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� First comprehensive study on MPs in
mangrove sediments along the coast
of China.

� The MPs abundance in mangrove
sediments was up to 8.5 times higher
than in mangrove free sediments.

� The sandy sediments were dominated
by foams, and the muddy sediments
by fibers and fragments.
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Mangroves are a unique and important type of coastal wetlands in the tropical and subtropical zones
worldwide. The abundance and spatial distribution of microplastics in the mangrove sediments however
are still poorly understood. The present study aimed to illustrate the characteristics, abundance and spa-
tial distribution of microplastics in different mangrove sediments along the south-eastern coastal zones
of China. Microplastic samples (roughly 10–20 kg fresh sediments at each site) taken from 21 sampling
sites showed various shapes, colors, composition, sizes, surface morphology, abundance and strong spa-
tial heterogeneity. Five different shapes of microplastics with a variety of colors were detected in the
mangrove sediments, among which foams (74.6%) and fibers (14.0%) were the dominant types. The poly-
mer composition of the microplastics identified based on the FT-IR and l-FTIR covered polystyrene
(75.2%), polypropylene (11.7%), rayon (4.6%), polyester (3.4%), polyethylene (2.8%) and acrylic (2.4%).
The observed microplastics with a size range of less than 2 mm made up 58.6% of the total microplastic
particles. The microplastics had various surface morphologies, exhibiting complicated weathered sur-
faces. The abundance of microplastics showed a substantial variation among the sampling sites, ranging
from 8.3 to 5738.3 items kg�1 (dry sediment). Altogether, our study provides a better understanding of
microplastic pollution status and prevention policy-making of mangrove habitats in China.
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Table 1
Locations, areas and sediment textures of the sampling sites located in Chinese
coastal mangrove wetlands and non-mangrove beaches.

Sites Locations Mangrove areas
(km2)/city

Sediment
texture

HN1a Haikou, Hainan 17.97 Muddy
HN2 Sanya, Hainan 2.41 Muddy
GX1b, GX2, GX3 Fangchenggang,

Guangxi
21.38 Muddy;

Sandy
GX4 Qinzhou, Guangxi 36.03 Sandy
GX5, GX6, GX7,

GX8
Beihai, Guangxi 30.39 Muddy;

Sandy
GD1 Zhanjiang,

Guangdong
142.74 Muddy

GD2 Maoming,
Guangdong

2.55 Muddy

GD3 Yangjiang,
Guangdong

13.26 Muddy

GD4 Jiangmen,
Guangdong

12.29 Muddy

GD5 Zhuhai,
Guangdong

10.16 Muddy

GD6 Shenzhen,
Guangdong

1.76 Muddy

GD7 Shantou,
Guangdong

5.59 Muddy

FJ1, FJ2 Zhangzhou, Fujian 6.56 Muddy
FJ3 Quanzhou, Fujian 2.98 Muddy
ZJ1c Wenzhou, Zhejiang 0.09 Muddy
FCGd Fangchenggang,

Guangxi
Non-mangrove Sandy

QZd Qinzhou, Guangxi Non-mangrove Sandy
BHd Beihai, Guangxi Non-mangrove Sandy
MMd Maoming,

Guangdong
Non-mangrove Sandy

WZd Wenzhou, Zhejiang Non-mangrove Sandy

a Only two sites were accessible within Hainan province due to the strict entry
permission by local management section.

b Two subsites with different heights and densities of mangrove forests were
selected at GX1 site to compare the differences in microplastics abundance in the
mangrove sediments.

c Only one sampling site was available in Zhejiang province due to the climate
conditions for the growth of mangrove forest.

d The sites of FCG, QZ, BH, MM and WZ were sampled for comparison with their
corresponding mangrove area.

