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Seasonal variations in
microplastic distribution on
Macau’s windward and
leeward beaches: weak
spatial autocorrelation
Changxing Zong, Khalida Jabeen and Lixin Zhu*

Hainan Institute of East China Normal University, Sanya, Hainan, China
Beaches have been recognized as hotspots of microplastic (MP) pollution, posing

an emerging threat to both environment and human health. Understanding the

sources and key factors influencing MP distribution on beaches is crucial for

developing effective management strategies. Here, MPs in two major tourism

beaches with different orientations in Macau were seasonally investigated for the

first time. The average abundance of MPs on Macau beaches was 36.56 ± 38.05

n/kg in spring and 628.63 ± 1462.31 n/kg in autumn, with foam accounting for

over 85% of the total MPs in both seasons. The spatial autocorrelation of MP

distribution across both seasons and beaches was weak, with no significant

patterns of spatial clustering or dispersion observed.The abundance of MPs was

significantly higher in autumn than in spring, mainly due to the large amount of

polystyrene foam brought by the tides from the sea. It was also noticed that the

abundance of MPs on windward beaches was significantly higher than that on

leeward beaches, highlighting the important role of wind in dominating the MPs

on coastal beaches in the studied region. The chemical composition of MPs,

analyzed using Fourier-transform infrared (FTIR) spectroscopy, revealed that

most MPs originated from nearby areas. The findings will provide scientific

insights for policy development aimed at mitigating plastic pollution in densely

populated regions.
KEYWORDS
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1 Introduction

Since the first commercial production of plastic in the 1940s, the production and

consumption of plastics have rapidly increased (Cole et al., 2011). After stagnating in 2020

due to the Covid-19 pandemic, global plastic production increased to 390.7 million tons in

2021 (Europe, 2022). Due to its lightweight, durability, and cost-effectiveness compared to

traditional materials, plastic has been widely used in many manufacturing fields, generating

significant social benefits. However, it also represents a double-edged sword, as a significant
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portion of those plastic products inevitably ends up in the

environment, fragementing to smaller particles known as MPs

(MPs,<5 mm in diameter).

MPs have been found in various environmental compartments,

including water bodies (Yan et al., 2021), sediments (Kanhai et al.,

2019), atmosphere (Jahandari, 2023), biological organisms (Zhang

et al., 2020) and organisms of human beings. Studies have indicated

that MPs can account for more than half of all plastic fragments

(Munari et al., 2017), posing threats to both the environment and

human health. Beaches are hostspots accumulating plastics and

MPs. Plastics make up the largest category of beach litter, reaching

90% of the total waste on some beaches (Laglbauer et al., 2014). The

number of plastics increases sharply as their size decreases. Coastal

tidal flats are often considered MPareas as MPs sources due to ideal

conditions conducive to plastic degradation. Large plastic fragments

exposed to sunlight, high temperatures, wave impacts, and contact

with bottom sediments such as rocks, gravel, or sand accelerate

thermal degradation, photo-oxidation degradation, mechanical

fragmentation, and biodegradation of plastic debris (Bissen and

Chawchai, 2020; Lenz et al., 2023). Beach samples can well represent

the cumulative results of long-term interactions between coastal

waters and terrestrial surfaces (Yu et al., 2016). The amount of litter

found on beaches is considered an important indicator of marine

litter pollution (Dekiff et al., 2014).

Globally, there has been a substantial amount of research on

MPs in beach environments. However, the abundance of MPs varies

significantly across different regions due to factors such as

population, climate, ocean currents, tides, topography, and

cleaning activities. Studies have shown that the abundance of

MPs recorded in Europe alone ranges widely, from 1 n/kg (Frère

et al., 2017) to over 2000 n/kg (Leslie et al., 2017). Understanding

the abundance, composition, spatial distribution and key affecting

factorsof MPs in beaches at national, regional, and global scales is

crucial for supporting effective management of marine plastic

debris. Although there has been extensive research on beach MPs

in China (Li et al., 2018; Wu et al., 2021), but data in Macau region

is still lacking.

Macau beaches face the South China Sea, with diverse pollution

sources, affected by both land-based pollutants from the Pearl River

Delta region and from sea-based sources from South China Sea.

