for litter to arrive
from the mainland [33]. The amount of litter and its types are greatly affected by ocean
currents, tide charts and the proximity to open-access recreational and industrial areas [51].
Furthermore, the presence of sensitive marine ecosystems and species may mean that some
protected areas are at greater potential risk from the impacts of marine debris pollution
than non-protected areas [52]. The occurrence of high ML concentrations within some PAs
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indicates that legal protection alone does not prevent pollution, underscoring the need for
targeted mitigation measures even within conservation zones.

Plastic was the most common material of ML among all the peer-reviewed publications
analyzed (100%; n = 28), followed by glass, metal and wood. The most common items of
plastic litter were bottles and bottle caps, packaging wraps and bags, and fragments of
various consumer products. These categories were widely reported across the majority
of included studies, regardless of geographical location. Several studies highlighted the
widespread presence of fishing nets and ropes, which indicates a close relationship with
fishing activities near PAs [33]. This confirms that plastic is currently one of the most
abundant and persistent types of pollutant in marine and coastal environments [53]. The
presence of significant quantities of plastic litter is the result of an inefficient economy and
a lack of recycling capacities [54]. The presence of other materials depended on local factors
and was not noted in all studies.

Although most studies attribute ML to land-based sources connected with local recre-
ational activities and tourism, this distribution depends largely on the methodological
focus of each study and the geographical characteristics of PAs. The observed variability
of the research objects and the results obtained significantly complicate the identifica-
tion of coherent overall patterns. However, the consistent predominance of plastic across
28 studies, regardless of region, is a noteworthy result highlighting the global nature of
plastic pollution. The prevalence of plastic bottles and packaging within the ML samples
indicates the critical influence of regional waste management programs, the effectiveness of
which directly affects the concentration of debris on the coasts. The presence of ML within
PAs, including those most removed from industrial centers, highlights the urgent need for
enhanced international cooperation in marine pollution control.

3.2. Microplastics Detected in PAs

More than half of the studies included identification of plastic particles smaller than
5 mm (53.6%; n = 15). The sand samples were commonly dried and sieved through a column
of sieves. The first step in the extraction of MPs was density separation. The majority of the
studies used a hypersaline solution, with 358.9 g of NaCl per liter of water [24,34,39–41,43].
Other authors used a saturated solution of CaCl2 of 1.5 g/mL or ZnCl2 of 1.6 g/mL for
flotation, which are also effective extraction methods [42,44]. After that, the supernatant
was filtered through filter paper using a vacuum pump. The selection of sample preparation
and density separation methods has significant implications for MPs recovery, with the
potential to either enhance or reduce extraction efficiency. Furthermore, the removal of
organic matter is a very important step in microplastics research. Cecchi, T., 2025 highlights
the importance of using H2O2 to remove organic matter, which is more environmentally
friendly compared to other methods [45]. Nevertheless, this step was applied only in
a few studies and many authors proceeded directly to the particle characterization and
quantification phase, which involved examining the filters in order to quantify and classify
MPs by shape, color and other characteristics.

The reviewed studies employed different analytical approaches for microplastic iden-
tification (Figure 2a). Some studies (20%; n = 3) included only identification by optical
microscopy [32,41,45]. Although this approach is the simplest and most economical method
of analysis, it is not very accurate at identifying MPs [55]. Most of the authors (60%; n = 9)
combined optical microscopy with Fourier-transform infrared spectroscopy (FTIR), which
were supplemented by Raman spectroscopy in two studies [24,40]. The other studies used
exclusively Raman spectroscopy [34,43,44]. The main limits of detection of microplastics are
associated with the diversity of forms and types of polymers as well as applied extraction
methods and laboratory equipment limitations.
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Figure 2. Overview of MPs characteristics detected in PAs: (a) distribution of identification methods
used for polymer identification; (b) distribution of MP morphology, where numbers refer to the
number of studies in which this morphology was predominant (>10%); (c) distribution of the polymer
type, where numbers refer to the number of studies in which this type was predominant (>10%).