2 Q. Zhou et al. / Science of the Total Environment 703 (2020) 134807
1. Introduction

Microplastic pollution is of increasing concern in all habitats
worldwide, especially in coastal environments including water col-
umn (Cole et al., 2011; Isobe et al., 2014), beaches (Browne et al.,
2011; Young and Elliott, 2016; Lots et al., 2017), estuaries (Yonkos
et al., 2014; Zhao et al., 2015; Lebreton et al., 2017), mariculture
areas (Chen et al., 2018; Zhu et al., 2019) and fishing ports (Aytan
et al., 2016; Zhou et al., 2018). However, less attention has been paid
to microplastic pollution in the coastal wetland sediments world-
wide. Mangroves are a unique type of coastal wetlands, which plays
an important role in ecosystem services such as food andwater pro-
visioning, nutrient cycling, environment purifying, carbon seques-
tering and climate regulation, as well as cultural services (Giri
et al., 2008; Mcleod et al., 2011). Mangroves are mainly distributed
in the inter-tidal zone of the tropical and subtropical regions, consti-
tuting a total area of 81,485 km2 in 2014 (Hamilton andCasey, 2016)
with 42% of mangroves being located in Asia (Giri et al., 2011). Until
recently, only a few studies are available focusing on microplastic
pollution in mangrove sediments. Nor and Obbard (2014) firstly
investigated the occurrence of microplastics in seven inter-tidal
mangrove habitats in Singapore. In their study, the average abun-
dance of microplastics from 7 mangrove sites varied from 12.0 to
62.7 items kg�1, and the majority of microplastics were fibers with
the size of less than 20 lm. Four polymer types, including polyethy-
lene (PE), polypropylene (PP), nylon and polyvinyl chloride, were
identified as the dominant microplastics (Nor and Obbard, 2014).
Despite the numerous investigations on microplastic pollution in
sediments, seawaters and estuaries along China’s coast (Yu et al.,
2016; Dai et al., 2018; Zhou et al., 2018; Mai et al., 2018; Peng
et al., 2017; Zhu et al., 2019; Tsang et al., 2017), studies focusing
on the status of microplastic pollution in the mangrove sediments
of China are scarce. The total mangrove area in China is
344.72 km2 (Dan et al., 2016), spanning over 5 provinces including
Hainan, Guangxi, Guangdong, Fujian and Zhejiang, as well as Hong
Kong and Taiwan. However, according to our knowledge, only two
studies focusing on microplastic pollution in the coastal environ-
ment of Guangxi province examined the mangrove habitat, includ-
ing the sediments and the surrounding seawater (Li et al., 2018;
Zhu et al., 2019). The abundance of microplastics ranged from 1.2
to 12852.0 items kg�1 with fragments and fibers dominating. PE,
PP, rayon and polyester were the main polymers (Li et al., 2018;
Zhu et al., 2019).

The abundance, distribution and retention features of
microplastics in mangrove sediments are affected by both natural
factors (i.e., water hydrodynamics, mangrove height and density,
sediment grain size.) and human activities (mariculture, tourism
and coastal dumping) (do Sul et al., 2014; Lima et al., 2016), but
the specific mechanism and their particular effects remain unclear.

The aims of this study are (1) to illustrate the characteristics,
abundance and spatial distribution of microplastics in different
mangrove sediments covering the main mangrove forest growing
areas of China, and (2) to explore the potential sources, influencing
factors and their relationship to the distribution and retention of
microplastics in the mangrove sediments. Results of this study can
provide important data on the processes influencing microplastic
distribution in mangroves. They might also be helpful to local
authorities setting up microplastic pollution prevention measures
and developing conservation policy for the mangrove area of China.

2. Materials and methods

2.1. Sites description and sample collection

Sediments samples were collected from 21 sampling sites from
different mangrove wetlands located along the 12,000 km coast-
line in the southeast of China. The samples from Guangxi and Hai-
nan provinces were collected in November 2015, and the rest of
samples were collected from April to June 2017. The sampling sites
covered five provinces from the south of the tropical zone (Hainan
province) to the north of mid-subtropical zone (Zhejiang province)
(Table 1). The sampling sites were highly diverse and showed dif-
ferent levels of utilization like mariculture areas, harbors, tourism
areas, nature reserves, estuaries. In this study also five beaches
without mangrove vegetation (see Table 1 and Table S1 for detailed
descriptions) were included. The five beaches were selected based
on similar geographical and utilization conditions to and near cor-
responding mangrove areas for further comparison of microplastic
abundances.