Surrounded by the sea on three sides, its semi-enclosed nature

facilitates the recycling of litter, limiting its unrestricted transfer to

other marine areas, making it an ideal area for studying pollutants,

especially MPs, and their transport. Macau, with its small area and

high population density, is one of the world’s most popular tourist

destinations, which means it could be a hotspot for

MP accumulation.

This study assessed the level of MP pollution at two of Macau’s

most popular beaches, Hac Sa Beach on the southeastern coast of

Coloane Island and Cheoc Van Beach on the southern coast. By

comparing the distribution characteristics of MPs across different

seasons, the study aims to analyze the major sources of MPs as well

as their potential transport pathways. Furthermore, through spatial

autocorrelation analysis, this study investigates the spatial patterns

of MP distribution and their underlying mechanisms. The research
Frontiers in Marine Science 02
aims to elucidate how environmental processes and human

activities collectively shape MP spatial distribution on coastal

beaches, thereby providing a scientific foundation for monitoring

and managing coastal MP pollution.
2 Materials and methods

2.1 Sampling area and methods

The coastline of the Macau Special Administrative Region is

76.7 km long, with sandy shores mainly distributed at Hac Sa Beach

and Cheoc Van Beach on Coloane Island, accounting for about

3.0% of the total coastline length. Coloane Island is located in the

southernmost part of Macau, easily influenced by ocean currents

from the South China Sea and the Guangdong coastal current. Hac

Sa Beach, on the southeastern side of Coloane Island, is one of the

most popular beaches in the Macau region. Cheoc Van Beach, at the

southern end of Coloane, is one of most famous bathing beaches

which is suitable for various water sports due to its excellent wave

and wind conditions.

During October 2020 (autumn) and April 2021 (spring),

samples were collected from Hac Sa Beach and Cheoc Van Beach

(Figure 1). At each studied beach, three transects (water-edge, high

strandline and backshore line) were selected and three samples were

collected at 50 m intervals of each transect using a 0.5 m×0.5 m

quadrat frame. In total, nine beach sediment samples were collected

from each beach during specific month of both seasons., Samples

were collected from the top left quarter of the quadrat frame area to

a depth of 2.5 cm and sealed in aluminum boxes for further analysis

in laboratory.
2.2 MP separation

The extraction method of MPs from beach sediments was the

same as that of Zong et al. (2024) (Supplementary Figure S1). First,

plastics larger than 5 mm (mesoplastics) in sediments were

removed by sieving through a 5 mm pore size (GESAMP, 2019).

Samples were then thoroughly dried at 60 °C in the oven. Wet

weight before drying and dry weight were recorded using an

electronic weighing balance (BSA224S, Sartorius, China).

Approximately a 500 g dry weight of sediments from each station

was added to the a cleaned floatation apparatus having filtered

sodium iodide solution (1.4 g/cm3). The mixture was stirred for 3

min and left covered with aluminum foil for 24 h. After the

sediment was completely precipitated, a glass rod was used to

drain the flotation solution to the central tube until it overflowed.

The process was continued, and a flotation solution was used to

rinse the beaker walls. The supernatant flowed into the beaker

through a 5 mm hole at the bottom, which was collected, and

further digested to remove organic matter using 30% hydrogen

peroxid. Lastly, the supernatant digested solution was filtered on

glass microfiber filter (Whatman, GF/A No. 1820–047, 1.6-μm pore

size, 47 mm diameter) and dried for further identification.
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2.3 Microscopic examination and polymer
identification

Visual inspection of MPs was carried out under a

stereomicroscope (Leica M165 FC, Germany) using the built-in

Leica Application Suite X software at different resolutions, mainly

including counting and imaging.Proceeding further, the shape

(classified as fiber/line, pellet/bead, foam, film, and fragment),

color, and size of suspected MPs were observed and categorized.