Many studies applied methods for preventing airborne accidental external contam-
ination during laboratory analysis [24,27,34,36,38–42,44,45]. These approaches included
wearing non-synthetic cotton coats, using microbiological hoods and covering beakers with
aluminum foil between analysis steps. Another important point was the use of metal or
glass sampling tools and laboratory equipment. Most of the studies also employed addi-
tional contamination control measures, such as procedural blanks, to eliminate secondary
pollution [24,27,34,36,38–41,43–45]. Of the studies reviewed, only one did not use or de-
scribe methods for preventing contamination during the sampling and analysis stages [32].
The application of methods to protect MP samples from secondary contamination within
laboratory conditions is a mandatory requirement when conducting such studies. This has
already become the standard practice in current research in this field.

https://doi.org/10.3390/pollutants6030043

https://doi.org/10.3390/pollutants6030043


Pollutants 2026, 6, 43 12 of 19

The results demonstrated a wide variety of amounts and densities of MP, which
ranged from a few pieces per m2 to several thousand per m2. The lowest concentra-
tions of microplastic (3 items/m2) were found on Gandoca beach, located within the
Gandoca–Manzanillo National Wildlife Refuge in Costa Rica, and may be related to the
great number of conservation areas across this stretch of coast [41]. In contrast, the high-
est concentrations of microplastic (13,418.86 ± 28,787.99 items/m2) were found on five
beaches at two sampling locations within the Cabrera Archipelago Maritime-Terrestrial
National Park in Spain, which were two orders of magnitude higher than those found
in seafloor sediments [36]. This highlights that despite their protected status, MPAs are
vulnerable to microplastic pollution similar to other coastal areas. Most of the studies
reported that fragments were the predominant morphology of MPs, followed by fibers
and films (Figure 2b). The prevalence of plastic fragments may indicate that the main
source of ML was the breakdown of larger plastic items deposited in the coastal area, which
confirms the long-term presence of these particles [56]. However, some studies reported the
predominance of other MPs morphologies, such as fibers [24,39,44,45] and filaments [42].
Laundering processes are one of the main sources of these particles, which are released
in massive numbers into the marine ecosystems via waste water effluents [57]. Sánchez-
García et al. (2023) highlighted, that films were the most abundant shape of MPs collected
in the Galapagos Marine Reserve. The authors suggested that this could be explained by
the breakdown of fishing nets and ropes, which typically had the same color and polymer
type [34]. The wide range of reported MP concentrations is significantly impacted by
methodological choices in sample processing and analysis. The density separation step is a
critical source of variability, as a saturated solution of NaCl (1.2 g/mL) is insufficient for
extracting high-density polymers such as polyethylene terephthalate (PET) or polyvinyl
chloride (PVC). As a result, this limitation can lead to the systematic underestimation
of high-density polymers. Studies using denser solutions of CaCl2 or ZnCL2 for density
separation report higher MP concentrations in sand samples [42,44].

The majority of the studies (80%; n = 12) also identified the colors of the microplastic
particles detected [24,27,32,38–45,48]. The most common colors of MPs among all studies
were black, blue, white and transparent (including colorless and muddy particles). One
study additionally confirmed that the color of MPs correlates with the agricultural plastics,
which were identified as their source [27]. Other authors have reported only the dominant
color. The color of microplastic particles depends not only on the original color of the
object but also on the processes of degradation in marine ecosystems and external contam-
inants [58]. A key analytical challenge is that color identification is subjective and lacks
standardized quantification across studies. The reporting of color distribution provides
only indirect information about particle degradation and requires a closer connection with
polymer identification. Color and its intensity are often used as indicators of particle
degradation stage; however, without integration with chemical characteristics, such in-
terpretations remain inconclusive. Furthermore, the identification of MPs colors plays a
very important role, as the presence of colorants can impact degradation and consumption
of particles by species [59]. Therefore, future studies should focus more closely on the
relationships between the color, polymer type and morphology of detected MP particles.