The sampling method followed the description in Zhou et al.
(2018). Briefly, every sample from each site was taken randomly
using a multipoint mixed method. One square was chosen ran-
domly for sampling and then 5–7 squares were chosen every
20 m interval along the S-shaped route. The sediments were sam-
pled from each 30 � 30 cm2 square by taking roughly the top 2 cm
of the sediments using a clean stainless-steel shovel. Then the sed-
iment samples from the squares were mixed together in a sam-
pling bag and homogenized in home laboratory without cross-
contamination. The water contents of the sediment samples were
determined after drying in an oven at 105 �C for 12 h to a constant
weight.
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2.2. Microplastics flotation

Microplastics were isolated from the sediment samples by
sequential flow separation and flotation apparatus as described
by Zhang et al (2015) and Zhou et al (2018). Briefly, 0.5 kg fresh
sediment was transferred to a sample cup, which was placed inside
a 10 L container. Saturated sodium chloride solution (1.2 g cm�3)
was pumped into the sample cup at a flow rate of 1.0 L min�1,
and air was transferred to the sample cup simultaneously at a rate
of 0.05 L s�1 using bubble stones. This way low-density material
including microplastics was overflowed with the solution into
the outside container. All the suspension in the outside container
was then pumped into a stainless steel sieve with a pore diameter
of 50 lm after overflowing finished. The procedure was repeated
three times. Then the suspected plastic particles visible to the
naked eye (usually larger than 2 mm) were picked out from the
residues with stainless steel tweezers and stored in petri dishes.
The rest of residues on the sieve were collected and settled in a
sodium iodide solution (1.6 g cm�3) for 24 h for further microplas-
tics separation. The floating particles were filtered using a nitrocel-
lulose filter with a pore diameter of 5 lm (Whatman AE 98,
Germany).

2.3. Microplastics observation and counting

The observation of particles were executed with a stereomicro-
scope (6.1�~55�, S9I, Leica Corporation, Germany) equipped with
CCD camera. Then, all the observed microplastics were classified
and counted by dividing them according to different shapes, colors
and sizes. The abundance of microplastics is presented as the num-
ber of microplastics per kg dry sediment (items kg�1).

2.4. Polymer identification and morphologies analysis

The plastic particles with the size above 2 mmwere selected for
polymer identification using a Fourier Transform Infrared Spec-
trometer (FTIR, Nicolet iS5, Thermo Company, USA) equipped with
an iD7 ATR accessory and diamond crystal on a single reflection
plate. The FTIR were run at a mid-IR range of 650–4000 cm�1

and a resolution of 4 cm�1 at a rate of 32 scans. The particles with
size below 2 mm and all the fibers were identified using a l-FTIR
spectrometer (Nicolet iN10, Thermo Scientific, USA) with its spec-
tral region 650–4000 cm�1 and resolution 8 cm�1 at a rate of 16
scans per analysis. All spectra were compared and identification
was verified using the database (Hummel Polymer Sample Library,
HR Polymer Additives and Plasticizers, HR Hummel Polymers and
Additives, Synthetic Fibers by Microscope).

The surface morphology of microplastics was analyzed using a
Field Emission Scanning Electron Microscope (SEM, Hitachi S-
4800) equipped with an EX-350 Energy Dispersive X-ray Microan-
alyzer, HORIBA EMAX Energy (Hitachi, Tokyo, Japan). Samples
were dried and coated with Pt using an Ion Sputter (Hitachi E-
1045) before analysis. The SEM was operated at 3.0 kV electron
accelerating voltage and images were obtained by secondary elec-
trons to reach the high resolution.

2.5. Quality assurance (QA) and quality control (QC)

Separation, enumeration and identification of microplastics
were conducted in a micro-particles laboratory without cross-
contamination. Some preventive measures were taken in the labo-
ratory before the processing of the sample, including covering
instruments with aluminum foil immediately after cleaning. The
glass bottles, beakers and petri dishes were dried in the oven and
covered with aluminum foil before use. All the samples and items
were covered to prevent contamination during flotation and filtra-
tion. The operator wore the non-textile jumpsuit during the exper-
iment. Procedural blanks were obtained in parallel with samples in
the laboratory. In the blanks only fibers were enumerated and 2–4
fibers (mean value of 3) with blue and transparent color were
found. Thus, quantification of fibers in the field samples with sim-
ilar fibers was corrected by removing the counts of fibers found in
the blanks.
2.6. Data analysis