Randomly selected and all suspected MP particles were identified

with a micro- Fourier Transformed Infrared Spectroscope (mFT-IR,
Thermo Nicolet iN10 MX) under the transmittance mode according

to our previous studies (Jabeen et al., 2023). Suspected The spectra

were processed by OMNIC™ Picta™ software and compared with
Frontiers in Marine Science 03
the OMNIC polymer spectral library. The polymer type was accepted

based on the highest matching percentage (>70%).
2.4 Laboratory pollution control

During the experiments, all experimental utensils and solid

chemicals were burnt in a muffle furnace at 450°C, and washed

thrice with ultrapure water (filtered by a filter membrane of pore

size 0.45 mm). Similarly, all liquid reagents and chemicals were filtered

before use. All samples were kept covered with aluminum foil during

experiments to avoid unexpected contamination. The whole process of

the experiment was completed in a super-cleaned roomwearing cotton

laboratory clothes and nitrile gloves. In total, two blank glass microfiber
FIGURE 1

Sampling stations at Macau Beach.
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filter were always placed uncovered in the surroundings of

experimental area as control. After the experiment these filters were

observed under the microscope for the presence of any MP particle. It

is also an important step to count the possibility external contaminants.
2.5 Data analysis

Data were analysis using IBM SPSS 26. Non-parametric Mann-

Whitney U test was applied to examine the significance difference of

MP abundance in the same beach in different seasons. Significant

and extreme differences were recorded at * =p< 0.05 and ** =p<

0.01, respectively. Matlab R2022b software was used to perform

spatial autocorrelation analysis of microplastics on two beaches

during the spring and autumn seasons, employing the K-Nearest

Neighbors (K-NN) method.

3 Results

3.1 Distribution of MPs in Macao beach

MPs were found abundantly on Macau beaches. The average

abundance of MPs in the beach sediments from Hac Sa Beach was

higher (43.56 ± 42.21 n/kg in spring and 1218.49 ± 1937.70 n/kg in

autumn) than that in Cheoc Van Beach during each season

(Figure 2). The MP abundance in autumn at both beaches was

significantly higher than in spring; the abundance at Cheoc Van and

Hac Sa in autumn was 1.3 and 26.96 times that of spring,
Frontiers in Marine Science 04
respectively. After excluding the large amounts of PS foam, the

abundance of MP at Cheoc Van and Hac Sa in autumn was 5.17 and

2.18 times that of spring, respectively.

I =
n

on
i=1on

j=1Wij
·o

n
i=1on

j=1Wij(zi−�z)(zj−�z)

on
i=1(zi−�z)

2

Where:

zi and zj are the standardized values (z-scores) of the

microplastic abundance at locations i and j. �z is the mean of the

standardized values. Wij represents the spatial weight between

points i and j based on the K-nearest neighbor method. The

numerator represents the spatial covariance between point i and

its neighbors, while the denominator normalizes this by the

variance of the data values.

For Cheoc Van Beach in the spring, the Moran’s I value was

-0.237, accompanied by a standardized Z-score of -0.177, indicating

the absence of significant spatial autocorrelation and suggesting a

random distribution of microplastics. In contrast, during the

autumn, the Moran’s I value increased to 0.025, with a Z-score of

1.573, reflecting a weak positive spatial autocorrelation and

implying a slight clustering of microplastics. These results imply

that the spatial distribution of MPs on Cheoc Van Beach during

both seasons was weakly structured. For Hac Sa Beach in spring, the

Moran’s I value was -0.049, with a Z-score of 0.784, demonstrating

an absence of notable spatial autocorrelation. In autumn, the

Moran’s I value shifted to 0.013, with a Z-score of 1.415,

indicating a positive spatial trend. However, this result also did

not meet the threshold for statistical significance, suggesting that
FIGURE 2

Microplastic abundance in Macau beaches during spring and autumn. MS and MA indicate overall average MP abundance. The three transects at
Cheoc Van Beach and Hac Sa Beach, parallel to the shoreline, are named C1, C2, C3 and H1, H2, H3, respectively, from nearshore to inland.
Transects for spring and autumn are named CS, CA, HS, and HA, respectively.
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the spatial distribution of MPs on Hac Sa Beach in autumn

exhibited no discernible clustering or dispersion pattern.
3.2 Morphological categorization of MP

The overall distribution of MPs on Macau beaches is

characterized by strip-like bands of debris dominated by foam

MPs, interspersed with fragments, fibers, and pellets. A total of

196 MP particles were identified from Hac Sa Beach, with the

majority being foam (79.59%), followed by fragments (16.33%),

pellets (3.06%), and fibers (1.02%). For the autumn samples, 5285

particles were categorized, predominantly as foam (98.35%), with

smaller proportions of fragments (1.29%) and pellets (0.36%). The

morphological distribution of MPs during spring showed a notable

pattern at Cheoc Van Beach, where foam accounted for the highest

proportion (95.49%) among the 133 particles identified. In autumn,

173 MP particles were recorded at the same site, with foam making

up 82.08%, followed by fragments (10.98%), and fibers being the

least abundant category (Figure 3).