All of the studies focused on microplastic pollution identified common polymer
types, except those which used only optical microscopy (Figure 2c). The majority of the
studies (46.6%; n = 7) showed that polyethylene (PE) was the dominant type of polymer
found in coastal environments of protected areas [27,36,38–40,42,43]. It is the most highly
produced plastic globally and is widely used as packaging for food, industrial and medical
products [60]. Two studies additionally reported other types of polyethylene, such as high-
density polyethylene (HDPE) and low-density polyethylene (LDPE) [36,39]. The second
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most common polymer type was polypropylene (PP), a material that is widely used for
packaging, consumer products and medical devices [61,62]. Other identified polymer types
were polystyrene (PS), rubber, polyurethane (PU) and polyester (PES). These polymers are
also widely used in the production of cutlery, insulation, electronic equipment, construction
and the textile industry [63–65].

The choice of analytical approach for MP identification significantly influences the
results. Studies based solely on optical microscopy may yield a high false positive rate, as
organic or mineral fragments can be misidentified as plastic. The use of the needle test in
some studies [32] improves identification accuracy, but does not fully replace spectroscopy
analysis of the detected particles. Furthermore, visual identification remains a highly sub-
jective approach and therefore requires independent cross-checking. Conversely, FTIR and
Raman spectroscopy provide chemical characterization, reducing false positives. The com-
bination of these methods enhances the reliability and accuracy of MP identification [24,40].
The use of spectral analysis methods in future studies should be considered mandatory for
accurate MP identification. A promising direction could involve the integration of machine
learning algorithms to accelerate the identification and analysis of MP particles.

The results indicate the wide variety of morphological characteristics, color range
and polymer types of the MPs detected. This indicates both the presence of multiple
sources from which MPs enter the coastal environments of PAs, and the complexity of the
accumulation processes. However, the reported abundance and composition of MPs are
highly sensitive to selected methodological approaches. Key factors include: sampling
depth of sand sediments, mesh size used during sample processing, methods used for
density separation and polymer identification. Sampling depth and sieve mesh size exert a
significant influence on the quantification of small microplastic particles, which typically
accumulate in deeper layers of the beach sediment [66]. The selected extraction solution
exerts a significant influence on the separation and recovery of MPs [67]. Sodium chloride
(NaCl), which is widely used in the studies reviewed, only reaches a density of 1.2 g/cm3

and does not allow the extraction of high-density polymers [68]. Finally, the choice of
polymer identification method introduces variability into both the detection limits and the
reliability of the data obtained, as it is highly dependent on sample preparation.

3.3. Knowledge Gaps and Recommendations for Future Research

Over the past five years, there has been a noticeable increase in the number of pub-
lications aimed at studying the problem of ML and MP pollution in marine and coastal
environments. However, despite this progress, some knowledge gaps still remain:

1. The majority of the studies reviewed were conducted in the territory of developed
countries in Europe, while the PAs in Africa and Oceania remain less studied. How-
ever, the present review also demonstrated a very low level of research coverage
of PAs in North America, where only two studies on the topic were found. This
highlights a critical knowledge gap and underscores the need for expanded monitor-
ing efforts in this region. The developing countries contribute over 60% of world’s
plastic production and consumption [69]. Additionally, mismanaged plastic waste
and rapid urbanization worsen the situation, leading to environmental degradation
and economic decline in these nations [70]. Future research on ML and MP pollution
should focus on the vulnerable protected natural areas in developing countries in
order to accelerate the development of protection and management of these territories.

2. The existing data on this problem is limited to single sites or short research periods.
Short-term studies are highly vulnerable to seasonal and interannual variability, po-
tentially capturing only temporary spikes in ML and MP pollution. In their systematic
review, Marthe Larsen Haarr et al. (2022) indicated the importance of focusing on
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the rate of litter accumulation in addition to the standing stock [71]. This should
help to understand not only the current level of pollution, but also the dynamics
of change. However, this approach requires long-term monitoring, which can be
difficult to perform due to the protected status of PAs. The implementation of persis-
tent monitoring programs faces significant difficulties associated with logistics and
administrative issues, as well as high operational costs. Overcoming these barriers
is currently challenging and highlights the need for international collaboration and
integration of citizen science.