Data analysis and mapping were performed using Microsoft
Excel 2010 and OriginPro 8.0 (OriginLab Corporation, Northamp-
ton, MA). Mapping of the spatial distribution of microplastics
was carried out using ArcGIS 10.2 (ESRI, Redlands, CA).
3. Results and discussion

3.1. Characteristics of microplastics in the mangrove sediments

Different shapes of microplastics including foams, fibers, films,
fragments and pellets were found in the mangrove sediments, of
which foams, fibers and fragments were the most frequent
(Fig. 1). The contribution of different microplastics shapes (Fig. 2)
differ between the sampling sites mainly caused by exposition to
different pollution sources. High numbers of foams were found in
the sediments samples from Guangxi province, as foamed materi-
als (such as floating frames, foamed fishing gear and foamed con-
tainers) are popularly used in the local mariculture. These
foamed materials are easily broken into foam microplastics by
photooxidation and mechanical abrasion (Song et al., 2017). Fibers
were mainly detected in the sediments near the river estuaries,
bays, harbors or tourism areas within the Guangdong and Fujian
provinces. Here the delivery of terrestrial material by the rivers
and the nearshore discharge formed the observed pattern
(Browne et al., 2011; Zhao et al., 2015; Hernandez et al., 2017).
Films and fragments were widely detected in almost all the sam-
pling sites due to their complex anthropogenic sources. In contrast,
pellets were rarely detected, only at two sampling sites GX1 and
GD5, most likely originating from accidental leaking (Zhou et al.,
2015; Zhou et al., 2018; Redford et al., 1997). All the detected
microplastics showed a variety of colors including white, blue,
black, red, yellow, green, purple and gray, some were transparent.
Fibers were the most colorful among all the detected microplastics
(Fig. S1-a). The dominant colors of fibers found in this study were
blue (34.7%) and transparent (27.8%), which were also commonly
detected elsewhere (Peng et al., 2017). Most of the fragments were
transparent (38.5%), green (23.1%) and blue (19.2%), while foams
and films were mainly comprised of white and transparent parti-
cles. These colored microplastics are probably easily taken up by
many organisms mistaken as food resources (Nor and Obbard,
2014; TSetälä et al., 2018; Li et al., 2016), thus causing starvation
to death, and the loss of biodiversity in mangrove habitat (Lusher
et al., 2017).

The detected microplastics (Fig. 3b) were mainly composed of
polystyrene (75.2%), polypropylene (11.7%), rayon (4.6%), polyester
(3.4%), polyethylene (2.8%) and acrylic (2.4%). The diversity of the
recognized polymers in this study was higher than the one
reported from mangrove sediments in Singapore (Nor and
Obbard, 2014) and from coastal sediments along the Bohai Sea
and Yellow Sea, China (Zhou et al., 2018). FTIR confirmed all the
foams were expanded PS (100%), while the fragments and pellets
were mainly composed of PP and PE (fragments: 81.8% PP and
18.2%; pellets: 100% PP). The films were made up from PE
(40.0%), PP (40.0%) and PS (20.0%). The fibers consisted of various
polymers, among those 43.1% were identified as purely synthetic