At Cheoc Van Beach in spring, approximately 96.24% of MPs

were white, with other colors including blue, green, red, and

transparent. Approximately, 82.66% of MPs were white, followed

by blue (6.94%) and transparent (4.05%), with other colors black,

green, purple, yellow, and red were observed during autumn. At

Hac Sa Beach in spring, about 86.22% of MPs were white, followed
Frontiers in Marine Science 05
by transparent (6.12%), with other seven colors. Similarly, white

was also a dominat color during autumn (Figure 4).

Five types of polymer were identified at Cheoc Van Beach in

spring: polystyrene (PS), polyethylene (PE), polypropylene (PP),

polyethylene terephthalate (PET), and acrylonitrile-butadiene-

styrene copolymer (ABS). PS was the most common, accounting

for 95.49%. Six types of polymer were identified from autum-based

samples including PS, PP, PE, nylon, PET, and PP-PE copolymer.

PS was the most common, accounting for 82.08%, followed by PP

(9.83%) and PE (4.05%). At Hac Sa Beach during spring, five types

of polymer were found where PS was the most common, accounting

for 79.59%, followed by PP (9.18%) and PE (8.16%) while PS

accounted for 98.35% among six polymers in the sediments

during autumn (Figure 5).

Regarding size distribution, due to the presence of large,

inconsistent-sized PS foam, the size of PS foam was not included

for a more intuitive comparison (Figure 6). As a result of microscopic

observations, MPs were divided into five size categories: less than

1000 mm, 1000 - 2000 mm, 2000 - 3000 mm, 3000 - 4000 mm, and 4000

- 5000 mm. Overall, the size distribution patterns of MPs were

inconsistent across different seasons and beaches. The average size

of MPs at Cheoc Van Beach in the spring was 2645.48 ± 1797.68 mm,

with a relatively even size distribution. MPs were mainly distributed

in the range of less than 1000 mm, with an average size of 1659.16 ±

1316.78 mmduring autumn. At Hac Sa Beach, the average size ofMPs

was 2825.78 ± 1177.21 mm (spring) and 3543.75 ± 1037.86 mm
FIGURE 3

Shapes of MPs in beach sediments during spring and autumn.
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FIGURE 4

Color composition of MPs in beach sediments during spring and autumn.
FIGURE 5

Polymeric composition of MP items in Macau beach sediments.
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(autumn) as well as size range concentrated greater 1000 mm and

2000 mm during spring and autumn, respectively.
4 Discussion

4.1 MP pollution level on Macau beaches

Overall, the average abundance on Macau beaches in spring was

36.56 ± 38.05 n/kg. Globally, MP pollution onMacau beaches in spring

was generally at a low level, significantly lower than heavily impacted

regions like Mediterranean tourist beaches (1,512 n/kg; Lots et al.,

2017) and below the Bohai Sea coastal average (163.3 n/kg; Yu et al.,

2016). Studies have shown that areas without river inflow have lower

MP abundance (Piñon-Colin et al., 2018). Although the abundance

was found higher in this study compared with the German island of

Norderney, it seems because the study considered microfibers as

background contamination and excluded plastic fibers, as a result

they only counted/reported MP particles in the range of 100-1000 mm
(Dekiff et al., 2014). We found our results regarding MP abundance

comparable to someMexican beaches, where, in the spring, just 2 of 35

beaches had less MP than Macau (Alvarez-Zeferino et al., 2020).

In autumn, the high abundance at Hac Sa Beach influenced the

overall average MP abundance on Macau beaches, reaching 628.63 ±

1462.31 n/kg. This is because the average seemed strongly affected by

the large amounts of MPs found at one or more study sites, similar to a

study on beaches of the Baltic Sea in Germany (Schröder et al., 2021).