3. Another important issue is the lack of detailed information which is provided in the
studies. Many authors provided limited data on the number of ML, its numerical
and weight density, which is insufficient for a comprehensive understanding of the
problem. To compute the ML budget in the sea it is recommended providing data on
not only the number of items per area but also the weight per unit area. This approach
is also necessary for coastal research. It could help to identify dynamics of change
and facilitate comparison between different studies. Furthermore, if the research
involves sites outside the PAs, it is strictly necessary to provide separate results of
the analysis. One additional direction for future research may involve the study of
atmospheric deposition as a pathway of MP pollution in PAs. Recent studies have
provided evidence of airborne MPs and their connection with long-range atmospheric
transport and wet deposition processes [72], which may contribute to MP inputs
into remote protected environments. Future monitoring programs should therefore
consider integrating atmospheric deposition, precipitation, and cloud water sampling
with conventional beach and sediment surveys.

4. Finally, the lack of standardization of methods remains one of the biggest issues.
The considerable variability observed among the 28 selected studies appears to be
primarily attributable to methodological heterogeneity rather than to environmental
variability. At the present time, there is no unified method for sampling and lab-
oratory analysis of ML and MPs. The use of different methods for the extraction
and identification of microplastics complicates the identification of accumulation
patterns, as well as comparisons within and across the different PAs in time and space.
In addition, it is strictly necessary to observe the requirements for preventing air-
borne accidental external contamination during laboratory analysis. Although greater
methodological harmonization is clearly desirable, the development of universally
accepted protocols remains challenging because analytical techniques for microplastic
detection continue to evolve rapidly. The emergence of advanced thermal methods,
such as pyrolysis-gas chromatography-mass spectrometry (Py-GC–MS), provides a
sensitive analytical framework for the identification and quantification of MPs in
various environmental matrices [73]. Further standardization of methodologies is
vital for ensuring the reliability of the results and their comparability. It is also crucial
to develop effective monitoring approaches that directly assess the effectiveness of
the measures taken.

4. Conclusions
In this review, 28 peer-reviewed scientific articles on the problem of marine litter

and microplastic pollution of protected areas have been analyzed. Despite the growing
research on this problem, key gaps still remain unsolved. At the present time, there is
still no unified methodology for collecting and analyzing samples of marine debris and
plastics. The lack of detailed and standardized reporting and existing differences in polymer
identification methods also complicate the comparative analysis of the results. To address
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these challenges and improve the reliability of the study, the following indicators should
be prioritized in future monitoring programs:

1. Standardized density units (e.g., items/m2 for beach survey and items/kg for
sand sediments).

2. Accumulation rate in addition to the standing stock.
3. Polymer composition identified through validated spectroscopic techniques.
4. Identification of ML sources (where possible).

Future research should focus on the investigation of previously unexplored PAs in
developing countries of the Global South. At the same time, this review emphasizes the
limited research coverage of protected natural areas in North America, which are also of
great interest due to the high level of urbanization and associated anthropogenic pressures.

Future research would benefit from international collaborative initiatives focused on
harmonizing sampling protocols, analytical methodologies, and reporting frameworks.
Collaborative efforts among international and regional expert groups and programs, such
as GESAMP, GPML, NOAA, OSPAR, are essential for enhancing methodological compara-
bility and the reliability of environmental monitoring in PAs. The Global Plastic Pollution
Treaty would address the plastics life cycle and should encourage international cooperation
to solve the problem of marine litter pollution. However, this international agreement
is still under negotiation and has made no progress. Therefore, scientific research and
the collection of objective data remain crucial. Marine protected areas play a vital role in
protecting unique marine and coastal ecosystems. The study and monitoring of these areas
can help to raise public awareness of the problem of anthropogenic litter pollution and
draw attention to other coastal areas.

In summary, monitoring marine debris pollution in the coastal zones of PAs is one of
the most essential ways of maintaining their effective operation. This review emphasizes the
importance of applying unified methods and conducting long-term monitoring experiments
in future research. In addition, it is very important to maintain objectivity and provide
comprehensive and standardized reporting of research findings.
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UAV Unmanned aerial vehicle
FTIR Fourier transform infrared spectroscopy
PET Polyethylene terephthalate
PVC Polyvinyl chloride
PE Polyethylene
HDPE High-density polyethylene
LDPE Low-density polyethylene
PP Polypropylene
PS Polystyrene
PU Polyurethane
PES Polyethersulfone
Py-GC–MS Pyrolysis-gas chromatography-mass spectrometry
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