Fig. 1. Different shape types of microplastics collected from the mangrove sediments. (a–c: red, blue, and transparent fibers; d, e: transparent and red films. f–h: the white
fragment (f) and the green fragments (g, h); i: white foam. a, b: acrylic; d, e: polyethylene; c, f, g, h: polypropylene; i: polystyrene.) (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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fibers, mainly PP (16.7%), followed by polyester (15.3%), and
acrylic-based polymers (11.1%). About 20.8% of the total fibers
were rayon, which originated from natural polymer. In addition,
about one third of the fibers (36.1%) were cotton or plants frag-
ments, which were not plastic components (Fig. S1-b). The great
variety of polymers within the fibers was clearly related to their
multiple sources, defragmentation of parent material and terres-
trial inputs (Cincinelli et al., 2017; Murphy et al., 2016). PP and
PS made up most of the microplastics identified in this study,
mainly due to three reasons. Firstly, plastic products made from
PP and PS are widely used in modern societies, and are popular
in fishery and mariculture (Chowdhury et al., 2017; Poeta et al.,
2017). Secondly, PP products and the floating expanded PS are
prone to abrasion and fragmentation into pieces under the influ-
ence of ultraviolet radiation, mechanical stress due to wave and
currents action, prevailing environmental conditions (e.g. salinity,
temperature) and biological activity via biofilm formation, aggre-
gation etc. (Carneiro et al., 2018; Weinstein et al., 2016; Ter Halle
et al., 2016; Kwon et al., 2015). Lastly, the PE with low specific den-
sity and the floating ability of expanded PS allow them easily to be
transported by tides, waves, currents or rivers. Consequently, these
two polymers accumulate in coastal waters and sediments (Zhou
et al., 2018) and are frequently identified in mangrove sediments
(Nor and Obbard, 2014; Li et al., 2018).
The size of all the microplastics ranged from 0.05 to 5 mm.
Fig. 3a shows the spectrum of the size distribution of microplas-
tics including large plastics (5–15 mm) enumerated in this study.
In general, the highest abundance of microplastics occurred in
the size range of 1–2 mm, accounting for 46%. In our study the
most dominant particles were larger compared to the mangrove
sediments from Singapore. Those were dominated by the size
range smaller than 40 lm and accounted for 58%. This difference
is most likely related to the smaller pore size (1.6 mm) of the
used filters (Nor and Obbard, 2014). The majority of fibers in this
study comprised of particles with a size of less than 1 mm
(57.1%). Therein, fibers with a size range of 0.5–1 mm were the
most abundant (36.3%). The fraction contributed by foams, films
and fragments with the size range of 1–2 mm were the highest
in their size distributions (foams, 48.7%; films, 28.6%; fragments,
25.0%, respectively). All the pellets in this study fell into the size
range of 4–5 mm, typical for manufactured plastic pellets used
as raw materials for different plastic products (Takada et al.,
2005).

The surface micro-morphologies of the microplastics from the
mangrove sediments were additionally observed by SEM
(Fig. 4a–e). All the tested samples exhibited complicated weath-
ered surfaces. Foams and films had a rough surface with creases,
concave and convex structures (Fig. 4a, c, e). The surface of the



Fig. 2. Sampling sites and the abundances of microplastics of different shape types along the coastal mangrove sediments in China (see Table 1 for sample locations; unit of
microplastics abundance: items kg�1).
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fibers and fragments had more cracks and scratches than creases
(Fig. 4b, d). Interestingly, the surface morphologies of the frag-
ments varied with sampling site. Fragments collected from the site
GX1 in Guangxi province, showed more complicated characteris-
tics than those from the site FJ3 in Fujian province (Fig. 4f–h).
The former exhibited a rougher and more fragmented surface with
creases, an indication of biofouling and particles adhering (Fig. 4f),
while the latter showed some cracks but few creases and little
attached materials (Fig. 4g). This probably is related to the differ-
ences of the prevailing hydrographic and weather conditions (such
as stronger or longer UV exposure at the site GX1) between both
geographical locations (Song et al., 2017; Kowalski et al., 2016).
Furthermore, fragments from the sandy beach sediments without
mangrove showed more severe fragmentation and more creases
in comparison to fragments from the mangrove sediments
(Fig. 4g, h). This is most likely because of the great ultraviolet radi-
ation exposure and oxidation on the mangrove free beaches (Song
et al., 2017). In addition, some fine particles on the surface of foams
and a large number of clay mineral particles on the surface of the
fragments were also observed (Fig. 4i–k).



Fig. 4. Scanning electron microscope (SEM) images showing microscopic surface features of the different microplastics from the mangrove sediments. a) foam; b) fiber; c)
film; d) fragment; e) pellet; f) fragment in site GX1, Guangxi province; g) fragment in site FJ3, Fujian province; h) fragment from the sandy beach without mangrove
vegetation in Fujian province; i) particles attached on the surface of foam in GX1 (Guangxi province); j) attached particles on the surface of fragment in GX1 (Guangxi
province); k) energy spectrum of particles attached to a fragment in j) with associated elements.
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3.2. Abundance and spatial distribution of microplastics in the
mangrove sediments