In spring, Hac Sa Beach had low MP pollution levels, but during the

autumn, it reached globally high levels, comparable to some severely

polluted beaches in Italy (1512 n/kg) and Turkey (1154.4 n/kg) (Lots

et al., 2017). However, we also found that our study area less polluted

than some extremely polluted areas, such as Daebu Island in Korea,
Frontiers in Marine Science 07
where large accumulations of foam plastics resulted in aMP abundance

of 46334 ± 71291 n/m² (Kim et al., 2015).
4.2 Seasonal variations in MPs on Macau
beaches

The distribution of MPs on two Macau beaches during different

seasons showed that the overall abundance of MPs was an order of

magnitude higher in autumn than in spring. The seasonal variations

in beach MPs seemingly influenced by various factors, which may

depend on beach location, tide type, estuary type, climate type, and

extreme weather.

Researchers have found different seasonal distribution patterns

of MPs in various regions. Studies on seasonal variations in MPs

mainly focus on winter and summer, the two seasons with

significant differences in monsoon and rainfall. In this study,

spring and autumn were selected largely because during these

seasons, Macau has a great climatic similarities with monsoon

and rainfall, allowing for a clearer demonstration of the factors

influencing seasonal variations in MPs in this region.

Tasnim et al. (2023) reported that the abundance and polymer

types of MPs were significantly higher in beach sediments during

winter (57%) than in summer (43%) in Bangladesh. About 80% of

the annual rainfall in this area occurs from June to October, which

may wash away surface sediments and transport MPs and other

debris deposited in coastal shallow waters, while the opposite occurs

in winter. Another study indicated that in some tideless beaches, the

central and backshore areas of the beaches remain dry in winter,

where low-density plastics and fibers are trapped/accumulated by

wind and vegetation (Vidyasakar et al., 2020). In contrast, a study in

Hong Kong found that beaches near the Pearl River estuary
FIGURE 6

Size distribution of MPs in Macau beach sediments during spring and autumn The codes MS and MA refer to overall average MP abundance.
Transects for spring and autumn are named CS, CA, HS, and HA, respectively.
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(western Hong Kong) had significantly higher MP abundance in the

rainy season than in the dry season, but no seasonal variation was

observed in the eastern part (Cheung et al., 2016). This might be

because increased runoff during the rainy season transports large

amounts of MPs to this area and retains them there.

In Macau, the spring season (March-May) is a transition period

from winter to summer monsoon, mainly influenced by southeast

and northeast winds; and the autumn season (September-

November) is a transition period from summer to winter

monsoon, with prevailing northeast winds. Consistent with our

findings, multiple studies have reported higher abundances of MPs

on windward beaches (Andrea et al., 2024). A study found that

windward beaches had higher MP abundance than leeward beaches,

although the difference was not significant (Bosker et al., 2018).

However, this conclusion is not entirely consistent with other

studies, which found that windward beaches had more plastic

debris than leeward beaches (Monteiro et al., 2018). Another

study also reported higher MP abundance on windward beaches

in the southern Caribbean Curaçao (Debrot et al., 1999). Similarly,

researchers found significantly higher meso- and macroplastic

content on windward beaches on the beaches of Aruba (de

Scisciolo et al., 2016). In our study, both beaches were affected by

the northeast monsoon in autumn. Therefore, Hac Sa Beach

(windward) has significantly higher MP abundance than Cheoc

Van Beach (leeward). This might also be because debris already

floating at sea, such as that released by ships, can typically reach the

coastline Macau’s coastline to the prevailing winds.

Our analysis revealed statistically significant differences in

microplastic abundance between spring and autumn within the

same beach orientation, suggesting seasonal variations in

hydrodynamic conditions and anthropogenic activities exert

stronger influence than orientation itself. Furthermore,

pronounced intra-beach heterogeneity was observed across

sampling stations, with microplastic concentrations several orders

of magnitude higher in the high-water areas of Hac Sa beaches than

in the low-water areas. This pattern demonstrates that beach

orientation is not the sole determinant, but rather interacts with

hierarchical controls. Considering only the monsoon, southeast

winds would blow low-density plastics toward the backshore of

both beaches, while northeast winds would transport MPs away

from Cheoc Van Beach and continue to accumulate on the

backshore of Hac Sa Beach. The prevailing winds during both

seasons could help in the accumulation of MPs at Hac Sa Beach,

explaining its high MP abundance. However, this does not apply to

Cheoc Van Beach, as southeast winds are more conducive to MP

accumulation at Cheoc Van, while northeast winds would transport

MPs away, indicating that the spring MP abundance should be

significantly higher than in autumn, but the results

seemed opposite.

Extreme weather might change the state of MP deposition in

sediments, which has been demonstrated in several studies (Coco

Ka Hei Cheung, 2023; Kunz et al., 2023). MPs in underwater

sediments could be resuspended due to benthic disturbances

caused by seawater, temporarily reducing their presence in

sediments. However, the abundance of MPs on beaches could
Frontiers in Marine Science 08
increase sharply, as large amounts of plastic and MP from the sea

and other areas are deposited and accumulate on beaches after

typhoons. The highest MP abundance on one of the 35 beaches in

Mexico was also collected after extreme weather (Alvarez-Zeferino

et al., 2020). Summer is the peak typhoon season, during which

large quantities of MPs may accumulate in nearshore areas and are

transported to the beaches by tidal action or the southwest

monsoon. These MPs subsequently remain on the beaches,

gradually accumulating until autumn.
4.3 Factors affecting MPs on Macau
beaches

The weak spatial autocorrelation observed in this study suggests

that MP distribution on the beaches is largely influenced by

stochastic processes, such as tidal dynamics, wave action, and

wind patterns, rather than intrinsic clustering (Petrovic et al.,

2022). The seasonal variation, albeit minor, may reflect changes

in MP sources or hydrodynamic conditions between spring and

autumn. However, the low Moran’s I values also highlight potential

limitations in sampling resolution and scale, suggesting the need for

more granular spatial and temporal data (Figure 7).

Furthermore, the physical properties of MPs, such as size,

density, shape, and colour, may also play a significant role in

determining their spatial distribution on beaches. These

properties influence how MPs interact with environmental forces,

such as wind and water currents, and their potential to become

embedded in the sand or transported across different areas.

Early studies have shown that fragments and fibers account for

a higher proportion compared to other shapes of MPs in beach

sediments (Yu et al., 2016; Lots et al., 2017). However, in this study,

one shape that remained dominant absolutely is was foam, which

mainly originates from aquaculture, packaging, and disposable

lunch boxes. These MPs are primarily distributed in the mid-to-

high tide zones of the beaches, forming strip-like distributions.

Without considering foam, the shape distribution of MPs on both

beaches also changed with the seasons, shifting from three shapes in

spring to two in autumn. However, since the total number of MPs

identified at Cheoc Van Beach in spring was small (n=6), this

change appears to be incidental.

Meanwhile, in our study, regardless of foam, we observed

significant differences in MP abundance between the two seasons

on the same beach, but the proportion of microfibers did not change

significantly. The proportion of microfibers on Cheoc Van Beach in

spring and autumn was 33.3% and 38.7%, respectively, while on

Hac Sa Beach it was 5% in spring and not detected in autumn.

Similar to our study, surveys along the Baltic Sea coast found no

significant temporal and spatial changes in the presence of fibers in

beach sediments across four seasons (Stolte et al., 2015).

Some studies conducted on the northern beaches of Taiwan, the

Hengchun Peninsula in Taiwan, and Aveiro in Portugal have also

reported that white MPs are the most prominent and abundant

types in the marine environment (Kunz et al., 2016; Bancin et al.,

2019; Chen and Chen, 2020; Prata et al., 2020). White MPs were
frontiersin.org
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found at all stations on four beaches in Vietnam (Hien et al., 2020).

Color can indicate the synthetic source of MP waste and its role as a

pollutant. A study on the island of Lanzarote, Spain, found that

white and translucent particles were mainly composed of PP and

PE, respectively (Edo et al., 2019), which were the most abundant

types of polymers in our study.

The ingestion of MPs by marine organisms poses a serious

ecological risk. Studies have shown that various commercial fish

and shellfish, such as oysters, often mistake white MPs for

zooplankton. This misconsumption can lead to gastrointestinal

blockages, ultimately threatening biodiversity and the overall

health of marine ecosystems. White foam MPs, in particular,

dominate the high tide line due to their lightweight and high

buoyancy, which facilitate their transport by coastal winds and

their entrapment in upper beach sediments (Browne et al., 2010).