In this study microplastics were detected in the mangrove sed-
iments collected at all the sampling sites, but their abundances and
spatial distribution showed substantial heterogeneity (Fig. 2). The
microplastic abundance ranged from 8.3 to 5738.3 items kg�1.
The highest abundance was detected at the site GX6, a highly
touristic area and close to a mariculture area, while the lowest
was found at the site GD7 in a mangrove nature reserve. Our study
also showed a decline in the abundance of microplastics from one
province to another province in the order from Guangxi (mean
value, 875.3 items kg�1), Fujian (198.4 items kg�1), Hainan
(146.0 items kg�1), Zhejiang (116.7 items kg�1) to Guangdong
(98.7 items kg�1). It confirms a ubiquitous distribution of
microplastics in the coastal mangrove sediments, with the distri-
bution of microplastics closely related to the local utilization and
discharge activities rather than the climate zones. In general, the
microplastics detected in this study (mean value is 414.1 items
kg�1 with a range from 8.3 to 5738.3 items kg�1) exhibited a higher
abundance and stronger spatial heterogeneity than the mangrove
sediments from Singapore (mean value is 36.8 items kg�1 with a
range from 12.0 to 62.7 items kg�1) (Nor and Obbard, 2014).

Additionally, even within a single province, the abundance dis-
tribution of microplastics was spatially heterogeneous. In the
Guangxi province e.g., the microplastic abundance ranged from
33.9 to 5738.0 items kg�1. The highest abundance was found at
the site GX6. In comparison the two sites located near the estuary
showed lower microplastic abundances, at the sites GX5 (274.7
items kg�1) and GX1 (179.0 items kg�1). Microplastic abundance
at the Yingluo National Mangrove Reserve (GX8) was the lowest
(33.9 items kg�1), an obvious benefit from the strict environmental
protection policies.

The accumulation and distribution of microplastics in the man-
grove sediments are mainly affected by the following factors: 1)
Intense human activities. In this study, high abundance of
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microplastics was found in the Guangxi province with a higher-
intensity of human activities such as mariculture, fishery, tourism
and local direct dumping (Zang et al., 2019). Offshore oyster mari-
culture in Qinzhou Bay (Guangxi) was identified as the dominated
source of foam (Zhou et al., 2016; Li et al., 2018). 2) Height and den-
sity of mangrove forest. Compared with the results from 5 non-
mangrove beach sediments, the abundance of microplastics
detected in the mangrove sediments was 1.1–8.5 times higher
(Fig. 5). Furthermore, the distribution of microplastics in the man-
grove sediments probably was influenced by the height and density
of mangrove forest. Results from two separated subsites of GX1
(Fig. S2) showed that,microplastic abundance from the subsitewith
a higher density of mangrove trees (0.5 trees m�2) and their height
(around 2.0 m) was significantly higher than the one from a less
dense (0.25 trees m�2) and lower (around 1.0 m) vegetation subsite
(309.0 vs 49.0 items kg�1). This agrees with results reported by do
Sul et al. (2014) andMartin et al. (2019). 3) Sediment texture. In this
study, microplastics from sandy sediments (GX1, GX4, GX5 and
GX6) were dominated by foams (>90%), while microplastics from
muddy sediments were dominated by fibers and fragments
(40 ~ 91%) (Fig. S3). This indicates that, in addition to the factor of
source difference, the sediment texture may influence the type of
predominantly accumulated microplastics. This is consistent with
our previous studies conducted in the norther coastal sediments
of China (Zhou, 2016; Zhou et al., 2018). The result could also explain
the clay minerals attached to the surface of the fragments in the
muddy sediments as detected by SEM-EDS (Fig. 3k).

4. Conclusions

Mangroves play a crucial role in retention of microplastics from
both marine and terrestrial inputs. Investigation of microplastics in
the mangrove sediments collected from 21 sites covering the
southeast coast of China showed a strong heterogeneity in the
shapes, colors, sizes, surface morphologies, abundances and spatial
distribution. As the main driving factors for the heterogeneity, the
high-intensity of human activities, height and density of mangrove
forest, as well as the sediment texture were identified. However,
additional research is needed to assess the impact of microplastic
pollution on mangrove wetland health and functioning at the
ecosystem level.
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