Consequently, the high proportion of white foam particles observed

in this study raises concerns about their potential impact on the

health of marine animals along the coast of Macau. These findings

align with a comprehensive survey conducted on Hong Kong’s

beaches, which reported that 92% of the MPs identified were foam

(Fok and Cheung, 2015). Similarly, extensive surveys of India’s

Silver Beach revealed that white MPs were the most abundant type,

with their origin likely linked to the severe weathering and

discoloration of disposable PET bottles (Vidyasakar et al., 2020).
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Further supporting evidence comes from recent research on beach

sediments in Peru, which found that white MPs - predominantly

foam - accounted for 92.32% of the total MP composition (De-La-

Torre et al., 2020). These consistent findings across geographically

diverse regions highlight the widespread prevalence of white MPs,

emphasizing the need for targeted management strategies to

mitigate their environmental impact.

A study of South Korean beaches also reported that PS dominated

among all types of plastics (Kim et al., 2015). Polymer density appears

to be an important factor affecting the circulation of MPs. Low-density

plastic fragments may be recycled between beach sediments and

seawater to a greater extent than high-density fragments (Graca

et al., 2017). Therefore, the dominance of low-density MPs such as

PS, PP, and PE on beaches in this study is understandable and similar

phenomena have been found in many beach MP surveys (Aslam et al.,

2020). LDPE is widely used to manufacture containers, glue bottles,

toiletry bottles, and the most common plastic bags. Reports of LDPE in

water and sediment samples indicate its widespread distribution in the

marine environment (Barnes et al., 2009). Research suggests that a

major source of HDPE found to be linked with rope (Aslam et al.,

2020), and in this study, HDPE found on Macau beaches was mainly

blue, white fragments, and white particles, originating from a wide

range of sources including raw materials (primary MPs) and processed

products (containers, pipes) broken into secondary MPs.
FIGURE 7

Moran scatter plot of microplastic distribution on Cheoc Van Beach and Hac Sa Beach.
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4.4 Potential sources of MPs in Macau

The fragmentation of MPs on beaches, compared to those in the

ocean, depends largely on environmental conditions. UV radiation and

higher temperatures in summer can lead to the degradation of plastics

on beaches, breaking them into smaller fragments, thus increasing the

number of MPs compared to winter, explaining the seasonal variation

in MP abundance in the ocean and beaches. The increase in MP

abundance on beaches can also be influenced by currents, monsoons,

and flood events (Veerasingam et al., 2016). Research suggests that

large plastics do not correlate with MPs collected nearby (Lenz et al.,

2023), but some MPs on Macau beaches may be produced by the

breakdown of on-site plastic fragments, as plastics like basins, mineral

water bottles, plastic bags, bottle caps, and a range of other plastic

products consistent in color with MPs were found on site. A study on

the west coast beaches of the Baltic Sea also confirmed the existence of

this phenomenon (Schröder et al., 2021). The composition of MPs at

Cheoc Van Beach during both seasons was similar, mainly PS foam. A

small amount of ABS was found in spring, mainly used in the

automotive, electronics, and construction industries. Buildings,

parked cars, and discarded small boats near the beach are possible

sources. In autumn, a small amount of nylon material was found,

possibly originating from the ropes of small boats docked nearby. At
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Hac Sa Beach, similar polymer compositions of MPs were found in

spring and autumn as at Cheoc Van Beach.

The exposure time of MPs on beaches is also affected by tides. The

Gulf of Thailand usually has one high and one low tide per day, causing

plastics to be exposed longer on beaches, leading to the degradation of

plastics into a large number of secondary MPs (Bissen and Chawchai,

2020). The abundance ofMPs in beach samples collected from the high

tide line is significantly higher than that from the low tide line possibly

due to the longer exposure time (Karthik et al., 2018). In contrast, the

sea area near Macau has an irregular semi-diurnal tide, with two high

and two low tides per day, which may cause the low tide and mid-tide

zones to havemore frequent contact with seawater, potentially bringing

or taking away more MPs. Studies of the northwestern Mediterranean

coast have shown significant differences in abundance between

different tidal zones, with the highest abundance found in the high

tide zone (Constant et al., 2019). In this study, only the black sand

beach in spring exhibited this phenomenon, with the mid-tide zone

being the area with the highest MP abundance in other periods,

possibly because the main source of MPs is the tide bringing MPs

from the ocean rather than being primarily land-based. MPs similar in

polymer composition to those found on mainland beaches were also

collected from uninhabited island beaches, indicating that currents and

tides can transport MPs from the ocean to open coasts and redistribute
FIGURE 8

Spatial distribution trend of microplastics on Cheoc Van Beach and Hac Sa Beach across spring and autumn.
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them (Horn et al., 2019). Another study also showed that MPs found

on beaches with little tourism and fishing activities might be

transported by currents (Piñon-Colin et al., 2018).

As waves approach the shore, the dissipation of wave energy can

cause the deposition of MPs. The lower the wave energy, the higher

the deposition rate, and the finer the sediment on the coast, which is

more conducive to the deposition of higher buoyancy MPs (Lo

et al., 2020). This point has also been confirmed in studies on the

western coast of the Baltic Sea, where the beach with the smallest

sediment grain size (less than 0.2 mm) showed the highest

abundance of MPs (Schröder et al., 2021). At Hac Sa Beach, the

sediment grain size is much smaller than that at Cheoc Van Beach,

which may be one of the reasons why Hac Sa Beach has a higher

density of MPs. Cheoc Van Beach is geographically deep inland,

surrounded by land on three sides, with only the southern part

facing the sea. Sampling points were set from the eastern to the

western part of the beach, with the eastern part sheltered by the bay

and the western sampling stations facing the sea. Both in spring and

autumn, MPs showed a decreasing trend in abundance from east to

west (Figure 8). This indicates that the terrain may be an important

factor affecting the distribution pattern of MPs on the beach.

A study on MPs in beach sediment cores found that the

concentration of MPs in sediments increased over time (Claessens

et al., 2011). However, several studies did not observe an increasing

trend in MPs in sediment cores over time. Beach sediments are

subject to bioturbation, such as by earthworms and polychaetes that

can live up to 70 centimeters below the surface. Additionally,

tourism cause significant disturbances, such as children building

sandcastles and beach cleaning. Consequently, the upper sediment

layers may become partially or entirely homogenized, potentially

altering or obscuring the true temporal trends (Claessens et al.,

2011). At the same time, the abundance of MPs in surface sediments

may lead to an underestimation of the actual local concentrations.

Wastewater treatment plants may be point sources for MP

emissions. Research suggests that beaches located in areas with

numerous wastewater treatment plants have higher MP abundance

(Piñon-Colin et al., 2018). Currently, Macau has a total of five

wastewater treatment plants or stations, and all of Macau’s

wastewater is treated, with the sludge also being incinerated. The

treated wastewater from these plants moves southwest along the

eastern waters of Macau during low tide and enters Cheoc Van and

Hac Sa beaches during high tide. However, the contribution of

wastewater treatment plants to beach litter is still unknown.

The beach environment hosts a large number of benthic

organisms that feed on sediment and debris, zooplankton, and

some filter-feeding organisms. These organisms may mistake or

ingest zooplankton containing MPs, leading to the gradual

accumulation of MPs up the food chain.
5 Conclusion

This study investigated MP pollution in sediment on two beaches

with different orientations in southern Macau, with a focus on seasonal
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variations. In spring and autumn, the averageMP abundance was 36.56

± 38.05 n/kg and 628.63 ± 1462.31 n/kg, respectively, with significantly

higher levels observed on windward beaches compared to leeward

ones. Foam-type MPs constituted more than 85% of the total in both

seasons, and the elevated concentrations in autumn were primarily

attributed to the substantial accumulation of PS foam transported by

tidal activity to Hac Sa Beach. The spatial autocorrelation of MP

distribution across both seasons and beaches was weak, with no

significant patterns of spatial clustering or dispersion observed. By

examining the temporal and spatial distribution of MPs in conjunction

with factors such as tidal patterns, monsoons, beach orientation, and

topography, potential sources were identified. This comprehensive

assessment of influencing factors in coastal environments provides

valuable insights for developing enhanced strategies for the

management and mitigation of MP pollution.
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